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Preface

The field of contrast agents for magnetic resonance imaging (MRI) has
progressed by leaps and bounds over the last few decades, from metal
complexes to responsive and targeted probes that enable multicolor imaging
with remarkable resolution and sensitivity. Along the way, our understand-
ing of the richness of the coordination chemistry of lanthanide and transi-
tion metals has grown tremendously, as has our ability to manipulate
chemical and physical parameters to achieve new types of contrast. The
complexity of the interactions of metal complexes and nanoparticles with
biological systems and the uniqueness of their pharmacological properties is
now widely appreciated.

As this field progresses quickly, the breadth of the techniques used in the
synthesis and characterization of contrast agents can seem overwhelming.
This book is not a classical review of the literature; many excellent reviews
and books exist that serve that purpose. Rather, our intention is for this book
to serve as a benchtop companion for chemists, physicists, and biologists.
Throughout this book, different techniques that are used in the field of
contrast agents for MRI are described. The strengths and limitations of the
techniques are discussed together with a summary of the information that
those techniques can and cannot provide and descriptions of how to inter-
pret data. This book is intended not only for those working on the design,
synthesis, and evaluation of contrast agents, but also on their medical and
biological applications. It is intended for students, postdoctoral scholars
and researchers working in the lab, and also for those writing manuscripts
and grant applications. Throughout its chapters, this book provides infor-
mation that is intended to help in the design of contrast agents to fill spe-
cific needs and guides readers through synthesis, characterization,
evaluation, and determination of the chemical, physical, and biological
properties of new contrast agents.
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The first chapter of this book discusses the synthesis and characterization
of metal-based contrast agents. Ligand choice affects not only the contrast-
enhancing ability of an agent but also its thermodynamic stability and
kinetic inertness, which are paramount to the safety profiles of probes.
Those studies are also discussed in the first chapter. Subsequent chapters
detail the techniques relevant to specific classes of contrast agents:
GdIII-based contrast agents (Chapter 2), chemical exchange saturation
transfer agents (Chapter 3), nanoparticle-based contrast agents (Chapter 4),
transition-metal based T1-shortening contrast agents (Chapter 5), and
fluorine probes (Chapter 6). In each chapter, the principles underlying that
class of contrast agent and the physical experiments uniquely suited to their
studies are described. The book finishes with a chapter focused on biological
and pharmacological experiments that are key to evaluating the potential of
contrast agents for use in vivo.

This book would not have been possible without substantial contributions
from the world-renowned experts who authored the chapters. To each of
them, we offer our most sincere and largest possible thank you! We are
especially indebted to Susan A. White, who downloaded, reviewed, and
edited every single reference of this book. We also gratefully acknowledge
Dr Sylvie Pailloux, who contributed to the editing of a few subchapters. Both
of us thank our research groups for their patience as we spent time editing
the book. More than anything, we are incredibly grateful for our families for
their unwavering support throughout this journey.

To the reader, we hope this book will guide you through your own journey
into the future of contrast agents for MRI.

Valérie C. Pierre and Matthew J. Allen
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CHAPTER 1

General Synthetic and Physical
Methods

QUYEN N. DO,a JAMES S. RATNAKAR,b ZOLTÁN KOVÁCS,*b

GYULA TIRCSÓ,*c FERENC KRISZTIÁN KÁLMÁN,c

ZSOLT BARANYAI,c ERN +O BRÜCHERc AND IMRE TÓTHc

a Department of Radiology, University of Texas Southwestern Medical
Center, Dallas, TX 75390, USA; b Advanced Imaging Research Center,
University of Texas Southwestern, Dallas, TX 75390, USA; c Department of
Inorganic and Analytical Chemistry, Faculty of Science and Technology,
University of Debrecen, H-4010 Debrecen, Hungary
*Email: zoltan.kovacs@utsouthwestern.edu; gyula.tircso@science.unideb.hu

1.1 Ligand Synthesis and Characterization

QUYEN N. DO, JAMES S. RATNAKAR AND ZOLTÁN KOVÁCS*

1.1.1 Relationships between Ligand Structure and Complex
Properties

GdIII-based contrast agents for MRI are used in approximately 30% of MRI
exams.1 Although the FDA-approved contrast agents are among the safest
drugs on the market, their core, the GdIII ion, has a 50% lethal dose, (LD50)
around 0.1–0.2 mmol kg�1.2 Therefore, for medical diagnostic applications,
GdIII ions must be chelated by ligands to prevent the metal ion from being
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Edited by Valérie C. Pierre and Matthew J. Allen
r The Royal Society of Chemistry 2018
Published by the Royal Society of Chemistry, www.rsc.org
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released. Administration of complexes with insufficient kinetic inertness can
result in the debilitating disease nephrogenic systemic fibrosis (NSF), de-
position of metal in the brain, or other issues.3–5 To develop safe and effi-
cient GdIII-based (Chapter 2) and lanthanide-based CEST agents (Chapter 3)
for MRI, it is important to understand the role of the ligand in determining
the relaxivity, thermodynamic stability, and kinetic inertness of complexes.
The fundamentals described in this chapter are intended to assist with the
design of future imaging agents for MRI.

Ligands play a critical role not only in reducing the toxicity of metal ions,
but also in optimizing the parameters that determine the relaxivity or CEST-
enhancing ability of metal complexes. These parameters include the
number of inner-sphere water molecules (q), the residence lifetime of co-
ordinated inner-sphere water molecules (tM), and the rotational correlation
time (tR). Chelators sometimes contain moieties for biosensing or reactive
functionalities as points of attachment for targeting vectors. All chelators
currently used in clinically approved contrast agents for MRI are
octadentate ligands based either on the open-chain ligand diethylene-
triaminepentaacetic acid (DTPA) or the macrocyclic ligand 1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid (DOTA) (Figure 1.1). Most
reported responsive and bifunctional ligands are also derivatives of these
two chelators. With both of these ligands, the ninth coordination site of
GdIII is occupied by a rapidly exchanging water molecule that transfers the
paramagnetic relaxation effect of the metal ion to the pool of bulk water.
Properties of ligands, such as total basicity (sum of the protonation con-
stants), basicity of the first protonation site, preorganization, and rigidity,
influence the thermodynamic stability and kinetic behavior of the resulting
metal complexes.

The bonding in lanthanide complexes is predominantly ionic, and
coordination geometries are largely determined by the steric bulk of the
ligands. Because LnIII ions are considered to be hard Lewis acids, they favor
hard donor atoms, such as fluoride, oxygen, and, to a lesser extent, nitrogen.
LnIII ions typically have coordination numbers of eight or nine, and they can
form stable complexes with ligands that have matching denticities. LnIII ions
form relatively stable complexes with ligands that enable the formation of
five-membered chelate rings; ligands that form six-membered chelate rings
are far less stable.6–12

Figure 1.1 The two standard ligand scaffolds of clinically used GdIII complexes:
DTPA and DOTA.
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The thermodynamic stability of a complex is expressed as the equilibrium
constant written for the reaction between the free metal ion and the fully
deprotonated ligand [eqn (1.1)].13–15

LnIIIþ L"LnL (1.1)

The stability constant of the complex, KLnL, is defined as follows:

KLnL¼
LnL½ �

Ln½ � L½ � (1:2)

In aqueous solution, the ligand can be fully or partially protonated
depending on both the pH of the solution and the protonation constants
(basicity) of the ligand. The formation of the metal complex is thus essen-
tially a competition between protons and the metal ion for the donor sites of
the ligand. Consequently, the true stability of a complex at a given pH is
determined by its conditional stability constant, KC

LnL, which takes into
account the protonation of the ligand. Thus, for the formation of a lantha-
nide chelate with one inner-sphere water molecule, the stability of the
complex is characterized by the following equilibrium.

[Ln(H2O)8]31þHnL"[LnL(H2O)]3�nþ nH1þ 7H2O (1.3)

KC
LnL¼

LnL½ �
Ln½ � L½ �total

¼ LnL½ �
Ln½ � L½ �aH

¼ KLnL

aH
(1:4)

In eqn (1.4), [L]total is the total concentration of the free and protonated
ligand species that are not bound to the lanthanide ion, and aH is the total or
equilibrium ligand concentration ratio.14–17 aH is expressed using the [H1]
and the protonation constants of the ligand as:

aH¼ 1þK1[H1]þK1K2[H1]2þK1K2. . .Kn[H1]n (1.5)

For polyaminopolycarboxylate ligands, there is a nearly linear relationship
between the basicity of the ligand, determined in terms of the sum of the
protonation constants, Slog Ki, and the stability of the corresponding GdIII

complexes (Figure 1.2). Deviations were reported for ligands that do not form
five-membered chelate rings, for ligands that have non-coordinating per-
ipheral groups that undergo protonation, and for non-polyaminocarboxylate
ligands. For DTPA- and DOTA-type ligands, more basic ligands tend to form
complexes with higher stabilities.15,16

According to the chelate effect, metal complexes with polydentate ligands
are more stable than similar complexes with the same number of mono-
dentate ligands. Macrocyclic ligands with the same number of donor atoms
as linear ligands tend to be even more stable; this is known as the macro-
cyclic effect.6,18–20 The chelate effect is driven by entropy because the num-
ber of particles increases as ligands displace coordinated water molecules
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during complex formation. There is also an enthalpic contribution to the
formation of metal complexes that can be significant for some systems.9,21

The origin of the macrocyclic effect is at least partially due to the increased
preorganization of macrocyclic ligands relative to their linear analogues.6,22

Therefore, less energy is needed for macrocyclic ligands to convert into the
final conformation of the complex. A preorganized ligand is one whose
metal-free conformation is similar to that of the metal-bound one.23–26

Preorganized ligands undergo minimal reorganization upon complex for-
mation. Such ligands are important in the design of improved lanthanide-
based contrast agents for MRI.23 Conformational preorganization is often
achieved with rigid ligands.7,27 Here, the term rigid is not limited to mol-
ecules that exist in a single minimum conformational energy. Ligands that
are conformationally restricted by structural modification, most commonly
either by hydrogen-bonding, by the introduction of bulky substituents, or by
fusing of an aromatic or small aliphatic ring to the ligand backbone, are also
rigid.26,27 Polyazamacrocycles with pendant coordinating side arms, such as
DOTA, are less pre-organized than cryptands, spherands, and coronands,
which have nearly identical conformations in the free and bound states.
Nevertheless, in spite of the larger work required to convert DOTA-type lig-
ands from their free conformations into the final metal complexes,
[Ln(DOTA)]� complexes are more stable than corresponding cryptand com-
plexes. The high stabilities observed for polyazamacrocyclic ligands with
acetate pendant arms are largely owing to the steric efficiency of the carb-
oxylate groups. The carboxylate C-atom is sp2 hybridized with a trigonal
planar geometry and the oxygens are not bonded to protons. Thus, upon
coordination, carboxylates create minimal steric crowding around metal
ions.7

Figure 1.2 Linear correlation between the stability of the GdIII complexes and the
total basicity of the ligands for common polyaminopolycarboxylates.
The graph is based on stability constant data reported in ref. 16.
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If a ligand is preorganized in a conformation that is not favorable to the
formation of a metal complex, then the stability of the latter will be low
regardless of the basicity of the ligand. This is the case for dicyclohexyl
DOTA, whose lanthanide complexes are about an order of magnitude less
stable than their corresponding DOTA analogues because the cyclen ring of
dicyclohexyl DOTA cannot adapt the square [3333] conformation.28

The basicity and rigidity of a ligand also influence the kinetic inertness
(lability) of the resulting metal complexes. Flexible open chain ligands such
as ethylenediaminetetraacetic acid (EDTA) and DTPA form complexes with
LnIII ions rapidly. Rigid open chain ligands form complexes more slowly.
In such cases, the kinetics for the formation of LaIII–CDTA (CDTA¼
cyclohexanediaminetetraacetic acid) indicate the rapid formation of a pro-
tonated intermediate in which LaIII is coordinated only by the acetate groups
of the ligand. The final complex is formed upon rearrangement and con-
comitant deprotonation of the intermediate.29 Lanthanide chelates of DOTA,
3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene-3,6,9-triacetic acid
(PCTA), and several other DOTA derivatives form via an analogous mech-
anism involving mono- or di-protonated intermediates. For these ligands, the
rate-determining step for the formation of the metal complex involves
deprotonation of the protonated intermediate. This step is followed by a
rapid rearrangement in which the metal ion moves into the cavity of the
ligand.30,31 Because the rearrangement requires the removal of the last
proton from the ligand, the rate constant for the base-catalyzed rearrange-
ment of the protonated intermediates, kOH, is inversely proportional to the
log Ka of the most basic nitrogen of the macrocycle (Figure 1.3).30,32

1.1.2 Ligand Design for MRI Contrast Agents

Ligands fulfill two main roles in GdIII-based contrast agents for MRI:
maximizing relaxivity and minimizing dissociation. The r1 and r2 relaxivities
(in units of mM�1 s�1) characterize the shortening effect of a contrast agent
on the T1 (longitudinal) and T2 (transverse) relaxation times of the protons of
bulk water (see Chapter 2.1). Relaxivity is influenced by a number of factors,
and in this section the factors that can be modified by rational ligand design
are briefly reviewed. The relaxation rate enhancement (shortening of the T1

and T2 relaxation times) of 1H nuclei of the bulk water by GdIII complexes
originates from time-fluctuating dipolar interactions between the unpaired
electrons of the GdIII ion and the 1H nuclear spins. Relaxivity has three
components (inner-sphere, outer-sphere, and second-sphere) for GdIII

complexes that have at least one inner-sphere molecule of water. The
inner-sphere contribution to relaxivity tends to be the most important and
accounts for about 50–60% of the total relaxivity of most GdIII complexes.
A complete theoretical description is provided in Chapter 2.1. The inner-
sphere relaxivity (ri, i¼ 1 for longitudinal or 2 for transverse) is determined
by a complex interplay of several parameters, such as the number of inner-
sphere water molecules (q), the bound-water residence lifetime (tM, the
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inverse of the exchange rate, kex), the distance between the GdIII ion and the
protons of the inner-sphere water molecule (rH), the rotational correlation
time (tR, the inverse of the tumbling rate of the complex), and the electronic
relaxation times (T1e and T2e) of the metal ion.

Of these parameters, only q, tR, and tM can be optimized reliably by ligand
design. The inner-sphere contribution increases linearly with the number of
inner-sphere water molecules. Lanthanide ions in general have a coordin-
ation number of eight or nine in aqueous media. The number of inner-
sphere water molecules is determined by the denticity of the ligand (number
of donor atoms), the steric properties of the ligand, and the size of the
lanthanide ion. All clinically approved contrast agents for MRI have eight
donor atoms and one inner-sphere water molecule. Ligands with fewer than
eight donor atoms often form GdIII complexes with two or three inner-sphere
water molecules. These complexes have higher relaxivities than complexes
with one inner-sphere water molecule, but the kinetic inertness of complexes
with fewer donor atoms is usually lower than that of monohydrated chelates.
These include the hydroxypyridinone-based tripodal chelates, which have
high relaxivities and near-optimal water-exchange rates at some magnetic
field strengths.33 Although kinetically labile, these complexes are highly
stable and are minimally influenced by physiologically relevant cations or
anions.33–37 Some ligand systems with seven donor atoms form lanthanide
complexes with satisfactory kinetic inertness. In particular, lanthanide

Figure 1.3 The linear dependence of the rearrangement rate of the intermediate
(expressed as log kOH) on the basicity of the first protonation site
(log K1) for GdIII complexes of some 12-membered macrocyclic ligands.
The graph is based on formation kinetic data reported in ref. 30 and 32.
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chelates of PCTA and 6-amino-6-methylperhydro-1,4-diazepinetetraacetic
acid (AAZTA) and their derivatives are more inert than DTPA derivatives.30,38

At the clinically relevant fields of 1.5 to 3 T, relaxivity will largely be deter-
mined by tM and tR (see Chapter 2.1). For low-molecular-weight complexes,
such as [Gd(DOTA)]� and [Gd(DTPA)]2�, inner-sphere relaxivity is limited by
tR. An increase in tR has a strongly field-dependent effect on inner-sphere
relaxivity with a maximum value that is dependent on tM and is usually
around 1.5 T. Between 0.5 and 3 T, the gain in relaxivity is quite significant
even when tM is not optimal. However, the effect levels off at higher fields,
and above 3 T, r1 decreases with increasing tR. At 9.4 T, the optimal tR is
around 400 ps, corresponding to the tumbling rate of medium-sized rigid
molecules.15,39,40

In practice, slowing the tumbling rate is usually achieved by binding
GdIII complexes covalently or non-covalently to macromolecules, such as
polymers, dendrimers, proteins, viral capsids, gold and silica nanoparticles,
or nanodiamonds, or by incorporating them into self-assembling sys-
tems.15,39,41–58 A large number of GdIII-based agents have been developed in
which the GdIII complex is covalently linked to a high-molecular-weight
scaffold with free amino groups on the surface.43,59,60 The synthesis involves
the functionalization of amino groups with an amine-reactive bifunctional
ligand (Figure 1.4)61–63 followed by complexation with GdIII ions.44,58

In addition to the peptide-coupling or protein-labeling functional groups
shown in Figure 1.4, the azide–alkyne Huisgen cycloaddition reaction,
commonly referred to as click chemistry, can also be used to functionalize
biomolecules, polymers, and nanoparticles with metal complexes.64–66

Several copper-catalyzed azide–alkyne cycloadditions as well as copper-free
bifunctional chelators have been reported that contain alkyne or azide
functionalities (Figure 1.5). This approach requires a complementary
functional group to be synthesized into the targeting vector but offers site-
selective labeling and mild reaction conditions.67–81

Noncovalent interactions have also been explored to form supramolecular
adducts with slow tumbling rates. Such systems include micelles and lipo-
somes formed with GdIII complexes with one or more hydrophobic tails.
These systems offer the additional benefits of being able to accumulate in

Figure 1.4 DOTA-NHS and p-NCS-benzyl DOTA are commonly used amine reactive
bifunctional ligands. DOTAGA-anhydride is a bifunctional derivative of
DOTA with a carboxylic anhydride functionality.
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tumors and delivering a large payload of GdIII-based contrast agents to target
sites. Similar approaches have been utilized to form CEST micelle agents
(Chapter 3.5.2).

When a noncovalent interaction leading to a longer value of tR involves
specific binding of a GdIII complex to a particular target protein, the effect is
known as receptor-induced magnetization enhancement.82–84 Relaxation
enhancement only occurs where the target receptor is present, thereby
improving target-to-background ratios. One of the most successful adap-
tations of this concept exploits the reversible noncovalent binding of a
complex to serum albumin.83 Reversible binding confines the agent in the
intravascular space (blood pool), increases its relaxivity, and results in high-
quality vasculature angiographic images.85,86 The first clinically approved
blood-pool agent that binds non-covalently to albumin is gadofosveset
(Ablavar) (Figure 1.6). The diphenylcyclohexyl group of this DTPA-based
ligand was designed to bind human serum albumin. The reversible, non-
covalent binding of the complex to albumin results in favorable pharma-
cokinetics because the complex has increased retention in blood. Yet, it is
efficiently eliminated by the kidneys as a low-molecular-weight molecule
when not interacting with albumin.

While albumin is an ideal target because of its abundance and binding
properties, the receptor-induced magnetization enhancement strategy is not
limited to this protein. Several other GdIII-based agents have been developed

Figure 1.5 Bifunctional chelators for click-chemistry-based conjugations.

Figure 1.6 Structure of Gadofosveset (also known as Vasovist, Ablavar, and MS-325).
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that bind to other specific proteins.87–89 The majority of these complexes
contain peptide-targeting vectors, but peptoid, DNA aptamer, and small-
molecule inhibitor conjugates have also been reported.62,90–92 In general, the
concept of receptor-induced magnetization enhancement is based on
reversible binding. In some cases, however, a covalent bond can form
between a complex and a protein. For example, derivatives of [Gd(DOTA)]�

with chloroalkane targeting moieties designed to interact with HaloTagged
fusion proteins covalently bind their target protein (Figure 1.7). The HaloTag
used to attach various labels to fusion proteins is a mutant bacterial
haloalkane dehalogenase modified to form an ester between a chloroalkane
and a specific Asp residue in the hydrophobic tunnel of a target protein.
As a result of this conjugation, r1 of the contrast agent increases from 3.8 to
22.0 mM�1 s�1 at 1.5 T.

For slowly tumbling GdIII complexes, tM, the residence lifetime of an
inner-sphere water molecule, also influences relaxivity (see Chapter 2.1).
Based on Solomon–Bloembergen–Morgan theory, the optimal value of tm is
field-dependent, but should be between 10 and 50 ns for a GdIII complex to
achieve maximum inner-sphere relaxivity at clinically relevant fields. Typical
polyaminopolycarboxylate-based monohydrated GdIII complexes have longer
than optimal water residence lifetimes (tM around 200 ns), although some
derivatives have faster water-exchange rates.93 Unlike with GdIII-based con-
trast agents, contrast agents for chemical exchange saturation transfer
(CEST) require slow water-exchange rates (see Chapter 3.1).94

The water-exchange rates of lanthanide complexes are influenced by both
the steric and electronic properties of ligands.15,95,96 Monohydrated GdIII

chelates generally have a dissociative water-exchange mechanism in which
bound water dissociates before incoming water binds.93 In these complexes,
the exchange rate can be increased by increasing the steric crowding around
the exchange site, which is known as steric compression.97 This crowding
can be achieved by inserting an extra methylene group into the polyamine
backbone or the sidearm of the ligand, or by substituting the carboxylate
groups with bulkier phosphonates.15,95,96 Backbone substitution and in-
creased negative charge also increase the water-exchange rate, although to a
smaller degree.95,96,98,99 Furthermore, steric compression around the site of

Figure 1.7 GdIII complex with a chloroalkane functional group designed for conju-
gation to HaloTagged proteins.
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water coordination can be different in different isomers. Lanthanide
complexes of DOTA and similar ligand derivatives often exist in two inter-
converting diastereomeric isomers, one of which is square antiprismatic
(SAP with an N4/O4 twist angle of approximately 391) and the other twisted
square antiprismatic (TSAP with a twist angle of around �291).100–102 In
lanthanide complexes of DOTA-type ligands, the tetraazacyclododecane ring
adopts a square conformation [3333]. All four ethylene groups have gauche
conformations. Depending on the sign of the N–C–C–N torsion angle in the
five-membered chelate rings, the conformation of each macrocyclic ethylene
group is left-handed (l, negative N–C–C–N torsion angle) or right-handed (d,
positive N–C–C–N torsion angle). The entire macrocyclic ring can have either
a (llll) or a (dddd) conformation in the complex. The helicity of the ligand
pendant arms in the complex can be clockwise (D, positive N–C–C–O torsion
angle) or counterclockwise (L, negative N–C–C–O torsion angle). Thus, two
enantiomeric pairs of diastereoisomers exist, of which the D(llll) and
L(dddd) enantiomeric pairs adopt the SAP geometry, and the L(llll) and
D(dddd) enantiomeric pairs adopt the TSAP geometry.103,104 The basal N4
and capped O4 squares are closer to each other in the SAP isomer than in the
TSAP one, making the former more compact.

The inner-sphere water molecule occupies a capping position above the
O4 square and experiences less steric compression in the more compact
structure of the SAP isomer. Consequently, the bound-water residence life-
time is nearly two orders of magnitude longer in the SAP isomer than in the
TSAP isomer.105,106 Normally, these isomers interconvert by arm rotation
(L2D) and ring inversion [(llll)2(dddd)], forming an equilibrium
mixture.102 The SAP/TSAP ratio depends on the size of the LnIII ion, the
position of the steric bulk on the ligand, and other factors, including solvent
and temperature.101,107–111 For sterically non-demanding ligand systems,
larger (lighter) lanthanide ions prefer the TSAP geometry, and the SAP
isomer is preferred by the smaller (heavier) lanthanides. Towards the end of
the lanthanide series starting from ErIII, the TSAP geometry without an inner-
sphere molecule of water becomes the dominant structure. Alpha substitution
of the acetate sidearms increases the ratio of the TSAP isomer.109,110,112

Interestingly, the isomer ratio for the rigid DOTA derivative (SSSS)-(SSSS)-
M4DOTMA (Figure 1.8) shows the opposite trend than that observed for
[Ln(DOTA)]� complexes: the lighter lanthanides (from CeIII to SmIII) almost
exclusively exist in the SAP conformation, and the heavier ions prefer the TSAP
geometry (Figure 1.9). The preference of SAP geometry by the early lantha-
nides in this case is explained by a repulsion that arises between the methyl
groups present on both the sidearms and the cyclen backbone, leading to the
destabilization of the more compact SAP geometry.111 This example demon-
strates the feasibility of stabilizing one isomer via the incorporation of steric
bulk.113,114

This strategic placement of bulk can be achieved by chiral substitution on
the alpha carbon of the acetate side arms and on the carbon atoms of the
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macrocyclic backbone. An RRRR configuration of the acetate alpha carbons
bearing a methyl substituent generates the L pendant arm helicity, and
an SSSS configuration leads to the D helicity. The conformation of the
macrocyclic ring can also be locked with a single nitrobenzyl group.115 The
EuIII and GdIII complexes of the (S)-(SSSS) and (S)-(RRRR) diastereomers
of 2-(p-nitrobenzyl)-DOTMA exclusively adopt the TSAP (S)-(SSSS) and SAP
(S)-(RRRR) geometries, respectively (Figure 1.10). Notably, the tM value for
the TSAP (S)-(SSSS) isomer is one order of magnitude lower than that of the
SAP (S)-(RRRR) isomer.

Because the interaction between the LnIII ion and the bound water is
predominantly ionic in character, the water-exchange rate is influenced
by the electron deficiency around the lanthanide ion. Indeed, negatively
charged carboxylates tend to increase water-exchange rates compared with
neutral coordinating groups. It has been demonstrated that in GdIII com-
plexes of derivatives of DOTA in which a single coordinating sidearm was

Figure 1.8 The extremely rigid polymethylated DOTA derivative forms SAP com-
plexes with the early lanthanides.

Figure 1.9 Ratio of the TSAP isomer in lanthanide complexes of DOTA and (SSSS)-
(SSSS)-M4DOTMA.
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varied, the water-exchange rate decreases in the following order: phosphonate,
phenolate4substituted acetate4acetate4hydroxamate4sulfonamide4
amide, pyridyl, imidazole.116,117

Consecutive substitution of amides in place of carboxylates increase
tM roughly three- to four-fold with each substitution. The exchange rate of
the inner-sphere water in lanthanide DOTAM complexes is about three
orders of magnitude slower than the corresponding complexes of DOTA.94

The exchange rate in these tetraamide chelates can further be fine-tuned
by adjusting the charge and polarity of the sidearms.94,95 The values of tM

in lanthanide tetraamides are strongly dependent on the size of the
lanthanide ion, with a maximum value for EuIII.118 As a result of the slow
water-exchange kinetics and the favorable magnetic properties of EuIII

(negligible paramagnetic relaxation enhancement), [Eu(DOTA)]� tetra-
amide complexes are effective chemical exchange saturation transfer agents
(see Chapter 3.1).94

Beyond the ability of a ligand to influence inner-sphere contributions to
relaxivity, ligands also influence the contributions of second-sphere water
molecules. If a ligand contains functional groups such as phosphonates and
amides that can form strong hydrogen bonds, the contribution from the
second-sphere water to relaxivity can be significant (see Chapter 2.1.3).
Second-sphere water molecules are those that form hydrogen-bonds with the
ligand on the hydrophilic side of the complex. Molecular dynamics simu-
lations suggest that the residence lifetime of second-sphere water for GdIII

complexes of polyaminopolycarboxylate ligands is between 20 and 25 ps.119

For these complexes, second-sphere contributions to relaxivity are negligible
because these residence lifetime values are too short for GdIII to efficiently
relax the protons of the second-sphere water.119 Polar groups such as
phosphonates can stabilize the second coordination sphere, which increases
the second-sphere relaxivity. For instance, [Gd(DOTP)]5� (DOTP is 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetramethylenephosphonic acid), which
does not have inner-sphere water, has a slightly higher relaxivity than
[Gd(DOTA)]� because the negatively charged phosphonate groups in
[Gd(DOTP)]5� lead to a structured second hydration shell in which the
hydrogen-bonded water molecules have relatively long residence lifetimes

Figure 1.10 Structures of the (S)-(SSSS) and SAP (S)-(RRRR) diastereoisomers of
p-NO2-benzyl-DOTMA.
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(56 ps). This long residence lifetime combined with the anisotropy of the
second-sphere hydration shell (it is on the hydrophilic side of the complex)
can adequately account for the relaxivity of [Gd(DOTP)]5� at low magnetic
fields.119

A related GdIII complex with extended, non-coordinating phosphonate
groups attached to DOTA via amide bonds displays pH-sensitive relaxivity.
The value of tM in this tetraamide complex is extremely long, yet its relaxivity
increases from 3.8 to 9.8 mM�1 s�1 as the pH goes from 8 to 6.120,121 This pH
range corresponds to the protonation of the phosphonate groups. The
pH-sensitive relaxivity of this complex is likely due to the modulation of
the inner- and second-sphere water exchange processes by protonation of
the phosphonates. Second-sphere contributions to relaxivity cannot be
controlled as predictably as those arising from inner-sphere contributions,
largely because the number and residence lifetime of water composing
the second coordination sphere is not well defined. Nevertheless, it was
demonstrated that high relaxivity agents can rationally be designed and
constructed by simultaneous optimization of tM, tR, and the second-sphere
organization (Figure 1.11).88,116,117

The design platform in Figure 1.11 was based on the well-established
DOTA framework containing an albumin-binding moiety linked to a cyclen
backbone either via an a-substituted acetate or acetamide sidearm. Analysis
of the parameters that affect inner-sphere relaxivity revealed that the two
amide sidearms slow the water-exchange rate, and that this effect can be
overcome by the incorporation of a phosphonate or phenolate sidearm.
Another important observation is that the relaxivity of complexes with
sidearms that contain two carboxylates per arm have substantial second-
sphere contributions.

The development of new ligand systems for applications in MRI has
remained an active area of research with major focuses on high relaxivity,
targeted, and responsive agents. The main goal of targeted contrast agents
is to deliver a large payload of paramagnetic centers to a target
site.50,87,88,91,122–130 Targeting is often combined with an amplification
strategy in an attempt to overcome the low sensitivity of MRI.56 Despite
progress, the disparity between the detection limit of the best T1-shortening
agents (10–100 mM) and the concentration of target biomolecules, such as
cell surface receptors (often in the nM range), remains a challenge.125,131,132

Responsive contrast agents are designed to have relaxivity or CEST effect
that is dependent on a triggering molecule or event, such as the presence of a
specific biomarker, a physiological process, a metabolite, an ion, pH, redox
potential, temperature, or enzyme activity. The design of such probes is based
on the modulation of one or more parameters that influence either relaxivity
or the CEST effect (including q, tM, and tR). Responsive probes based on
contrast agents for CEST MRI offer some advantages over GdIII complexes
because GdIII-based T1-shortening agents cannot be completely silent, even
when they are turned off. In addition, changes in relaxivity in response to
environmental stimuli are often only modest. With contrast agents for CEST
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MRI, saturation transfer can be selectively turned on and off by varying the
presaturation frequency facilitating complete turning off of agents and the
imaging of several agents in one experiment (see Chapter 3.1).133

The stability of metal-based contrast agents for MRI is an important
parameter for in vivo applications. This is particularly important in view of
the rare occurrences of nephrogenic systemic fibrosis (NSF), a devastating
disease linked to in vivo dissociation of GdIII from its ligand in some patients
with chronic kidney disease.134,135 Moreover, recent research suggests that
GdIII deposition can occur in the brain and bones of patients with normal
kidney function who received multiple injections of GdIII contrast agents,
although the medical consequences of these depositions are not yet
clear.2,136–142 It should be emphasized that no cases of NSF have recently
been reported with macrocyclic agents.4,143 The recent papers describing

Figure 1.11 Design of high relaxivity agents. The relaxivity of a GdIII cyclen-based
agent can be optimized by varying a sidearm donor group (D1) to tune
tM and the amide nitrogen substituents R1 and R2 to maximize second-
sphere contributions to relaxivity.
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GdIII deposition also strongly imply that open chain agents have lower sta-
bility in vivo than the macrocyclic ones.2,144,145 These reports are in agree-
ment with in vivo GdIII retention and in vitro dissociation kinetic data.146 The
amounts of GdIII released from clinically approved agents in human serum
at 37 1C over several days decreases in the following order: DTPA bis(ami-
de)s4DTPA and sidearm substituted DTPA4backbone substituted
DTPAcmacrocyclic agents.143 Thus, it appears that the in vivo stability of
lanthanide-based contrast agents is determined both by their thermo-
dynamic stability and their kinetic inertness. From a ligand design point of
view, the kinetic inertness can in general be improved by lowering the
basicity and increasing the rigidity of the ligand.147,148

1.1.3 Synthetic Methods

This section focuses on general synthetic methods and selected reactions
that are potentially useful to a wide range of readers. For more details, please
refer to the following reviews on the synthesis of GdIII-based contrast agents
for MRI.16,61,62,149–164

1.1.3.1 DTPA and its Derivatives

[Gd(DTPA)]2� was the first clinically approved contrast agent for MRI. Six
approved agents are based on the same open chain ligand. Diethylene-
triamine is a commercially available, inexpensive starting material for the
synthesis of various N-substituted derivatives of DTPA. Pentaalkylation of
diethylenetriamine and backbone-substitution of diethylenetriamine de-
rivatives is fairly straightforward (Scheme 1.1). The parent ligand DTPA was
originally prepared by reacting diethylene triamine with formaldehyde and
sodium cyanide in the presence of NaOH.165 Under these basic conditions,
the cyanomethyl intermediate instantaneously hydrolyses to give the final
product and ammonia.

On a small scale, it is more convenient to introduce the acetate sidearms
on a polyamine backbone with chloroacetate in basic aqueous solutions or
with haloacetic acid esters (tert-butyl bromoacetate) in an organic solvent,
such as acetonitrile or dimethylformamide (DMF), in the presence of an
inorganic (for example, K2CO3) or organic (for example, diisopropylethyl-
amine) base.166–168 The use of esters that are reactive towards nucleophilic
acyl substitution, such as methyl or ethyl, can result in a competitive side
reaction involving the formation of six-membered lactams between the
acetate sidearm and backbone NH present in partially alkylated

Scheme 1.1 Synthesis of DTPA by cyanomethylation.
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intermediates.169–171 For example, the desired pentamethyl ester of DTPA
could not be isolated when methyl bromoacetate was used as the alkylating
agent. To suppress lactam formation, it is imperative that either a bulky
ester, such as tert-butyl, or reactive alkylating functionalities, such as triflate,
be used.169 A lactam ring can also form in the intramolecular condensation
between a free carboxylate and NH, and syntheses should be designed to
avoid such intermediates.172 The ethyl ester of DTPA can be obtained by the
acid-catalyzed esterification of the free acid. Ammonolysis of the pen-
taethylester affords DTPA pentaamide in good yields.173

Selective functionalization strategies of diethylenetriamine exploit the
reactivity difference between primary and secondary amines. The more
reactive primary amino groups can be protected in various forms, such as
phthalimido,174–177 tert-butyl carbamate,172,178–181 trifluoroacetamide,182 or
p-toluenesulfonamide,183 offering convenient access to selectively functio-
nalized derivatives of DTPA. Starting from these compounds, derivatives in
which the secondary N-atom is selectively protected can be obtained using
protecting groups such as benzyl, tert-butoxycarbonyl or benzyloxycarbonyl,
which can be removed with different conditions (Figure 1.12).81,184–189

4-Benzyl diethylenetriamine is a valuable intermediate in the synthesis of
various macrocyclic ligands, including selectively protected 1,4,7,10-tetra-
azacyclododecane derivatives.183,190

A number of DTPA analogs have been reported to have at least one pendant
arm other than acetate. DTPA-bis(anhydride) (Figure 1.13) is a versatile inter-
mediate for the synthesis of bis- and mono-amide derivatives as well as for the
conjugation of DTPA to peptides and other biomolecules. Commercially
available or easily prepared by the action of acetic anhydride or isobutyl
chloroformate on DTPA in the presence of pyridine or triethylamine,191–195 this
compound reacts readily with two equivalents of a primary or secondary amine
in DMF, dimethylsulfoxide, or water to afford the bisamides.196–201

Figure 1.12 Selectively protected diethylenetriamine derivatives.
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DTPA bis(amides) form neutral complexes with GdIII, thereby affording
lower osmolality solutions than [Gd(DTPA)]2�. There are two GdIII–containing
DTPA bisamide chelates among the approved contrast agents (Omniscan and
OptiMARK). Unfortunately, these agents are strongly implicated in the
development of the disease NSF. It is also possible to obtain DTPA mono-
amides when excess DTPA bisanhydride is used, but the product of such
reactions is usually a mixture of the monoamides and bisamides, which can
be challenging to separate.99,202 The monomethyl and monopropyl amide
was also prepared through the mixed anhydride of DTPA formed with iso-
butyl chloroformate followed by ion-exchange purification.99,203 The penta-
methyamide was prepared from the N-hydroxysuccinimidyl (NHS) ester of
DTPA, prepared in situ by reacting DTPA bisanhydride with hydroxy-
succinimide, dicyclohexylcarbodiimide, and 4-dimethylaminopyridine.99

Methylenephosphonate and phosphinate derivatives of diethylenetriamine
are usually synthesized in a Mannich-related reaction (the Kabachnik–Fields
reaction) with formaldehyde and an appropriate phosphorus compound
(H3PO3, phosphite, or phosphinate esters) (Scheme 1.2).204,205 Diethylene-
triamine penta(methylenephosphonic acid) has been prepared by reacting the
triamine with formaldehyde and orthophosphorous acid in strongly acidic
solution.206

For special purposes the diethylenetriamine backbone itself can be built
from suitable precursors. The tert-butyl or benzyl esters of N-(2-bromoethyl)-
iminodiacetic acid are useful reagents to introduce two or one iminodiacetic
acid units by alkylating a mono- or di-amine starting material, most commonly
a suitably protected ethylenediamine or amino acid derivative.80,99,169,207–218

For example, DTPA derivatives with orthogonally protected carboxylate groups
have been synthesized by alkylating a suitably functionalized ethylenediamine
triacetic acid ester with a derivative of N-bromoethyl-iminodiacetic acid
(Scheme 1.3).

DTPA derivatives bearing substituents on a carbon atom of the triamine
backbone are usually synthesized through amide derivatives made from

Figure 1.13 Chemical structure of DTPA-bisanhydride.

Scheme 1.2 Synthesis of diethylenetriamine pentamethylenephosphonic acid.
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amino acids. Methyl esters of amino acids condense with ethylenediamine
or 1,2-propylenediamine to form an amide when the diamine is used as a
solvent. The large excess of the diamine speeds up the reaction and sup-
presses bisamide formation. The amide is reduced to the amine, usually
with BH3–tetrahydrofuran.98,167,219–221 However, when the use of excess
diamine is not feasible (for example, due to limited availability) or when the
amide formation with the diamine is too slow (e.g. for steric reasons), acti-
vated amino acid esters or a peptide coupling agent can be used to form an
amide bond between a protected amino acid and a selectively mono-
protected or functionalized diamine.171,222 This latter approach was used
for the synthesis of bifunctional DTPA derivatives with a cyclohexyl rigidified
backbone.170,223 This methodology is outlined in Scheme 1.4 showing
the synthesis of one of the four stereoisomers of 2-(p-nitrobenzyl)-trans-
cyclohexyl–DTPA starting from N-tert-butoxycarbonyl L-p-nitrophenylalanine.
Alternatively, the amino acid methyl ester can be alkylated followed by
ammonolysis and reduction of the amide groups.224

Scheme 1.3 Synthesis of DTPA with orthogonally protected carboxylate groups.

Scheme 1.4 Synthesis of backbone-substituted derivatives of DTPA.
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1.1.3.2 DOTA and its Derivatives

The macrocyclic chelator DOTA is superior to the linear DTPA for biomedical
applications in every respect except for complex formation kinetics with
lanthanide ions. The parent cyclic tetramine (1,4,7,10-tetra-
azacyclododecane, cyclen) was first prepared by the reduction of the cyclic
diamide 1,4-ditosyl-6,11-dioxo-1,4,7,10-tetraazacyclododecane obtained by
the condensation of ethylenediamine and the tosyl-protected ethylenedia-
mine N,N0-diacetic acid chloride.225 Shortly thereafter, it was also obtained
by the general cyclization method of Richman and Atkins.226,227 The original
procedure reported by Richman and Atkins in 1974 employed the disodium
salt of an N-tosylated polyamine and an appropriately protected bis-
alkylating agent containing two leaving groups, such as tosyl, bromide, or
mesyl. The reaction is usually performed in DMF. Surprisingly, high dilution
conditions are not required because the restriction of the rotational freedom of
the open-chain reactants by the bulky p-toluenesulfonyl groups favors macro-
cyclization over polymerization. Cations such as Na1 or K1 present in the re-
action mixture do not induce a template effect.226,228 The tosyl group is usually
cleaved with hot sulfuric acid.229 The scope of this methodology is somewhat
limited by the harsh conditions necessary to remove the tosyl protecting
groups. However, the use of other protective groups has been reported,
including 2-nitrophenylsulfonyl, b-trimethylsilylethanesulfonyl, and
diethoxyphosphoryl, which are easier to remove than tosyl.230–233 It was shown
later that it is not necessary to use the preformed salts because the tosylamide
can be deprotonated in situ with K2CO3 or Cs2CO3.229 Other variants include
the use of LiOH as a base and running the reaction in a two-phase system with
phase-transfer catalysts.234,235 Another modification uses tritosylated dietha-
nolamine and tosylamide mono sodium salt as starting materials and micro-
wave irradiation in DMF. Interestingly, under microwave irradiation,
macrocyclization is slightly favored over the formation of ditosyl piperazine,
affording tetratosyl cyclen in about a 52% yield.236 However, the Richman–
Atkins procedure is not amenable for scale-up, and consequently, several
specific synthetic approaches were developed that are more convenient for
industrial-scale production.237–241

Cyclen can be easily tetraalkylated with a variety of alkylating agents
(Scheme 1.5).105,112,242–246 By far, DOTA is the most significant cyclen de-
rivative. It is usually prepared by reacting cyclen with four equivalents of
bromo- or, more preferably, chloro-acetic acid in basic aqueous solu-
tion.246–248 The pH of the reaction mixture is maintained above 10 with the
addition of NaOH. The [Gd(DOTA)]� complex (gadoteric acid, sold as the
meglumine salt under the trade names Dotarem, Artirem, or Dotagita) is
possibly the safest MR agent in clinical practice today.249 Tetraamide de-
rivatives of DOTA have received a considerable amount of attention because
their lanthanide complexes have markedly different exchange and kinetic
properties from the corresponding DOTA chelates. Certain lanthanide
complexes of DOTA tetraamides have found application in MRI as CEST
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agents (see Chapter 3).94 DOTA tetraamides are usually synthesized by
alkylating cyclen with bromo- or chloroacetyl amides in a dipolar aprotic
solvent, most commonly acetonitrile or DMF in the presence of a base
such as K2CO3 or i-Pr2NEt. Alternatively, tetraamide derivatives of DOTA can
be prepared starting from DOTA and activating the carboxylates with a
peptide coupling agent (such as benzotriazole-1-yl-oxy-tris(dimethylamino)-
phosphonium hexafluorophosphate or 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate followed by treatment with an amine.
This latter approach can be useful when the haloacetyl amides are not avail-
able, but the yields can be less than satisfactory and the isolation and puri-
fication of the product can be difficult, especially when the product
tetraamide is water soluble.94

A number of tetrasubstituted derivatives of cyclen with methylenephosphonate
and phosphinate sidearms have been reported.242,250–262 The most important is
DOTP, whose TmIII complex is a popular in vivo shift reagent for MRI.263,264

DOTP is prepared by reacting cyclen with excess phosphoric acid and for-
maldehyde in a strongly acid solution.242

Scheme 1.5 Selected reactions for the tetrafunctionalization of cyclen.
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Selective functionalization of cyclen is particularly important because
mono-, bi-, and tri-functionalized cyclen-based intermediates are frequently
used in the synthesis of responsive and bifunctional derivatives. There are
many reported synthetic routes to selectively N-functionalize cyclen. These
routes have been described in several excellent reviews,16,151–153 and this
section focuses on only the most versatile methodologies (Scheme 1.6).

Interestingly, cyclen displays some preference for selective monoalkyla-
tion with certain alkylating agents in nonpolar, aprotic solvents, such as
chloroform, in the absence of base. Yields in the range of 70 to 80% have
been reported for some alkylating agents; however, purification using flash
chromatography was necessary to remove over-alkylated derivatives.265 In
the presence of weak bases, such as Et3N, NaHCO3, or NaOAc, selective 1,4-
bis- and 1,4,7-tris-alkylations were observed with various alkylating agents,
such as tert-butyl bromoacetate, benzyl bromide, or chloroacetamides.266,267

The products are often isolated as monohydrobromide or chloride salts from
which free bases can be liberated. The regioselectivity in these reactions
arises from the formation of monoprotonated products that lower the
nucleophilicity of unalkylated N-atoms.

Based on this approach, several procedures have been published for the
synthesis of DO3A-tris(t-Bu ester), which is one of the most useful selectively
functionalized derivatives of cyclen.268 For small-scale (o2 g) syntheses,
cyclen can be reacted with three equivalents of tert-butyl bromoacetate
in acetonitrile in the presence of sodium bicarbonate or Et3N. The fully
deprotonated DO3A-t-Bu ester is obtained after column chroma-
tography.267,269–272 On a larger scale (o100 g) DO3A-t-Bu can be prepared

Scheme 1.6 Direct mono-, bi-, and trifunctionalization of cyclen.
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without the need for chromatographic purification by alkylating cyclen with
three equivalents of tert-butyl bromoacetate using NaOAc as a base in
dimethylacetamide.273–275 The product is crystallized from the reaction
mixture as the monohydrobromide salt. It can be deprotonated with aque-
ous potassium hydroxide and extracted into hexanes or ether. Removal of
the solvent yields the free base as an oil that solidifies upon standing.268

Other esters of DO3A have also been prepared this way.276,277

The synthesis of partially functionalized cyclen derivatives by direct
regioselective alkylation is extremely attractive because it can shorten the
synthesis of cyclen-based ligands with mixed sidearms. However, regio-
selectivity is never 100%, and therefore the products usually need to be
purified by chromatography. In addition, direct regioselective functionaliza-
tion of cyclen is somewhat limited in scope because it works only with a few
alkylating agents. With a few exceptions, 1,7-disubstituted derivatives usually
are not accessible by this approach. These limitations prompted the devel-
opment of selective protection-functionalization-deprotection strategies that
provide access to cyclen derivatives that cannot be synthesized by direct
functionalization. The topic has been reviewed before and, therefore, only two
conceptually different approaches are described here. Cyclen can easily be
converted with glyoxal into a tetracyclic bisaminal (perhydro-3,6,9,12-tetra-
azacyclopenteno[1,3-f,g]acenaphthylene) that reacts with various alkylating
agents to form mono- or 1,7-bis-quaternary salts, depending on the reaction
conditions. These can be hydrolyzed with aqueous sodium hydroxide or
deprotected with hydrazine monohydrate, hydroxylamine, ethylenedi-amine,
or o-phenylenediamine to produce mono- or 1,7-bisalkylated derivatives in
excellent yields.278–281 Mono- and 1,7-bisbenzyl cyclen can be obtained this
way, and these are potentially useful intermediates (Scheme 1.7).

Scheme 1.7 Mono- and bis-functionalization of cyclen via its bisaminal derivative.
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A versatile, selective functionalization of cyclen is based on the adaptation
of orthogonal protection strategies used in peptide synthesis and
involves the protection of one, two, or three macrocyclic N-atoms in the form
of selectively cleavable carbamates. Since the introduction of benzyloxy-
carbonyl,282 carbamate-type protecting groups have been successfully used
in peptide synthesis. Benzyloxycarbonyl can be cleaved using catalytic
hydrogenolysis and forms a useful orthogonal pair with the acid-labile
tert-butoxycarbonyl and tert-butyl ester functionalities. Depending on the
reagents and reaction conditions, cyclen can be selectively protected on one,
two (1,7-bis), or three N-atoms, as illustrated in Scheme 1.8.283–289 The
remaining N atoms can be functionalized or protected. 1,7-Bis-DO2A-t-Bu
ester, a convenient starting material for mixed sidearm ligands, is usually
prepared from 1,7-bis(benzyloxycarbonyl) cyclen.285,290

Selective 1,4-protection of cyclen is more challenging than 1,7-functiona-
lization. A general synthetic route to 1,4-substituted cyclen proceeds through
cyclenoxamide, accessible from cyclen in excellent yield, as shown in
Scheme 1.9.291

Scheme 1.8 Synthetic routes to protected derivatives of cyclen (Cbz¼ carboxybenzyl
or benzyloxycarbonyl, Boc¼ tert-butoxycarbonyl).
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Backbone-substituted 1,4,7,10-tetraazacyclododecanes constitute an im-
portant class of cyclen derivatives. Bifunctional cyclen-based ligands, such as
the widely used p-isothiocyanatobenzyl DOTA, have a reactive functionality
attached to the macrocyclic backbone to avoid interference with the metal-
binding face of the ligand. Backbone modification is also used to rigidify the
resulting complex.

The Richman–Atkins cyclization remains one of the most versatile routes
to polyaza macrocycles and can easily be adapted to synthesize backbone-
substituted cyclen (Scheme 1.10). Good yields of the tetratosylated benzyl

Scheme 1.9 Synthetic route to 1,4-bisfunctionalized derivatives of cyclen via
cyclenoxamide.

Scheme 1.10 Synthetic route to backbone-functionalized cyclen derivatives using
the Richman–Atkins cyclization.
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and nitrobenzyl cyclen were achieved in bimolecular [3þ 1] or intra-
molecular [4þ 0] cyclization using mesyl, tosyl, or triflate as leaving groups
and Cs2CO3 as a base.292–295 The nitrobenzyl derivative was detosylated with
hot sulfuric acid. However, H2SO4 treatment of the benzyl derivative led to the
formation of sulfonated side products, which were circumvented by depro-
tection with lithium aluminum hydride. Benzyl-functionalized cyclen was
nitrated with HNO3/H2SO4 to produce nitrobenzyl cyclen in about 60% yield.295

Backbone-functionalized cyclen can be synthesized via cyclic amide
derivatives (Scheme 1.11). p-Nitrobenzylcyclen was obtained by alkylating
p-nitrobenzyl ethylenediamine with ethylenediamine bis(bromoacetamide)
to produce the cyclic diamide.296 Alternatively, macrocyclic amides were
synthesized by acylating p-nitrobenzyl ethylenediamine or N-(2-aminoethyl)-
p-nitrophenylalaninamide with a BOC-protected disuccinimidyl ester in
dioxane to produce the cyclic products in about 40% yield (Scheme 1.12).
These cyclizations lack the beneficial effect of the tosyl that favors macro-
cyclization, and therefore, they require the use of high dilution. The lower
yields compared to the Richman–Atkins protocol are due to the formation of
polymeric side products. The macrocyclic amide derivatives were reduced to
amines with BH3–tetrahydrofuran or RED-Al.302 Both the dialkylation and
diacylation methodologies have been extended for the syntheses of

Scheme 1.11 Synthesis of backbone-functionalized cyclen via cyclic amide deriva-
tives using dialkylation.

Scheme 1.12 Synthetic route to backbone-functionalized cyclen via cyclic amide
derivatives using diacylation.
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derivatives of cyclen that have a cyclohexane298 or piperidine ring299 fused
into the tetraazacyclododecane macrocycle.

An interesting and unusual route to cyclen and its backbone-substituted
derivatives involve the cyclotetramerization of benzyl aziridines
(Scheme 1.13). N-Benzylaziridine leads to good yields of N-tetrabenzyl cyclen
when heated in ethanol in the presence of a catalytic amount of p-toluene-
sulfonic acid.300 It was shown that C-substituted benzylaziridines as well as a
few other N-substituted aziridine derivatives tetramerize to produce tetra-
azacyclododecane derivatives under the right conditions. Yields are usually
low and the products require extensive purification, but the reaction offers
access to backbone substituted cyclen derivatives that would be difficult to
obtain by other routes. The ring opening can be brought about by various
catalysts, including p-toluenesulfonic acid, anodic oxidation, BF3 �Et2O, CuII

salts, and trialkyl aluminum compounds.301–304 Chiral N-benzylaziridines,
bearing a substituent on the carbon atom in position 2, undergo ring
opening at the primary carbon. The resulting tetramer retains the con-
figuration of the monomer at the secondary carbon.305–307

Finally, another route to obtain backbone-substituted cyclen involves FeIII-
templated condensation of glyoxals with the FeIII complex of triethylenete-
tramine followed by reduction of the unsaturated intermediate with sodium
borohydride (Scheme 1.14).308,309

1.1.3.3 PCTA and AAZTA

The two heptadentate ligands PCTA and AAZTA form complexes with
lanthanide ions that contain two inner-sphere molecules of water. These
complexes have more favorable formation and water-exchange kinetics
than the corresponding DOTA complexes and maintain sufficiently high
thermodynamic stability and kinetic inertness for in vivo applications. PCTA
contains a pyridine ring fused to a cyclen ring and can be considered to be a
rigidified DO3A analog.30 The parent macrocycle pyclen as well as backbone-
substituted derivatives can be synthesized using the Richman–Atkins
methodology (Scheme 1.15).310–313

Scheme 1.13 Synthetic route to backbone-substituted cyclen via the tetramerization
of aziridines.
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AAZTA and its derivatives can be considered as crossover ligands between
the open-chain ligands EDTA and DTPA and macrocyclic ligands such as
DOTA or NOTA (1,4,7-triazacyclononane-N,N0,N 00-triacetic acid.314 Although
AAZTA has lower denticity than DTPA or DOTA, the stability of the LnIII

complexes of AAZTA is comparable to that of [Ln(DTPA)]2� complexes.16 The
seven-membered cyclic triamine 6-amino-6-methylperhydro-1,4-diazepine can
be prepared using a nitro-Mannich reaction315 starting from N,N0-dibenzyl
ethylenediamine, nitromethane, and formaldehyde (Scheme 1.16).314,316

1.1.4 Purification and Characterization of Ligands

1.1.4.1 Isolation and Purification

DTPA, DOTA, and derivatives of those ligands can be purified by standard
techniques used in organic chemistry; however, these compounds are quite

Scheme 1.14 FeIII-templated synthetic route to backbone-functionalized cyclen.

Scheme 1.15 Richman–Atkins synthesis of derivatives of pyclen.

Scheme 1.16 Synthesis of 6-amino-6-methylperhydro-1,4-diazepine tetraacetic acid
(AAZTA).
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hydrophilic, which can make purification challenging. Crystallization from
aqueous solutions is a convenient and efficient way of purification of large
quantities of ligands. Chelators such as DTPA, DOTA, or DOTP can
successfully be crystallized as free acids.242,247,317 Crystallization, however,
does not always result in salt-free preparations, in which case, unwanted
cations and anions can be removed by ion-exchange chromatography. The
purification of DOTA is an example of how the combination of crystallization
and ion-exchange chromatography can be used to obtain a high-quality
product.318 DOTA is usually synthesized by alkylating cyclen with chloro-
acetic acid in the presence of NaOH and is isolated by acidifying the
reaction mixture below pH 3.247 The product that precipitates at low pH
contains varying amounts of HCl and has an approximate composition of
DOTA � 2HCl when isolated at pH 0.5 or DOTA �HCl at around pH 3. Below
pH 3, the ligand is positively charged, and when loaded onto a strongly
acidic cation exchange resin, protonated ligand binds to the resin, enabling
the anions to be removed with repeated washings. The ligand can be eluted
by treating the ion exchange column with a solution of ammonium
hydroxide because DOTA is negatively charged above pH 4. To remove
undesirable cations, excess ammonia is removed and the product is loaded
on an anion exchange column. The cations are removed with washing
and the product is recovered by treating the resin with a dilute solution of
formic acid.318

A general anion-exchange chromatographic method has been reported
for the purification of large amounts (up to 10 g) of p-nitrobenzyl-
backbone-substituted DTPA ligands.319 The crude products obtained by
the acid hydrolysis of the penta-tert-butyl esters were loaded on a cation-
exchange resin, eluted with ammonium hydroxide, and recovered by
removing the water and ammonia. The products were loaded onto the
chloroacetate form of AG1 anion-exchange resin, which is prepared by
treating the hydroxide form of the resin with a solution of ClCH2CO2H
(1 M). The column was washed with water to remove impurities that
were not bound to the resin. Finally, the products were recovered by
washing the column with a linear gradient of aqueous CICH2CO2H (from
0.0 to 1.0 M). Chloroacetic acid was chosen because it is a stronger acid
than formic acid, which failed to elute DTPA from the resin. CICH2CO2H
was removed from the desired products by extracting the aqueous solutions
with ether.

On a smaller scale, gel filtration chromatography320 with Sephadex G-10
medium can be conveniently used for desalting. Analytically pure samples
of most ligands can be obtained by preparative high-performance liquid
chromatography (HPLC) on a C18 reversed-phase column using a linear
gradient of water and acetonitrile containing trifluoroacetic acid, HCl, or
some other buffer (0.1 to 0.3%).321 An integrated HPLC–mass spectrometry
platform composed of an HPLC system, detectors, columns, and mobile
phases has been developed for the purification of DOTA-based targeted
diagnostic and therapeutic agents.322
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1.1.4.2 Characterization of Ligands

The identity and purity of polyaminopolycarboxylate ligands are established
by standard analytical techniques. Reverse-phase HPLC and ion-exchange
chromatography are the preferred methods for assays because these methods
are more sensitive than spectrophotometric and titrimetric techniques when a
quality detector is used. Relatively simple polyaminopolycarboxylates, such
as EDTA, DTPA, or DOTA, lack an easily detectable chromophore, and
although HPLC methods based on the spectroscopic detection of the
carboxylates (195–220 nm) have been developed,318 the ligands are often
complexed with CuII or FeIII in a sample pretreatment step for easier detection
in the UV–visible region of the electromagnetic spectrum.323 Derivatives with
an aromatic chromophore, such as bifunctional chelators with a benzyl linker,
can be detected around 250–280 nm.223

Other detection methods not limited by the lack of chromophores, such as
evaporative light scattering, charged aerosol, or refractive index detection,
have also been used in the analysis of derivatives of DTPA and DOTA. In
particular, the extremely sensitive (ng to pg) evaporative light scattering
detection324 works well in the characterization of conjugates of DOTA.
Backbone substitution on DTPA and DOTA introduces an asymmetric
center, and the stereochemistry has a significant influence on the in vivo
stability of the resulting complexes.223 It is, therefore, important to
determine the enantiomeric purity of such bifunctional ligands. Several
chiral chromatographic methods have been explored for the chiral dis-
crimination of the S and R enantiomers of nitrobenzyl–DOTA. A reversed-
phase cyclodextrin-based column was found to give satisfactory separation
of the two enantiomers of nitrobenzyl–DOTA, but chiral derivatization of
the p-aminobenzyl derivatives with Marfey’s reagent followed by chroma-
tography on a C18 reversed-phase column failed to discriminate the
resulting diastereomers.294

In a laboratory setting, elemental analysis is a satisfactory and cost-
effective way of determining the composition of samples and provides useful
information for the chelation reaction because the apparent molecular weight
of polyaminopolycarboxylate ligands is usually much higher than the formal
molecular weight due to protonation, water content, and inorganic salts.

NMR spectroscopy is a valuable tool for studying conformational, proto-
nation and exchange processes of ligands. 1H-NMR spectroscopy has been
used extensively to study the protonation schemes of various poly-
aminopolycarboxylate ligands. In general, protonation of a functional group
results in deshielding of the adjacent protons and, consequently, leads to a
downfield shift of the resonance signal. The magnitude of the protonation
shift depends on factors such as the nature of the protonated atom, its
position relative to the observed proton, and the mole fraction of the pro-
tonated and deprotonated species at a given pH (assuming fast exchange).
Therefore, the identity of the protonation sites can be established from the
pH-dependence of the chemical shifts of the 1H or 13C nuclei of the ligand
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(NMR titration).325–331 1H-NMR studies of DTPA demonstrated that the first
protonation occurred on the central nitrogen atom but the second proto-
nation led to the formation of a di-protonated species in which only the two
terminal nitrogen atoms were protonated.331–333 The NMR spectra of rela-
tively rigid macrocyclic ligands such as DOTA and its derivatives are often
more challenging to interpret owing to slow exchange processes.334–336

Below pH 1, the 1H-NMR spectrum of DOTA has two broad acetate and
four ethylene signals. At higher pH values (up to around 10), the spectrum
consists of two broad peaks at 3.6 and 3.3 ppm assigned to the acetate and
the ethylene protons, respectively, indicating faster molecular dynamics. The
observed protonation shifts reflect the peculiar protonation scheme of this
ligand (Figure 1.14).

At low pH, DOTA exists in its rigid, hexaprotonated form, [H6DOTA]21, in
which all four carboxylates and two nitrogen atoms that are trans to one
other are protonated (the fully protonated form would be [H8DOTA]41).
Around pH 2, the two acetates attached the two protonated N-atoms de-
protonate and, concomitantly, form strong H-bonds with the protonated
nitrogens. At around pH 4 to 5, the acetate groups not participating
in H-bonding undergo deprotonation. The prevalence of di-protonation at
two macrocyclic N-atoms trans to one other in the pH range of 2 to 10 is a
characteristic feature of DOTA and other cyclen-based ligands, and it in-
fluences the formation and dissociation kinetics of the metal complexes.

Figure 1.14 The pH-dependence of the 1H chemical shifts of the acetate and
macrocyclic protons of DOTA.334

Adapted with permission from J. F. Desreux, E. Merciny and M. F.
Loncin, Inorg. Chem., 1981, 20, 987. Copyright (1981) American
Chemical Society.
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Two-dimensional NMR techniques, such as homonuclear correlation spec-
troscopy (COSY), exchange spectroscopy (EXSY), nuclear Overhauser effect
spectroscopy (NOESY), and heteronuclear multiple quantum coherence
(HMQC) spectroscopy, have given helpful insights into the fluxional
behavior of DOTA and related ligands.306,336 The parent compound DOTA
exhibits relatively fast dynamic processes at room temperature, except at low
pH. However, substitution on the sidearm alpha carbon or on the macro-
cyclic backbone decelerates these dynamic processes. For example, variable-
temperature NMR studies revealed that p-nitrophenyl substitution on the
alpha carbon of one acetate sidearm slows the rotation of the arms of
the ligand.113 Tetramethyl substitution on the macrocyclic backbone gives
rise to two slowly exchanging species with elongated geometries where the
methyl substituents are positioned either close to or away from the acetate
sidearms, as evidenced by HMQC spectroscopy, COSY, and EXSY.306

Furthermore, NaOD or KOD might not be suitable bases to adjust pH
when performing NMR titrations with DOTA and related ligands because
Na1 and K1 can form weak complexes with these chelators and have an
appreciable effect on the NMR spectra.336

The protonation constants of the ligands and the thermodynamic stability
constants of their complexes are usually determined by pH-potentiometry.
This technique is described in detail in Section 1.3.
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1.2 Synthesis and Characterization of Metal
Complexes

QUYEN N. DO, JAMES S. RATNAKAR AND ZOLTÁN KOVÁCS*

1.2.1 Preparation of Metal Complexes

In comparison to ligand synthesis, preparation of the complexes is relatively
simple. The use of high-purity ligands with a known composition facilitates
the synthesis, purification, and characterization of the resulting complexes.
Therefore, purification and complete characterization of the ligand, in-
cluding molecular weight determination prior to complexation, is highly
recommended. The optimal conditions will largely depend on the structure
of the ligand: in general, macrocyclic chelators may require harsher con-
ditions for successful complexation than linear ones. To avoid toxicity
problems or incorrect physical or chemical measurements, appropriate care
must be taken to ensure that the desired complex is fully formed and that no
uncomplexed metal or intermediary species remain. The most important
factors to be optimized include the solvent, pH, temperature, reaction time,
and the metal ion source.

Water is the most commonly used solvent. However, complexation can be
performed in organic solvents such as methanol or acetonitrile if there are
solubility concerns with either the reactants or products. pH is one of the
most important parameters to be considered. On one hand, the ligand needs
to be at least partially deprotonated to interact with metal ions. In addition,
the formation of DOTA-like complexes proceeds through a protonated
intermediate with a base-catalyzed rearrangement as the rate-determining
step of complex formation. On the other hand, above pH 6, lanthanide ions
start to hydrolyze, forming undesirable hydroxo-bridged polynuclear clusters
and nanoparticles, and this hydrolysis slows the formation of the complex.
Thus, the optimal pH is around 5 for linear ligands and is somewhat more
basic, around 6, for macrocyclic chelators. However, the optimal pH might
be different for individual ligands577 and speciation diagrams calculated
using the pKa values of the ligand and the log K values of the complex and its
protonated species should be consulted to determine the dominant species
at a given pH. Because the formation of a complex is accompanied by the
release of protons from the ligand, pH is kept in the desirable range by the
addition of an inorganic base such as NaOH or by the use of buffers or weak
organic bases such as pyridine.578,579 The progress of complexation can be
monitored by the rate of change of pH. The time and temperature necessary
to achieve full complexation depends on the nature of the ligand. Flexible
open chain ligands such as EDTA or DTPA form lanthanide complexes nearly
instantaneously at room temperature, but rigid macrocyclic ligands often
require several days at elevated temperature.580 In most cases, the metal and
ligand are in equimolar amounts, although excess metal can also be em-
ployed to ensure complete complexation of the ligand.581,582 The ligand is
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rarely used in large excess except for in radiopharmaceutical preparations.
Lanthanide salts like chlorides, trifluoromethanesulfonates, and acetates
are convenient metal sources, but they generate an additional three
equivalents of inorganic salts that might be a limitation for some appli-
cations where high osmolality is undesirable (e.g. liposomal encapsu-
lation).579 Metal oxides (Gd2O3), hydroxides (Gd(OH)3), or carbonates
(Gd2CO3) can be used in place of chlorides, and the use of these starting
materials will afford salt-free complexes if the ligand does not contain extra
acid.198,348,482,529,583–588 These starting materials work best when the ligand
is in its protonated form and can be used in an equimolar ratio or in large
excess followed by the removal of the undissolved oxide and the dissolved
but uncomplexed metal. Complexations with metal oxides are relatively
slow, and they are usually performed by refluxing the reaction mixture. The
complexation is faster with lanthanide hydroxides, which should be freshly
prepared by reacting the chlorides with NaOH followed by thorough washing
with water.482 The final chelate preparations often contain a slight excess of
ligand (1–5%) to suppress dissociation of the complex.

Uncomplexed lanthanide ions are toxic, and their presence interferes with
most physicochemical or biological applications of the complex. In a la-
boratory setting, a colorimetric test with a metal indicator such as such as
xylenol orange or Arsenazo III can be used to check for the presence of
uncomplexed metal in solution.588–593 This can be done visually as a quali-
tative test. For example, the change of yellow color to pink in a buffered
aqueous solution of xylenol orange provide a visual indication of the pres-
ence of uncomplexed GdIII ions in the micromolar range of concentration.
The test also can be performed as a quantitative spectrophotometric method
to determine the concentration of the free metal.589 An analytical HPLC
method has also been developed for the detection of uncomplexed GdIII in
samples of ionic chelates (GdIIIEDTA, GdIIIDTPA, and GdIIIDOTA).594 It uses
a second ligand (cyclohexanediaminetetraacetic acid, CDTA, in a buffered
mobile phase) that forms a complex with uncomplexed GdIII but does not
equilibrate or react with the sample. GdIIICDTA can be separated from any of
the other complexes using a C18 reversed-phase column equipped with a
fluorescence detector (280 nm excitation and 310 nm emission wavelengths).

If a solution tests positive for uncomplexed metal then extra ligand can
be added until complete complexation is achieved. If this is not a viable
option, for example, due to unavailability of the ligand, then the un-
complexed metal must be removed. This removal can be done using several
methods. The most common one is to raise the pH of the reaction mixture
to about 8–9. The solution can then be centrifuged or filtered through a
0.2 mm syringe filter to remove precipitated hydroxide. Another frequently
used method involves treating the complex solution with a chelating resin,
Chelex 100 for example, at pH 6.581,582 Uncomplexed metal ions bind to the
available iminodiacetic acid moieties on the resin, and filtration of the
resin followed by washing with water results in a solution with only metal
complexes.
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Other methods that remove inorganic salts include dialysis, ion ex-
change, and gel filtration, each of them having their own advantages and
limitations. Dialysis in a laboratory setting is performed against water with
commercially available dialysis tubing or dialysis cassettes with the ap-
propriate molecular-weight cutoff. Dialysis is a membrane separation pro-
cess: small metal ions pass freely through the membrane, and larger
molecules cannot cross. The advantage of this technique is that it does not
use organic solvents and the equipment setup is minimal. Commercially
available Sephadex desalting columns are well-suited to removing salts and
other small molecular weight impurities from lanthanide chelate–macro-
molecule conjugates.

Purification of lanthanide complexes can be done via a wide range of
methods. Crystallization is a rapid and cost effective method of purification.
Depending on the ligand structure, charge, and counter ion, lanthanide
chelates have been crystallized from water, methanol, ethanol, and water/
alcohol or water/acetone mixtures. However, crystallization is not always
successful. Alternatively, complexes can be purified using preparative HPLC,
which removes inorganic salts and other unwanted impurities.595 Occa-
sionally, it might be easier to purify the lanthanide complex than the free
ligand by HPLC. In general, it is a good idea to characterize the complex via
analytical HPLC prior to purification on a large-scale HPLC system. Sym-
metry C18 or Delta-Pak C4 columns are two examples of column families
that are designed for rapid scaling. Semi-preparative or preparative HPLC
purification is most often done using a reversed-phase C18 column. In-
organic salts can be removed with 100% water, followed by a linear gradient
of 0–95% acetonitrile to elute the complex. Other solvent systems, such as
water/methanol can also be used. The addition of acids, such as or tri-
fluoroacetic acid or hydrochloric acid (0.1%), to solvent systems can improve
the eluting peak shape. Ion-exchange resins can also be used to remove salts.

1.2.2 Characterization of Metal Complexes

Characterization of a metal complex starts with the analysis of its metal
content. For biomedical applications, dosage is often determined based on
metal content. Therefore, excess inorganic salts, ligands, and water present
in the samples can increase the apparent molecular weight. The GdIII con-
tent is typically measured using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) or inductively coupled plasma mass spectrometry
(ICP-MS) (see Chapter 2.7 for details).

Lanthanide chelates of DOTA, DTPA, and related ligands exist as mixtures
of interconverting coordination isomers. As described earlier, the water-
exchange rates of these forms can be dramatically different, and so their
ratio in the mixture can influence relaxivity. Therefore, it is fundamentally
important to study the structure and interconversion of these coordination
isomers. NMR spectroscopy is ideally suited for these studies. Because the
dipolar field induced by paramagnetic LnIII ions (other than the isotropic
GdIII ion) is distance- and direction-dependent, the structures of complexes
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can be determined from the pseudo-contact shifts of the 1H-nuclei of
ligands.27,94,147,337,338 YbIII is commonly used for this purpose because it
induces large paramagnetic shifts with negligible line broadening, which
facilitates the interpretation of NMR data. With lanthanide complexes of
DOTA and related ligands, structural differences between SAP and TSAP
isomers lead to dramatically different paramagnetic shifts of the axial
protons of the macrocyclic ethylene bridge (H4 protons). The axial protons of
the TSAP isomer lie farther away from the lanthanide ion and are not as
shifted on a 1H-NMR spectrum. For [Eu(DOTA)]�, the axial protons for the SAP
isomer usually reside in the 31–38 ppm region, and the TSAP isomer protons
are in the region of 10–14 ppm (Figure 1.15).101 For EuIII–DOTAGly4-based
complex, the TSAP axial protons usually are around 11 ppm, compared to the
B25 ppm for the SAP isomer. Integration of axial-proton 1H-NMR peaks gives
the isomeric ratio of the two species.

Occasionally, in the case of rigid chelators where interconversion between
the two isomers is slow (several hours), it is possible to separate and char-
acterize the different coordination isomers by HPLC. Separation of the SAP
and TSAP isomers for [Ln(SSSS-SSSS-M4DOTMA)]� (Figure 1.8) using HPLC
has been reported.111 The relative ratio of the two isomers was determined
by the integration of the HPLC peaks. In this particular case, the inter-
conversion was slow enough to enable NMR studies of the isomers.111

The exchange processes involving coordination isomers are generally
studied using variable-temperature NMR spectroscopy.339,340 At low tem-
peratures, isomeric exchange slows, enabling the observation of relatively
sharp peaks of the exchanging isomers. For example, [Eu(DTPA)]2� gives rise

Figure 1.15 1H-NMR spectrum at 90 MHz of [Eu(DOTA)]� (0.1 M in D2O, pH 7)
showing the presence of two isomers.101

Adapted with permission from S. Aime, M. Botta, M. Fasano, M. P. M.
Marques, C. F. G. C. Geraldes, D. Pubanz and A. E. Merbach, Inorg.
Chem., 1997, 36, 2059. Copyright (1997) American Chemical Society.
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to 18 proton chemical shifts that are observable at �5 1C but only seven at
95 1C. This difference indicates an exchange occurring between two species
(Figure 1.16).341 Variable-temperature 13C- and 17O-NMR spectroscopy has
also been used to investigate the solution-phase structure of lanthanide
complexes of DTPA and DTPA-bisamide.338,342 Variable-temperature NMR
measurements enable determination of thermodynamic parameters that
characterize exchange processes.339,342 Although useful, one-dimensional
1H-NMR data of lanthanide complexes of polyaminopolycarboxylate-based
ligands can be complicated, and it can be difficult to resolve individual
peaks. Two-dimensional NMR techniques such as homonuclear correlation
spectroscopy (COSY) and exchange spectroscopy (EXSY) are often useful in

Figure 1.16 Temperature dependence of the 1H-NMR spectrum of [Eu(DTPA)]2�

(0.2 M in D2O at 270 MHz).
Reprinted from Inorganica Chimica Acta, Volume 177, S. Aime and
M. Botta, Solution structure and dynamics of DTPA-Ln(III) complexes,
101–105, Copyright 1990, with permission from Elsevier.341
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studying dynamic exchange processes and identifying exchanging species.
For example, the reorientation of acetate sidearms and ring inversions can
be studied with two-dimensional NMR techniques (Figure 1.17).100,343

Two-dimensional NMR techniques such as COSY and EXSY can be used
to assign specific resonances and are complimentary to the 1H-NMR
experiment.100,102,113 Two-dimensional NMR experiments offer the advan-
tage of sampling of the entire exchange matrix in one experiment. However,
because of the shortened T1 of paramagnetic complexes, if 1/T1ckex,
the transverse magnetization can be decreased by T1 relaxation before
cross-peak intensity can accumulate. This problem can be at least partially
eliminated by optimizing the mixing time.102 In variable-temperature,
two-dimensional NMR experiments, the optimal mixing time must be de-
termined at each temperature.

The presence of coordination isomers can also be studied using
luminescence spectroscopy provided that the exchange is slow on the
LnIII emission time scale. If there is a large enough difference in the excited
state lifetimes of the isomers, then the observed excitation peaks can be
assigned to different species applying a time delay that is longer than the
lifetime of the shorter-lived species (see Chapter 2.4.3). Alternatively, the

Figure 1.17 EXSY spectrum of [Yb(DOTA)]� at 30 1C.100

Adapted with permission from S. Aime, M. Botta and G. Ermondi, Inorg.
Chem., 1992, 31, 4291. Copyright (1992) American Chemical Society.
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transition can be monitored at different emission wavelengths. If there is
only one species present, then the excitation profile does not change.
However, because different complexes might have different emission spec-
tra, the dependence of the excitation profile on the emission wavelength is
an indication of the presence of more than one species.344

Along with NMR data, X-ray crystal structures of lanthanide complexes are
routinely obtained to study structural features in the solid state. Previously
reported X-ray crystal structures of [Ln(DOTA)]� complexes345 include those of
EuIII,346 LaIII,347 GdIII,348 LuIII,349 CeIII,350 PrIII,350 NdIII,350 DyIII,350 and TmIII.350

Although solid-state data are useful to understand structural differences
between isomers, solution- and solid-state structures are not necessarily the
same. In solution, the SAP and TSAP isomers coexist in equilibrium, with
one often being dominant. However, in the solid state, complexes often
adopt a single coordination geometry, which is not necessarily the dominant
species in solution. For instance, 1H-NMR solution studies show a 50 : 50 mix
of TSAP/SAP isomers for [Nd(DOTA)]�, even though only SAP crystals can be
grown.350 Preferential crystallization of the minor isomer indicates its co-
existence with the major one in solution, even when its presence cannot be
detected in solution. Complexes of DOTA-based ligands with bulky side arms
preferentially crystallize as the TSAP isomers. Reported examples include
La(DOTAAM) (DOTAAM¼ 1,4,7,10-tetrakis(2-carbamoylethyl)-1,4,7,10-tetra-
azacyclododecane),351 [Eu(THP)]31 (THP¼ 1,4,7,10-tetrakis(2-hydroxypropyl)-
1,4,7,10-tetraazacyclododecane),352 Gd(DO3MA) (DO3MA¼ (1R,4R,7R)-
a,a0,a00-trimethyl-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic acid),353 and
[Yb(DOTPBz4)]� (DOTPBz4¼ 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetra-
kis(methylenebenzylphosphinic acid)).354

The X-ray crystal structures of several LnIII complexes of DTPA
have also been reported: Ba[NdIII(DTPA)(H2O)],355 Na2[GdIII(DTPA)(H2O)],356

(NH4)2[GdIII(DTPA)(H2O)],357 and (guanidinium)2[GdIII(DTPA)(H2O)].358

These structures display nine-coordinate metal ions bound to three nitro-
gen atoms and five carboxylate oxygen atoms of the DTPA ligand with the
ninth coordination site occupied by a molecule of water. The coordination
geometry is a distorted capped square antiprism. The solution structure
deduced from the two-dimensional EXSY spectroscopy and lanthanide-
induced relaxation enhancement of the 13C-nuclei of the NdIII- and EuIII-
complexes are consistent with the X-ray crystal structures.

Although the solid-state structures of numerous lanthanide complexes of
DOTA- and DTPA-like ligands with different side arms have been reported, it is
not an easy task to obtain an X-ray quality crystal of such compounds. The
easiest way is often through slow evaporation of solvents. Occasionally, crystals
are obtained from NMR tube samples that have been left standing on the lab
bench for several days. Obtaining an X-ray quality single crystal, however, re-
quires both laboratory skills and luck. Diffraction-quality crystals usually need
to be 0.1–0.3 mm in each dimension. Water or aqueous solutions with miscible
organic solvents are normally used for crystallization. Occasionally, X-ray
quality crystals were obtained from an organic solvent such as methanol.198
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Binary solvent systems, where (1) the two liquids are miscible and (2) the
compound is soluble in only one liquid but practically insoluble in the other,
can afford good quality crystals. Diffusion methods require only a small
amount of material; water and organic solvents such as acetone or ethanol are
often good starting points.348,359 Regardless of the crystallization method, it
might take several days or weeks to grow quality crystals.347,360,361 The crystal
structures of several lanthanide complexes can be accessed free of charge from
the Cambridge Crystallographic Data Centre (CCDC) (Figure 1.18). NMR
and X-ray crystal information are often used supplementary to each other. It is
often necessary to consider both crystal structure and NMR data to understand
the complexity of the structure of lanthanide chelates.362

Figure 1.18 The crystal structure of sodium aqua-(1,4,7,10-tetrakis(carboxymethyl)-
1,4,7,10-tetraazacyclododecane)-gadolinium tetrahydrate (Na[Gd(DOTA)] �
H2O) showing a top view of the complex on the left and the unit cell on
the right (C grey, N blue, O red, and Gd green). The Na and H atoms and
three non-inner-sphere water molecules are omitted for clarity.
The images were generated using the Mercury software (version 3.9)
provided by the Cambridge Crystallographic Data Centre (CCDC)
(www.ccdc.cam.ac.uk). The CSD reference code and CCDC number associ-
ated with this crystal structure are JOPJIH01 and 1188960, respectively.
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1.3 Stability of Metal Complexes

GYULA TIRCSÓ,* FERENC KRISZTIÁN KÁLMÁN, ZSOLT BARANYAI,
ZOLTÁN KOVÁCS, ERN +O BRÜCHER AND IMRE TÓTH

1.3.1 Introduction

A large number of open-chain, macrocyclic, and hybrid complexes have been
reported as diagnostic, therapeutic, and theranostic agents. Lanthanide and
transition-metal ions, which are Lewis acids, are used in biological systems
in the form of complexes that do not dissociate in the body because the non-
complexed (‘‘free’’) metal ions tend to be toxic. These include paramagnetic
lanthanides (LnIII) and transition metal ions (including MnII, FeIII, FeII, CoII,
and NiII) used in T1- or T2-shortening contrast agents or chemical exchange
saturation transfer agents for MRI, and metals used in radio-
pharmaceuticals, such as CuII, GaIII, and InIII. Moreover, metal aqua ions
readily hydrolyze at physiological pH forming metal hydroxides that can
precipitate and are therefore not suitable for in vivo applications. The use of
complexes in living systems necessitates the knowledge of their in vitro
behavior. This behavior is generally characterized by physicochemical
parameters such as stability constants, which in turn require knowledge of
the protonation constants of the ligands, formation and dissociation rates of
the complexes, and the structures of the complexes. The majority of these
data are usually collected in vitro, but they are relevant to in vivo applications
largely because biofluids (often referred to as competitive biological media)
contain endogenous ligands and metal ions at concentrations that compete
with the components of the administered complexes. Thus, knowledge of
solution speciation and stability in vitro enables prediction of the in vivo fate
of complexes and can yield useful information for the design of contrast
agents.

Several reviews, book chapters, and books have been devoted to the
physicochemical methods used to assess and refine the thermodynamic
(stability) data that characterize the complexes that serve as contrast agents
for MRI, including calorimetry, pH-potentiometry, and UV–visible and
luminescence spectroscopies.363–365 In particular, there are reviews and
book chapters summarizing the thermodynamic data for an extraordinarily
large number of GdIII complexes formed with linear and macrocyclic
ligands.156,366–368 Detailed information on the factors affecting the stability
of the complexes, such as the charge of the metal ion, hardness and softness
of the metal ion and the ligand, the number of donor atoms, and the
chelate and macrocyclic effects, have been discussed in numerous publi-
cations.369–372 Information regarding the programs used to determine stability
constants373,374 and perform model calculations375–379 is also available. In
fact, the speciation diagrams generated from the stability constants provide a
useful pictorial overview of the different species present in multi-component
systems. This is nearly impossible to do just by looking at the numerical
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values of the stability constants alone. Thus, instead of discussing these data
again, this chapter describes the constants that are used to characterize the
strength of metal–ligand interactions and summarizes the selection of a
proper equilibrium model for a given system. Additionally, more problematic
cases are described that require extra attention owing to the complications
associated with slow formation of complexes or the formation of stable
complexes. This information is targeted at scientists interested in collecting
high quality and reliable equilibrium data. The selected examples in this
chapter are based on published data for GdIII- (in some cases EuIII-, which is
used occasionally because of its luminescent properties), CuII-, and MnII-
based systems.

1.3.2 Equilibrium Constants Used to Characterize
Metal–Ligand Interactions

Acid-dissociation constants (Ka) of the ligands (Lewis bases) are important
physicochemical parameters that are frequently determined in the first step
of equilibrium studies because they must be known to quantify the com-
petition between metal ions and protons for the ligand, that is, to determine
stability constants. Ligands used in biomedical applications tend to possess
several basic sites, often referred to as polydentate chelators, and therefore,
several protonated species can exist in solutions of these ligands.
Each species can be characterized by protonation equilibria and constants
corresponding to given equilibria. Stepwise equilibria are defined by the
addition of a single proton at a time [eqn (1.6) and (1.7)].

Hi�1LþH1"HiL
1 (1.6)

KH
i ¼

½HiLþ�
½Hi�1L�½Hþ� (1:7)

where i¼ 1, 2,. . ., n; and [H1], [Hi�1L], and [HiL
1] are the equilibrium con-

centrations of H1, Hi�1L, and HiL
1, respectively. Note that protonation

constants are the inverse of acid-dissociation constants (Ka).
The equilibrium constant for the formation of HnLn1 from nH1 and L

(formation of nth protonation species) is known as the overall protonation
constant [b01n, eqn (1.8) and (1.9)];

Lþ nH1"HnLn1 (1.8)

b01n¼
½HnLnþ�
½L�½Hþ�n

(1:9)

The total (net) basicity of a ligand, b01n, is also used for comparative
purposes when comparing the complexation properties of structurally
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similar ligands. For instance, in the case of ethylenediaminetetraacetic acid
(EDTA), the value of b014 is often used for this purpose, but for DOTA and its
derivatives, the product of the first two protonation constants b012 is
frequently used for the same reason.

The formation equilibria of metal–ligand complexes are characterized by
their stability constants, as defined by eqn (1.10) and (1.11):

Mþ L"ML (1.10)

KML¼
½ML�
½M�½L� (1:11)

where [ML], [M], and [L] are the equilibrium concentrations of the complex,
the metal ion, and the deprotonated ligand, respectively.

Because most ligands used in contrast agents are multidentate, one or
more donor atoms in the complex can be protonated at low pH. The complex
might also exhibit acidic character, which in turn might lead to the co-
ordination of hydroxide anions to produce ternary (also called mixed-ligand)
complexes of the composition M(H�1L) or M(L)(OH). Protonated complexes
are symbolized as M(HiL) and the protonation constants of such complexes
are defined as in eqn (1.12) and (1.13):

M(Hi�1L)þH1"M(HiL)1 (1.12)

KMðHiLÞ ¼
½MðHiLÞ

þ�
½MðHi�1LÞ�½Hþ�

(1:13)

where i¼ 1, 2,. . ., n; and [H1], [M(Hi�1L)], and [M(HiL)1] are the equilibrium
concentrations of H1, [M(Hi�1L)], and M(HiL)1, respectively. In practice, all
of these constants are derived from the overall or cumulative equilibrium
constants (bPQR) defined by eqn (1.14) and (1.15). These are usually the ones
calculated by fitting programs.

PMþQLþRH"MPLQHR (1.14)

bPQR¼
½MPHQLR�
½M�P½H�Q½L�R

(1:15)

Importantly, direct comparison of stability constants of structurally diverse
complexes might lead to incorrect conclusions about their stability because
these comparisons do not consider the competition of the ligands between
protons and metal ions, which might differ considerably from ligand to
ligand. To account for the protonation of the ligand occurring simul-
taneously with complexation, conditional stability constants, Kc

M(L), were
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introduced. The term Kc
M(L) reflects the apparent stability of a complex at a

given pH [eqn (1.16)].363

K c
MðLÞ ¼

½ML�
½M�½L�t

¼ ½ML�
½M�½L�aH

(1:16)

Where:

[L]t¼ [L]þ [HL]þ [H2L]þ � � � þ [HnL] (1.17)

aH¼ 1þK1[H1]þK1K2[H1]2þ � � � þK1K2. . .Kn[H1]n (1.18)

Therefore:

Kc
ML¼KML/aH (1.19)

In complex biological systems, a ligand L might or might not be proto-
nated or form complexes with endogenous metal ions such as CaII, MgII,
ZnII, and CuII. Likewise, complexed metal ions might or might not interact
with endogenous ligands present in biological fluids, such as citrate,
phosphate, or carbonate (denoted below as A, B, etc.). In addition, metal
complexes can be protonated, and such protonated complexes can also form
ternary complexes with endogenous ligands. By taking into account all of
these possible equilibria, a more general conditional stability constant (K*)
can be defined as follows.

K*¼ ½ML�t
½M�t½L�t

¼ ½ML�
½M�½L�

aML

aMaL
¼KML

aML

aMaL
(1:20)

where:

[M]t¼ [M]þ [MA]þ [MB]þ � � � (1.21)

[L]t¼ [L]þ [HL]þ [H2L]þ � � � þ [HnL]þ [Ca(L)]þ [Ca(HL)]

þ � � � þ [ZnL]þ [Zn(HL)]þ � � � (1.22)

[M(L)]t¼ [M(L)]þ [M(HL)]þ [M(L)A]þ [M(L)B]þ � � � (1.23)

aM¼ 1þKMA[A]þKMB[B]þ � � � (1.24)

aL¼ 1þK1[H1]þK1K2[H1]2þ � � � þK1K2� � �Kn[H1]nþKCa(L)[Ca21]

þKCaH(L)[H
1] þ � � � (1.25)

and

aML¼ 1þKM(HL)[H
1]þKM(L)A[A]þKM(L)B[B]þ � � �. (1.26)
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The stability and protonation constants of complexes, the conditional
stability constants (K*), and the concentration of the non-complexed metal
ion ([Mz1]) can be calculated using the protonation constants of the ligand.
Concentration is often included when reporting studies of complexes
because it is often assumed that the toxicity of metal complexes is related to
the concentration of ‘‘free’’ metal ions released from complexes, which can
be expressed as the pM value.

pM¼�log[Mz1] (1.27)

where [Mz1] is the concentration of non-complexed metal ion. The
more stable the complex, the lower the concentration of non-complexed
metal ion, and the higher the pM. The pM values for GdIII complexes are
calculated for the special condition as proposed by Raymond and co-
workers: [M]t¼ 10�6 M, [L]t¼ 10�5 M, physiological concentration of [CaII],
[ZnII], and [CuII], pH¼ 7.4.380 Under these conditions, ligands that do not
form complexes with M1 ions have a pM of 6.0. Tóth and co-workers sug-
gested that pMn values could be calculated for complexes under slightly
different conditions ([Mn]t¼ [L]t¼ 10�5 M at pH¼ 7.4) because ten-fold
excess of ligand is not used in the formulation of contrast agents.381 Thus,
the pM values calculated using these conditions appear to be much smaller
(in the range of 5–10) than those of GdIII complexes (values calculated for the
commercially available contrast agents are415).

Although it is relatively easy to calculate pM values because software [such
as Make Equilibrium Diagrams Using Sophisticated Algorithms (Medusa) or
Hyperquad Simulation and Speciation (Hyss)] exists for the calculation of
species-distribution curves, there are two issues that must be addressed for
the sake of clarity. According to the original definition proposed by Raymond
in 1979, the pM value reflects the concentration of the non-complexed, albeit
fully solvated, metal ions. The use of pM values can lead, in some instances,
to erroneous conclusions, as highlighted by Meyer and co-workers.377

Amphoteric metal ions, such as those belonging to group 13 (AlIII, GaIII, or
InIII), are typical examples of coordination compounds relevant to medical-
imaging applications. These ions form hydroxido complexes near pH 7.4
(-ate complexes such as [Ga(OH)4]� that can exist at low concentrations). In
the presence of ligands, high pM values can be computed for such systems,
misleadingly suggesting a high metal-binding affinity for a ligand. It should
be realized, however, that the competition of hydroxide anions for the metal
ion can be so strong that the metal ion can be displaced from the ligand. It is
obvious that the inefficiency of the chelator under such circumstances is
overlooked if only the concentration of the aqua cation is considered as the
only representative species of the non-complexed metal.

Conversely, in the absence of complexation (i.e. no affinity), the lower
limiting pM value equals the total metal concentration chosen to perform
the speciation calculation. To avoid confusion, the relative affinity criterion,
denoted AL/M, was introduced by Meyer and co-workers.377 Taking into
account the fraction of all metallic species remaining unbound to the ligand
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of interest (L), AL/M serves as a universal tool for the reliable assessment and
comparison of the complexing power of any ligand [eqn (1.28)]. From a
practical point of view, computation of relative affinities is performed in a
straightforward manner using the Apparent Constant calculator imple-
mented in the general speciation program Hyss2009, which is available free-
of-charge from the Protonic Software website.375

AL=M¼�log

P
½M�unbound

½M�tot

� �

¼�log
½M�tot �

P
½M�bound

½M�tot

� �

(1:28)

Meyer and co-workers treated the problem of GaIII complexation
by calculating the speciation diagram for the [Ga(DOTA)]� complex
using published stability constants.382 In spite of the high pGa value of
21.6, the radiolabeling of DOTA and DOTA-type ligands with 68Ga is
often problematic and results in relatively low radiochemical yields.383

Moreover, in some cases the radiolabeling of DOTA and DOTA-type
ligands was found to proceed with higher radiochemical yields at lower
pH, which is rather unusual (coordination complexes are usually less
stable under acidic conditions). As seen in Figure 1.19, GaIII is fully com-
plexed by the ligand DOTA at pH 7.4 at millimolar concentrations
[Ga31]total¼ 1�10�4 M and [Ligand]total¼ 1�10�3 M). However, [Ga(DOTA)]�

does not form near pH 7.4 at the more dilute conditions used in
labeling ([Ga31]total¼ 1�10�9 M and [Ligand]total¼ 1�10�8 M). These data

Figure 1.19 Speciation diagram (species distribution curves) for the [Ga(DOTA)]�

system in the pH range of 2–10 calculated using [GaIII]¼ 0.1 mM and
[DOTA]¼ 1.0 mM (lines with dots) and [GaIII]¼ 1 nM and [DOTA]¼ 10 nM
(lines without dots). Identical species are marked with the same color.
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indicate that high dilutions can become problematic for radiolabeling ex-
periments. This problem compounds itself onto the slow complexation rates
that are often a bottleneck for complex formation for labeling macrocyclic
ligands with short-lived radioisotopes.

1.3.3 Equilibrium Models

The first step in setting up a proper equilibrium model is a detailed
investigation of the ligand, including the determination of its protonation
constants and, potentially, a full characterization of the processes occurring
at each protonation site. A difference between the real and estimated
number of protonation steps or deviation from the actual values of the
protonation constants of the ligand can significantly influence the calcu-
lated stability constants for the corresponding metal complexes. There are
numerous practical methods for the determination of protonation constants
in the pH range of 1.8–12.2. These methods include calorimetry, pH-
potentiometry and other electrochemical methods, various spectrophoto-
metric methods, and multinuclear NMR techniques. Problems can arise
when the protonation constants of ligands do not fall into the pH range
where the pH can be measured reliably with the use of combined glass
electrode, for example with acidic protonation sites of phosphinates, basic
protonation sites of ligands possessing phosphonate pendant arms, or basic
nitrogen atoms of some cross-bridged macrocyclic polyamines.

This relationship between protonation and stability constants is demon-
strated by the data reported for the first protonation constant of DOTA. This
protonation constant is in the range of 10.14–12.72 and depends on the
choice of the electrolyte used to set the ionic strength (the effect of the ionic
strength on the protonation constants of the ligands is discussed in detail
later). The reported values, however, differ by nearly 1 log unit, even for
experiments performed with the same or similar ionic strengths. This dis-
crepancy indicates the difficulty associated with the accurate measurement
of such protonation constants. Performing pH-potentiometric titrations at
high ligand concentrations (3.5–5.0 mM) helps resolve this problem because
the equilibrium concentration of all the species present in solution are
increased. Therefore, protonation and deprotonation cause larger effects
that are more easily detectable by electrodes. When high concentrations
are not practical, UV–visible spectroscopy or various NMR spectroscopic
methods can be used as supporting techniques to determine pH values in
samples from the total concentration of H1 or OH� ions (canalyte{cH1 or OH�
and thus canalyte can be neglected).384–386 Noszál and co-workers developed a
method that relies on the readout of pH from the chemical shifts of a set of
indicator molecules with known protonation constants and chemical shift
dispersions in the same sample as the molecule of interest. The results
obtained for two biguanidine drugs, metformin and phenformin, indicate
that a set of eight indicator molecules enables the precise determination of
large values of log K with high accuracy and precision.387
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The protonation scheme of the ligands can be characterized using
NMR spectroscopy, as was demonstrated for open-chain331 or macrocyclic
ligands.330,334 Spectrophotometric methods can be used to monitor proto-
nation processes if the ligands contain chromophores close to the site
of protonation and have measurable changes in their absorbance upon
metal binding. For example, the protonation constants of a pyridine-
based ligand were assigned using a combination of UV–visible and NMR
spectroscopies.388,389

Finally, before starting equilibrium studies, the nature of the electrolyte
used to set ionic strength should be carefully considered. Salts such as KCl
or KNO3 have frequently been used in different concentrations to maintain
ionic strength. The use of K1 salts is a convenient choice because K1 tends
to form weaker complexes with ligands designed for MRI applications than
Na1. However, the protonation constants (especially the log KH

1 ) determined
in the presence of K1 are lower than those obtained in the presence of the
tetramethylammonium cation. Tetramethylammonium would be the best
ion to maintain ionic strength because interactions between ligands and
tetramethylammonium can be neglected. However, the evaluation of pro-
tonation constants can be challenging because protonation equilibria are
shifted to more basic pH regimes without the interaction between the cation
and the ligand.30,390–392 Thus, somewhat paradoxically, the advantages of
using a salt that does not affect protonation of a ligand are outnumbered by
the limitations of using one that weakly interacts with the ligand. However, it
should be mentioned that the determination of a highly basic protonation
constant (pKaZ12) using NMR methods can be easily corrupted by the for-
mation of Na1 or K1 complexes at high pH values, affecting chemical shifts.
Nevertheless, to mimic in vivo conditions, characterization of ligands should
be performed in a solution of NaCl (0.15 M). Despite some variability in the
stability constants that results from differences in ionic strength, the use of
NaCl does not translate into significant differences in the distribution of
species because the values of protonation and stability constants are shifted
in the same direction. Conditional constants and pM values measured at
different ionic strengths are also usually similar for the same system.

The anions of the electrolyte can also have an effect on the outcome of
characterization. For example, halogen ions are known to form stable
complexes with InIII, TlIII, and BiIII ions, and thus their stability must be
considered when calculating stability constants. The formation of these
relatively weak complexes might actually aid the determination of stability
constants because these complexes can compete with multidentate ligands
at high concentrations, thereby shifting equilibria to higher pH values,
where they can be followed by more common methods.393–396

There are several metal ion and ligand properties that have to be
considered to create a proper equilibrium model for a metal–chelate system:
(i) the number of donor atoms, which is the denticity of the ligand; (ii) the
coordination number of the metal ion; (iii) the type of donor atoms of
the ligand; and (iv) the hard–soft character of the metal ions. Along the
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lanthanide series, the coordination number of the þ3 ions decreases from 9
to 8 with increasing atomic number.397 The coordination number of tran-
sition metals is often 6, for example, with CuII, FeII, and FeIII complexes, but
occasionally it can be 7, like with complexes of MnII.398 A comparison be-
tween the coordination number of the metal ion and the denticity of the
ligand can yield useful conclusions: if the denticity is smaller than the co-
ordination number, then the formation of ML2 complexes, including the
hydroxido species, is likely. This scenario was observed in the case of
[Ln(EDTA)]� complexes,399,400 where the formation of [Ln2(EDTA)3]6� spe-
cies was evidenced in addition to the presence of Ln(L) and Ln(L)2. The
existence of ternary species was confirmed by spectrophotometric method
in the NdIII–EDTA system. The NdIII aqua ion has a low-intensity band at
427.3 nm in the absorption spectrum corresponding to a 2P1/2–4I9/2 transi-
tion. This absorption is sensitive to the coordination environment of NdIII,
and changes in the coordination sphere lead to shifts in wavelength, making
absorption spectroscopy a valuable tool to confirm the existence of different
species in solution.401,402 In the [Ln2(EDTA)3]6� complex, each LnIII ion is co-
ordinated separately to one EDTA ligand and the third EDTA ligand acts a
bridge between the two [Ln(EDTA)]� units by binding each metal ion via an
iminodiacetate group. The CeIII ion is also useful for spectrophotometric
studies because its 4fn-4fn�15d1 allowed transition provides a high intensity
band in the UV region of the electromagnetic spectrum. This transition is red-
shifted when the number of coordinated donor atoms increases.30,386,403–405

This transition has been used to obtain information about the structure of
long-lived reaction intermediates involved in the formation of macrocyclic LnIII

complexes.
The formation of ternary complexes between contrast agents for MRI and

endogenous ligands such as citrate, phosphate, and carbonate is an important
issue because the formation of these complexes reduces the relaxation rate
enhancement caused by paramagnetic complexes and can accelerate in vivo
decomplexation of the agents.406–408 The ternary hydroxido complexes of
metal chelates usually form under basic conditions and in several cases lead
to precipitation of metal hydroxides. The presence of mixed–ligand complexes
in equilibrium can be confirmed by 1H-relaxometric methods by following the
relaxation rate (1/T1, where T1 is the longitudinal relaxation time) of samples
as a function of substrate concentration at a fixed pH, like with the GdIII

complexes of phosphinate derivatives of propylene diamine tetraacetic
acid.401 The data from those studies revealed a decrease of relaxivity in basic
solutions. The formation of ternary complexes can also be followed by spec-
trophotometry, as in the case of [Cu(DOTAgly)(OH)]3� and [Gd(PTDITA)]�

(Figure 1.20).148,389 When the formation of a ternary complex is favored, as is
the case with complexes of tetra-, penta-, and hexa-dentate ligands with ox-
alate, malonate, citrate, or iminodiacetate,400,409–411 pH-potentiometric titra-
tions can be used to obtain reliable data about their formation and stability.
The advantage of stability data is that they enable modeling of complexation
(calculation of speciation diagrams) over wide ranges of pH values and ligand
concentrations.
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When the potential denticity of a ligand is larger than the maximum
coordination number of a metal ion, the formation of dinuclear and pro-
tonated complexes is possible. Ligands designed for applications relevant to
MRI usually contain fewer donor atoms than the maximum coordination
number of lanthanide ions; thus, the formation of stable dinuclear com-
plexes in equilibrium is rare. However, the relatively small coordination
numbers of transition metal ions relative to lanthanides enables the

Figure 1.20 Structure of ligands described in the text.
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existence of dinuclear species. Sometimes the formation of dinuclear com-
plexes is the goal. For example, a chemical exchange saturation transfer agent
candidate was reported to have a chemical exchange saturation transfer effect
owing to the formation of a CuII-centered dinuclear species.412 In this respect,
electron paramagnetic resonance spectroscopy is a useful technique to study
equilibria involving CuII species, including dinuclear complexes.413

High relaxivity of contrast agents for MRI is a desirable property
that can be obtained, for example, by designing contrast agents that
contain more than one paramagnetic metal ion. This design feature can be
achieved by multiplying the coordinative site, resulting in a paramagnetic
oligomer such as (Gd-AAZTA)2,414 ditopic DO3A-based MnII complexes,415 or
[Mn2(ENOTA)] (Figure 1.20).416 Relatively flexible open chain ligands have
higher propensities to form dinuclear complexes than rigid macrocyclic
ligands.390 Furthermore, there is a special class of contrast agents for MRI
designed to form dinuclear complexes with endogenous metal ions such as
CaII, CuII, and ZnII offering the possibility of determining the in vivo con-
centration of these ions.417–419 These responsive probes are composed of a
unit to coordinate the paramagnetic metal ion and another moiety to se-
lectively bind the other metal ion, thereby activating the probe.417–419 The
characterization of these complexes has been performed with the techniques
described earlier in this chapter.

Last but not least, the protonation of the metal chelates must be con-
sidered. Protonation of lanthanide(III)–polyaminopolycarboxylate complexes
such as [Ln(DTPA)]2� or [Ln(DOTA)]� and their derivatives occurs at the
carboxylic pendant arms. Because these carboxylates are coordinated to the
metal ions, the values of these protonation constants are generally low.30,391

On the other hand, coordinated pendants such as phosphonates or amines
have higher basicities, and therefore protonation is shifted to neutral or basic
pH values. For example, [Gd(DOTP)]5� has four protonation steps in the pH
range of 4–8 related to the four phosphonate groups.420 Generally, the number
of the protonation processes and the values of the protonation constants
depend on denticity, the basicity of the donor atoms, and the coordination
number of the metal ion. As mentioned above, protonation of transition–
metal–ion complexes with DTPA- or DOTA-like ligands is also expected.390

In addition to the techniques mentioned above, NMR spectroscopy plays a
role in the investigation of the equilibrium properties and confirmation of
equilibrium models of metal chelates. Unfortunately, the study of para-
magnetic metal complexes with NMR spectroscopy is often difficult or
frequently impossible owing to line-broadening caused by paramagnetic
metal ions. Therefore, in the case of lanthanides, diamagnetic or less
paramagnetic surrogate ions such as YIII, LaIII, LuIII, or EuIII are often used.
Similar approaches can be applied for the NMR studies of equilibria in-
volving transition metal complexes: for example, the diamagnetic ZnII ion
can be substituted for paramagnetic CuII or MnII.401,421,422

In summary, the following items should be considered when selecting an
equilibrium model to study contrast agents for MRI: The equilibrium model
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should be based on the formation of the ML species independently of the
metal ion type. Furthermore, the presence of protonated M(HiL) species and
ternary ML(OH)i hydroxo complexes should be assumed based on the den-
ticity of the ligand and the coordination number of the metal ion. Proto-
nation of ML complexes should be confirmed experimentally in samples
containing the metal ion and ligand in a one-to-one ratio. Based on these
data, the stability constants of ternary and dinuclear complexes can be
determined by studying systems at various metal-to-ligand ratios.

1.3.4 Physicochemical Methods for Characterizing
Metal–Ligand Interactions

Protonation and stability constants can be obtained from experimental data
using various computer programs like HYPERQUAD, PSEQUAD, OPIUM,
BEST, SUPERQUAD, and MINIQUAD. These equilibrium calculation pro-
grams are generally based on nonlinear least-squares fitting.257,374,423

Among them, the commercially available HYPERQUAD is one of the most
widespread,375 in part because of the regular software updates and main-
tenance. Although some versions of HYPERQUAD are limited to fitting pH-
potentiometric data, other versions can simultaneously fit data obtained by
different techniques. The company that produces HYPERQUAD also offers
other programs that treat data collected by other methods. These include
HypSpec2014 for fitting spectrophotometric data, HypNMR for fitting NMR
chemical shift data (limited to the fast-exchange regime), and HypDH for
obtaining stability constants and enthalpies from calorimetric data.375 Pro-
grams such as PSEQUAD or OPIUM can simultaneously fit data obtained by
potentiometry, UV–visible spectroscopy, 1H-relaxometry, and multinuclear
NMR titrations.374 In addition to the software listed above, other programs
are available for performing equilibrium calculations. Data obtained
solely from UV–visible spectroscopy are often fit using SPECFIT/32TM, a
sophisticated, multivariable data-analysis program for modeling and fitting
equilibrium titration data.424 Analyses are also performed using SQUAD or the
equilibrium routine of the ReactLabt software.425 Multinuclear NMR data are
frequently processed via HypNMR, PSEQUAD, or EQNMR.374,424,426–429

Generation of speciation diagrams is useful in the design of equilibrium
and kinetic experiments. Although such diagrams can be generated using
data-fitting software within the concentration limits of the calculation, there
are specifically designed programs that create speciation diagrams from the
H1–L–Mz1 equilibrium constants. These include the Medusa and HySS2009
freeware, which are also capable of handling redox equilibria and hetero-
geneous reactions.375,376

In each case, calculations are performed assuming a chemical model in-
volving equilibria between components: the metals (M), ligands (L), and
protons (H1), and complex species (MpLqHr

1). These equilibria are charac-
terized by the cumulative formation constants bpqr [see eqn (1.14) and
(1.15)]. The software uses the proposed equilibrium model to fit measured
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data (titration volume, absorbance, or chemical shift) obtained from the
concentrations of the components and the pH. During data fitting, the sum
of squared residuals (the differences between the measured and calculated
data) are minimized while values of bpqr are varied. Some software programs
calculate statistical data characterizing the goodness of fit (w2 or the stand-
ard deviation of fitted data) and the reliability of the estimated bpqr con-
stants. The infrastructure for computations that is commercially available
enables calculations to be repeated with different equilibrium models within
a few seconds, and the model that has the best statistical parameters is
usually accepted.

The nature of the species involved in the equilibrium model should be
supported by an independent method. For example, the formation of di-
nuclear species for CuII systems might be confirmed by electron para-
magnetic resonance spectroscopy, mass spectrometry, or another analytical
technique. Additionally, distribution curves for species can be compared:
values calculated using the stability constants determined from one method
can be compared with the absorbance values (for CuII), T1 or 1/T1 values (for
MnII or GdIII), or NMR-signal intensity data (for diamagnetic complexes). In
some cases, however, when the coordination number of the metal ion is
smaller than the potential maximum denticity of the ligand, protonation can
occur at a donor atom located far from the coordination environment of the
metal ion. For such systems, it is best to fit simultaneously the data collected
by multiple techniques. For instance, the stability of CuII complexes formed
with macrocyclic ligands can be estimated reliably only when the formation
of the first species occurs at fairly low pH values. These species can be
followed by UV–visible spectroscopy as a function of acid concentration.
Once the constant for the formation of the copper complex under acidic
conditions has been determined, then the stepwise deprotonation of this
species can be determined by pH-potentiometry or UV–visible spectroscopy
as a function of pH.

Individual stability constants (K corresponding to a given equilibrium) can
be calculated from the log bpqr values and the related protonation and
equilibrium constants. The standard deviations calculated for stability
constants originate from random experimental error and reflect only a part
of the total uncertainty. The true errors in the calculated equilibrium con-
stants can be evaluated by comparison of constants obtained by different
methods or in independent studies.

1.3.4.1 Experimental Methods

A wide range of experimental methods have been proposed for the
determination of equilibrium constants. The relative simplicity, low cost,
and wide availability of the pH-potentiometric titration has made it one of
the most commonly used methods for the determination of protonation
and stability constants of ligands and metal complexes. Importantly,
equilibria involving ligands without protonation sites cannot be studied by
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pH-potentiometry. The basicity of donor atoms and the competition
reactions between metal ions and H1 for coordination by donor groups both
affect the concentration of H1. Hence, both protonation of ligands and
complex formation influence pH.

The instrumentation necessary to perform pH-potentiometric titrations is
relatively simple and generally includes glass and reference electrodes, or a
combined electrode, a voltmeter or a pH-meter, and an automatic burette.
To determine the relationship between the measured electromotive force or
pH values and the volume of H1 or OH� added, both types of titration
systems must be calibrated.

For potentiometric titrations, the electrode is calibrated by titrating a
known amount of HCl or HNO3 with a standardized solution of KOH, NaOH,
or (CH4)4NOH at constant ionic strength (for example, KCl, KNO3, NaCl,
(CH4)4NCl, or (CH4)4NNO3 electrolytes at 0.1 or 1.0 M). The relationship
between the measured electromotive force and the concentration of H1 is
expressed by the Nernst equation:

E¼ E0þS log½Hþ�¼ E0þS log
KW

½OH�� (1:29)

where the additive term E0 contains the standard potential of the electrode
system and the contribution of the liquid–junction potentials, S corresponds
to the Nernstian slope, and KW is the stoichiometric ionic product of water.
The values of E0, S, and KW can be calculated from the titration data pairs
(volume of base (mL)–pH or electromotive force) of the calibration titration
curve. Taking into account the contribution of H1 and OH� ions to the
liquid–junction potentials, eqn (1.29) can be expressed in the following form:

E¼ E0þS log½Hþ� þ j1½Hþ� þ j2
KW

½Hþ�
; (1:30)

where j1 and j2 are the coefficients characterizing the contribution of H1 and
OH� ions to the liquid–junction potentials in acidic and basic conditions,
respectively. By using the related E0, S, j1, j2, and Kw values, the concentration
of H1 and pH are calculated from the electromotive force values obtained
in the potentiometric titration experiments of ligands or ligands and
metal ions.

For pH-potentiometric titrations, two or three standard buffer solutions
are used for the calibration of the pH meter. The pHa (pHa¼ �log(H1)a,
where (H1)a is the activity of the hydrogen ion), is expressed by:

pHa¼
ðE�E0�EjÞzF

2:303RT
(1:31)

where E, E0, and Ej are the measured electromotive force, standard potential,
and sum of the liquid–junction potentials, respectively. If the sample con-
tain salt, a constant ionic strength difference exists between the Ej of the
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sample and the buffer solution. The difference between the measured pHr

and pHa can be taken into account by the following equation:

pHr¼pHa�DEj¼pHþ log g��DEj¼pHþ A¼pKW�pOHþ A (1.32)

where DEj is the difference between the liquid–junction potentials of the
sample and the buffer solutions, pH is �log[H1], g� is the activity coefficient,
A is a correction factor, and pKW is the stoichiometric water ionic product. The
calibration of the electrode involves determining the pH-independent cor-
rection factor (A) and the stoichiometric water ionic product (pKW).430 The
correction factor (A) and the stoichiometric water ionic product (pKW) are then
used to obtain the concentration of H1 from the pHr values measured in the
titration experiments of ligands or ligands and metal ions.

pH-potentiometric titrations can be used to determine the protonation
constants of ligands and the protonation and stability constants of metal
complexes. In these systems, equilibrium must be attained within a few
seconds to minutes after the addition of the titrant. The metal-to-ligand
concentration ratios are usually kept at 1 : 1. For some metal complexes,
however, titrations are sometimes made with metal-to-ligand ratios of 2 : 1,
3 : 1, 1 : 2, or 1 : 3. The concentration of the ligand is generally kept in the
range of 2–5 mM. Depending on the availability of the ligand, the volume of
the sample is usually 3, 5, 6, 10, or 20 mL. The temperature of the samples
must be kept constant during the titration (usually at 25 or 37 1C). Solutions
are magnetically stirred with N2 or Ar being bubbled through them to avoid
the absorption of CO2 during titrations. pH-potentiometric titrations are
usually performed according to the calibration method described above in
the pH range of 1.8–12.2.

Complex-formation reactions of polyaminopolycarboxylate-type macro-
cyclic ligands are generally too slow to monitor by direct pH-potentiometric
titrations. Consequently, the stability constants of metal complexes of these
macrocyclic ligands are often determined using an out-of-cell method. This
is referred to as the batch method.431 In this method, several separate
samples are prepared in the pH range where complexation equilibria exist;
each sample corresponds to a different point in the titration curve. The
tightly closed samples are kept under an atmosphere of N2 or Ar at 25 1C
until equilibrium is reached. The time required to reach the equilibrium
must first be confirmed by a supporting method, such as UV–visible spec-
troscopy for complexes of CuII and CeIII, or by relaxometry for complexes of
MnII or GdIII. To obtain reliable stability constants, at least two or three
parallel measurements should be performed.

The protonation and complexation properties of the ligands and the co-
ordination of the metal ions can be studied by other techniques. If the metal
ions and ligands have absorption bands in the UV–visible range of the
electromagnetic spectrum, protonation and complexation can be monitored
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by UV–visible spectrophotometry. In this technique, absorbance can be
expressed by the Lambert–Beer law:

A¼�log
I
I0
¼ elc (1:33)

where I0 and I are the intensity of the incident light before and after,
respectively, the absorbing solution; e is the molar absorptivity; l is the path
length; and c is the concentration of the absorbing species. Because the
observed absorbance includes contributions from the absorption of each
absorbing species in a sample, the absorbance for each wavelength can be
expressed by the following equation:

A¼ ½L�t þ
X

xilei (1:34)

where i¼ 0, 1, 2,. . ., n; xi is the molar fraction; l is the path length; and ei is
the molar absorptivity of each involved species. The absorption bands of
ligands generally occur in the UV–range. By taking into account of the total
concentration ([L]t¼ [L]þ [HL]þ [H2L]þ � � � þ [HnL]) and the protonation
constants (aH¼ 1þK1

H[H1]þK1
HK2

H[H1]2þ � � � þK1
HK2

H. . .Kn
H[H1]n) of the

ligand, eqn (1.34) can be expressed as eqn (1.35). Note that the term l can be
omitted if the same cuvette is used for all measurements.

A¼ eL

aH
þ eHLK H

1 ½H
þ�

aH
þ eH2LK H

1 K H
2 ½H

þ�2

aH
þ � � � þ eHnLK H

1 K H
2 . . . K H

n ½H
þ�n

aH

� �

½L�t

(1:35)

The protonation constants and the molar absorptivity of each protonated
species of the ligand can be calculated by fitting the electromotive force or pH
and the absorbance values with eqn (1.35). Similarly, the formation, proto-
nation, and structure of metal complexes can be determined from the ab-
sorption bands of the ligands, metal ions, or complexes obtained from
spectrophotometric titrations.

Stability constants of complexes are usually determined pH-potentiome-
trically because of the relative simplicity and precision of the method.
Sometimes, complexation equilibria exist in pH ranges that are not easily
measured. In those cases, competition reactions can be used to shift of the
complexation equilibrium into a measurable pH range. Competition re-
actions can be either metal- or ligand-based. The appropriate competition
partner is selected based on three criteria: (i) the relative simplicity of the
system, which involves minimizing the number of species present in the
equilibrium; (ii) the ease of monitoring the competition reaction; and (iii)
prior knowledge of the stoichiometry and stability of the complex formed
with the competition partner.

Metal and ligand competition reactions are described by eqn (1.36) and (1.37).

MLþM0"M0LþM (1.36)
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MLþ L0"ML 0 þ L (1.37)

Such competition reactions can be monitored using the absorption bands
of the exchanging metal ions, ligands, or both by spectrophotometry or by
relaxometry if there is a difference in relaxivity between the two complexes
(ML and ML0 or ML and M0L). For competition reactions that are monitored
by the absorption band of M0L and ML0, the total absorbance of the system
can be expressed by eqn (1.38) and (1.39), assuming that the absorbance of
ML, L, and L0 can be neglected.

A¼ ½M
0�tðeM0 þ eM0LKM0L½L�Þ

1þ KM0L½L�
(1:38)

A¼ ½L
0�teML0KML0 ½M�
a0H þ KML0 ½M�

(1:39)

The stability constant of the metal complex ML can be calculated from the
protonation constants of the ligands, the stability constants of the com-
plexes formed with the competition partners, and the molar absorptivity of
complexes by fitting the pH and absorbance of the systems. Note that the pH
must be known because the protonation of the non-complexed ligand also
affect the absorbance. The out-of-cell method is generally used for these
reactions because competition reactions are often slow. The conditions of
the competition reaction, including the concentration of each reactant,
volume of samples, and wavelength, first need to be optimized by in-
dependent experiments. Note that the volume of the sample is generally
limited by the pH measurements, the volume of the cuvette, or the avail-
ability and solubility of the ligand. To obtain reliable data, potentiometric or
pH-potentiometric systems should be calibrated using the method described
above to measure pH.

The optical properties of lanthanide complexes arise primarily from f–f
electronic transitions. Perturbations of f–f transitions by coordinating donor
atoms in Ln(L) tend to be small. Therefore, f–f transitions are usually char-
acterized by small bandwidths and, due to their forbidden nature, low in-
tensities (er10 M�1 cm�1).432 Those transitions can nonetheless be used to
monitor complex formation. For instance, the 2P1/2 term of NdIII is not split
by crystal fields. Instead, the absorption bands corresponding to the
2P1/2’

4I9/2 transitions (Nd(H2O)9: l¼ 427.3 nm) are shifted to longer wave-
lengths by the formation of NdIII complexes. The 2P1/2’

4I9/2 transitions of
NdIII can thus give information with respect to the number and crystal-field-
strength of coordinating donor atoms.433 The 5L6’

7F0 transition of EuIII in
the range of 390–400 nm shows a similar sensitivity to ligand binding.434

Because the shielding of 5d electrons by the outer shells is weak, the 5d’4f
transitions of LnIII ions can also be used to study the formation of Ln(L)
complexes. For instance, the 5d’4f transitions of CeIII, PrIII, and TbIII ions
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result in broad and intense absorption bands (er1000 M�1 cm�1) in the UV
region of the electromagnetic spectrum.

All LnIII ions luminesce unless they have valence electronic configurations
of f 0 or f 14. The luminescence of Ln(L) complexes is most commonly
characterized by spectrofluorometry, that is, by measuring the emission
spectra that result from excitation at an absorption wavelength associated
with an emissive transition. The formation of Ln(L) complexes can generally
be followed by spectrofluorometry in the concentration range of 10�6 to
10�8 M.435,436 The relationships between the concentrations of species and
the measured intensities is described by eqn (1.40).437

I¼
Xn

1

I0eiciji1 (1:40)

In eqn (1.40), I0 is the intensity of the entering light, l is the path length of
the cell, ei is the molar absorptivity of the species, ci is the concentration of
the species, and ji is the quantum yield of the species. Importantly, the
presence of compounds that contain absorbing or fluorescent molecules
might change the emission of Ln(L) owing to the inner-filter effect. The
inner-filter effect refers to the absorbance or optical dispersion of light at the
excitation or emission wavelength by a compound present in the sample.438

The luminescence properties of EuIII (7F0–4’
5D0) and TbIII complexes

(7F0–6’
5D4) are often exploited to investigate the formation, structure, and

number of inner-sphere water molecules in Ln(L) complexes (see Chapter
2.4.3).439,440 The stability constants of several EuIII complexes were determined
by monitoring the excitation spectra of EuIII–ligand systems with laser-induced
luminescence spectroscopy in the pH range of 2–7.441 The intensities of
the 5D0’

7F0 transitions of different EuIII–ligand systems are shown in
Figure 1.21. Note that the luminescence intensity increases with increasing pH
owing to the formation of Eu(L). The measured luminescence intensity values
can be expressed by the sum of the contribution of each species [eqn (1.41)].

Imeas¼
Xn

1

Iici (1:41)

In eqn (1.41), Ii and ci are the molar intensity and the concentration of the
species i, respectively. The values of ci of the different species can be ex-
pressed in terms of the related equilibrium constants (such as KEuL and
KEuHiL). The stability and protonation constants of Eu(L) can thus be cal-
culated from Imeas and pH if the total concentration of each component
([Eu31]tot and [L]tot) and the protonation constants of the ligand (Ki

H) are
known. This is usually performed with equilibrium calculation software, as
detailed above.

Multinuclear NMR spectroscopy has been used since the late 1950s to
determine protonation and stability constants. This technique has numer-
ous advantages relative to other techniques. For instance, it can be applied
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to both acidic and basic solutions. pH can be determined by using the
measured concentration of acid or base. It can also be determined with
indicator molecules whose chemical shifts and protonation constants are
known.387 NMR titration data can be used to determine the order of proto-
nation of the donor atoms, that is, the protonation sequence of the ligand.
NMR titration data can also be used to evaluate microconstants in cases of
simultaneous or overlapping protonation equilibria.442–444 Advantageously,
NMR titrations can be used to estimate protonation constants, even if lig-
ands are not analytically pure.

When the pH-dependent acid–base equilibrium is fast on the NMR time
scale, the chemical shift measured (dobs) is proportional to the chemical
shifts of the HL and L species [eqn (1.42)]:

dobs¼ wHL dHLþ wLdL (1.42)

In eqn (1.42), dHL and dL are the chemical shifts of the protonated and de-
protonated ligand, respectively; and wHL and wL are the molar fractions of the
protonated and deprotonated ligand, respectively. Molar fractions can be
expressed in terms of protonation constants (KHL¼ [HL]/{[H1][L]}) and [H1]
as follows:

wHL¼
½HL�
½HL�þ½L� ¼

KHL½Hþ�
1þKHL½Hþ�

(1:43)

Figure 1.21 Intensities of the 5D0’
7F0 transitions of EuIII complexes formed with

DTPA (1), EDTA (2), HEDTA (3), DOTA (4), DOTRA (5), NOTA (6),
and TETA (7). (1–5: [Eu]¼ [L]¼ 2 mM, 6: [Eu]¼ [NOTA]¼ 10 mM, 7:
[Eu]¼ [TETA]¼ 50 mM, KCl (0.1 M), and 25 1C). See Figure 1.20 for
chemical structures of ligands.
Adapted from ref. 441 with permission from The Royal Chemical
Society.
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Given that wHLþ wL¼ 1, eqn (1.42) and (1.43) can be combined to give eqn
(1.44), which is an equation that enables determination of KHL by nonlinear,
least-squares refinement.

dobs¼
dLþdHLKHL½Hþ�

1þKHL½Hþ�
¼ dLþdHL�10logKHL�pH

1þ10logKHL�pH (1:44)

Although it is rare, slow exchange can sometimes be observed in proto-
nation equilibria. This has been observed, for instance, in the protonation of
DOTA–tetraamides or in the formation of the ternary hydroxido complex of
[Ga(AAZTA)]�.394,445 In the case of slow exchange, separate peaks corres-
ponding to the same proton are observed in the NMR spectra of the proto-
nated and deprotonated forms of the species of interest. The ratio of [HL]/[L]
can then be calculated by the ratio of the integration of each peak. The
concentrations of the protonated and deprotonated species can be calcu-
lated from this ratio and the total concentration of the ligand, [L]tot. This, in
turn, enables the determination of the protonation constants.

NMR spectroscopy is a good technique to determine protonation con-
stants if the chemical exchange is slow enough that the signals for each
species are resolved. For the multidentate ligands that are widely used in
contrast agents for MRI, such as for macrocyclic systems, this condition is
often satisfied, although the assignment of signals can be complicated. 13C-
NMR spectroscopy is usually limited by its low sensitivity. If applicable, NMR
spectroscopy based on nuclei that are more sensitive than 13C, such as 31P
and 19F, is also viable for the determination of protonation constants.
Similarly, equilibria of metal complexes can also be studied by monitoring
the NMR signal of NMR-active metal isotopes. Detection of the metal ions
can be useful in supporting data from 1H-NMR titrations. Several metallic
elements have I¼ 1/2 spin isotopes, such as Y, Cd, and Tl. Others that are
quadrupolar with I41

2, such as Al, Ga, In, La, and Sc, can also be used in such
experiments.445–450 An advantage of directly observing metal ions is an en-
abling of the determination of stability constants for mixed ligand com-
plexes, such as [Tl(DOTA)(CN)]2�.395 Quadrupolar nuclei are associated with
broad signals that are sometimes immeasurable in non-symmetric species;
therefore, only symmetric free aqua ions, such as Al(H2O)6

31, Al(OH)4
�,

Ga(H2O)6
31, and Ga(OH)4

�, can be measured quantitatively. In most cases,
M(L) complexes of these metals are difficult to detect. The further compli-
cation of NMR of metal nuclei is that the lone signal can be difficult to in-
tegrate. A standard, either internal or external, must therefore be used to
determine the concentration of the metal species.

In general, NMR methods can be applied to diamagnetic complexes and
many paramagnetic complexes. GdIII complexes, however, cannot be in-
vestigated directly by 1H-NMR spectroscopy because of the extreme line-
broadening effect of the GdIII ion. Complexes of MnII, FeIII, or GdIII can be
studied through 1H relaxometric studies by following the longitudinal (T1) or
transverse (T2) relaxation times as a function of pH, exchanging metal, or
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ligand concentration (see Chapters 2.1 and 5.1 for further reading on the
relaxivities of GdIII and transition metal complexes, respectively). Para-
magnetic metal ions and their complexes often display significant differ-
ences in r1p and r2p relaxivities451–454 or the ratio of these relaxivities.455

The relaxivity of a sample containing paramagnetic species can be
described as a weighted average of the contributions from [M(H2O)x] (x¼ 6
for MnII and 8 for GdIII) and each of the metal-ion-containing species as
described in eqn (1.45) (for r1p).

r1;obs¼ wMr1p;M þ
X

wMpHRLQ
r1p;MpHRLQ (1:45)

In eqn (1.45), w is the mole fraction of [M(H2O)x] and MHRL, r1p,M

is the molar relaxivity of the metal aqua ion (7920 M�1 s�1 for MnII and
13 170 M�1 s�1 for the GdIII at 25 1C and 20 MHz), and r1p,MpHRLQ

is the molar
relaxivity of the metal-ion-containing species. The formation constants of
the metal complexes present in equilibrium can be determined from the
protonation constants of each ligand species, which must be determined
in advance by other methods. In the simplest case when complexes of 1 : 1
metal-to-ligand ratios are formed ([M]¼ [L]), this can be derived from
eqn (1.46).

½M� ¼
�Aþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ 4

P
bMHRL½Hþ�

R� �
� ½M�tot � A

q

2
P

bMHRL½Hþ�
R

where A¼ 1þ
X

bHRL½Hþ�
R

(1:46)

The reliability of the method can be increased by performing titrations
at different metal-to-ligand ratios in a wide range of pH values or by sup-
plementing the 1H-relaxometric data with pH-potentiometric data. The
simultaneous fitting of data obtained by multiple methods enables an
estimation of the relaxivity of the different species, including those present
at low concentrations or that overlap other species in solution.120,456 One of
the first examples of relaxometry to determine the stability of macrocyclic
GdIII complexes was for the study of triaza-triacetate macrocyclic ligands
(Figure 1.22).457

1.3.4.2 Methods Relying on Separation

The determination of stability constants of metal complexes by separation
techniques such as high-performance liquid chromatography,458,459 ion
chromatography,460 and capillary electrophoresis461–464 has limitations. First,
information is obtained from analyses performed on a series of similar sam-
ples with varying composition as in the out-of-cell (batch) method used in pH-
potentiometry described above. Second, capillary electrophoresis requires
relatively expensive instrumentation that is not widely available.460,465,466 These
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techniques, however, generally have high separation efficiency and relatively
high speed of analysis, and require much less compound than other tech-
niques discussed above. In addition, these measurements can be automated.

Generally, in capillary electrophoresis, the components of a test solution
are introduced into the capillary via hydrodynamic injection, which is the
most widely used injection method. The components move along the
capillary with different velocities when voltage is applied at the ends of
the electrolyte-filled capillary (Figure 1.23). The velocities depend on the
charges and ionic radii of the species, such that the components of the samples
reach the detection zone at different time points. The qualitative characteristic
of the signal is the migration time (m). Quantitatively, the heights and areas of
the peaks are proportional to the concentrations of the components.

Practically, capillary electrophoresis has only been applied to the de-
termination of stability constants for the simplest systems, such as for labile
metal complexes which form in 1 : 1 metal-to-ligand stoichiometries.467,468

In these cases, the metal ions are dissolved in the samples and the ligands
are in the running buffer. Because the formation and dissociation of labile
metal complexes is fast on the time scale of capillary electrophoresis, the
resultant electrophoretic mobility (mobs) represents a weighted average of
the electrophoretic mobility of the different species present in a sample

Figure 1.22 Extent of formation of [Gd(DETA)] (1), [Gd(MeDETA)] (2), [Gd(Me2-
DETA)] (3), and [Gd(NOTA)] (4) as a function of pH. Conditions:
[Gd]¼ 1�10�3 M; [L]¼ 1.2�10�3 M (curves 1, 2, and 4) and
[L]¼ 5�10–3 M (curve 3), 25 1C, KCl (0.1 M).
Adapted with permission from E. Brucher, S. Cortes, F. Chavez and
A. D. Sherry, Inorg. Chem., 1991, 30, 2092. Copyright (1991) American
Chemical Society.457
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[eqn (1.47)]. Stability constants are obtained from monitoring the electro-
phoretic mobility shift of samples upon changing the concentration of the
ligand in the buffer.

mobs¼ xMLmMLþð1�xMLÞmM¼
mMLKML½L�½M� þ mM½M�t

1þKML½L�
(1:47)

In eqn (1.47), mM and mML are the electrophoretic mobility of the metal ion
and the ML complex, respectively, and xML is the molar fraction of the
complex. KML, mM, and mML can be calculated from eqn (1.47) once the molar
fraction of ML is expressed as a function of [M]t and KML (the stability
constant of ML). These experiments require knowledge of [M]t, which can be
calculated by taking into account the injected volume of the test solution.

Measurements of stability constants become more straightforward when
complexes remain intact, that is, when dissociation reactions of metal
complexes are slow on the time scale of capillary electrophoresis experi-
ments. In these cases, the peaks of the complexed and non-complexed lig-
ands or metal ions are separated during electrophoresis.462 For samples
already at equilibrium, a mixture of metal and ligand is injected into the
capillary to detect the concentrations of the metal and the ligand as well as
the concentration of the complex. The stability constants can then be as-
sessed from the areas of the peaks because the areas of the peaks are pro-
portional to the concentrations of the different species. These calculations
require the knowledge of the molar area values of different species, which
must be separately determined in experiments performed under identical
conditions.

Figure 1.23 Experimental setup of capillary electrophoresis.
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Calculations of stability constants, however, become more complicated
when several species are present in equilibrium, such as when both proto-
nated ligands and complexes are present. In these cases, the conditions used
for capillary electrophoresis, including buffer, pH, and temperature, must
first be evaluated to avoid further complications of equilibrium calculations.
Capillary electrophoresis can be used to evaluate the stabilities of complexes
either by direct formation, ligand-exchange reactions (ligand competition),
metal-exchange, and double-exchange. It has been applied, for example,
to determine the stability and the formation and dissociation rates of
[Ln(DOTA)]� complexes.465

1.3.4.3 Other Less Common Methods

Calorimetry, including isothermal titration calorimetry and isothermal ti-
tration microcalorimetry, was among the first techniques used to charac-
terize equilibria and determine protonation and stability constants in dilute
solutions. This technique is based on the measurement of the amount of
heat that evolves as a result of physical or chemical processes taking place in
the sample.469 This technique yields both stability constants and standard
enthalpy changes for the equilibria.470 This time-consuming method is
mostly limited to complexes of 1 : 1 stoichiometry and with relatively small
formation constants. In the case of stable complexes suitable for medical
applications, calorimetry has no routine application, especially for macro-
cyclic ligands with slow rates of complex formation.

1.3.4.4 Speciation Diagrams (Equilibrium Distribution Curves)

Although the stability constants of metal–ligand systems are determined in
equilibrium studies, the numbers alone cannot be used directly to visualize
the chemical composition or speciation of solutions. The equilibrium con-
stants characterizing a system—such as the protonation constants of ligands
and the stability and protonation constants of complexes—enable calcu-
lation of the equilibrium distribution of a given system at any ratio of its
components at any pH. Equilibria in solution are best illustrated by speci-
ation diagrams, which are usually obtained by plotting the molar fraction of
components or the logarithm of the equilibrium concentrations versus pH or
the total concentration of a second component, while keeping the total
concentration of other species constant. Calculations of distribution curves
do not take a long time, mainly because they can be performed by computer
programs like Medusa or HySS2009.375,376 However, distribution curves that
characterize equilibrium systems are most meaningful in the concentration,
metal-to-ligand ratio, and pH ranges in which the equilibrium constants
were determined. The mathematical characterization of complex equilibria
is not covered in this chapter. Interested readers are referred to other books
and papers detailing this subject.6,364,471 In the following section, the
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benefits of using equilibrium distribution curves will be demonstrated using
selected examples.

The simplest species distribution curves are obtained when two-
component systems related to stepwise protonation processes of ligands are
studied. The distribution curves obtained by plotting the molar fraction of
protonated ligand species versus pH provide an overview of the protonation
processes. These speciation curves help define buffer ranges and enable
rapid comparison of protonation constants obtained by different techniques,
such as pH-potentiometry and NMR titrations. The curves can also be used to
assign the protonation sequence of ligands and calculate the fractions of
different forms present in solution as a result of microspeciation.

Three-component distributions are often important when studying con-
trast agents, and these distributions generally involve components of metal
ions, ligands, and protons. Distribution curves are usually not complicated
for these systems because the equilibrium models of potential contrast
agents tend to be relatively simple. Usually, the metal complex, its proto-
nated form, and, in some cases, a ternary hydroxide form are the pre-
dominant species over a wide pH range. The situation might become more
complicated with dinuclear or ternary complexes because, in such cases,
the obtained distribution curves can be misleading if they are calculated
incorrectly.401,472 This problem is exemplified in Figure 1.24 for the
CuII:TTHA6�:H1 system (Figure 1.20) in which CuII forms stable dinuclear
complexes with TTHA6�, even at one-to-one metal-to-ligand ratios. In
this case, two different speciation diagrams can be calculated according to
two different methods. The occurrence of a dinuclear complex is explained
by the potential denticity of TTHA, which is ten, being higher than the
maximum coordination number of CuII, which is six. The mismatch enables
coordination of two metal ions per ligand. The distribution curves in
Figure 1.24 were created from published data.473 The distribution in
Figure 1.24(A) was obtained by plotting the fractions of CuII as a function of
pH, resulting in several extrema in the pH range of 1–10. Based on this
distribution, it appears that complex formation is complete at pH 2. How-
ever, the plot of the fraction of TTHA6� versus pH in (B) reveals that TTHA6�

is not completely metallated in acidic samples because of the formation of
stable dinuclear complexes.

A similar phenomenon is observed with [Gd(EDDA)]1 (Figures 1.20 and
Figure 1.25) and in many other systems in which the ligand of interest has a
lower number of donor atoms than the coordination number of the LnIII ion
(8 or 9).474 The GdIII ion has a propensity to form ML2 or ternary MLL 0 type
complexes with the tetradentate EDDA2� because the coordination number
of the GdIII (8 or 9) enables the coordination of two EDDA ligands. As shown
in Figure 1.25(A), for this system, when a one-to-one metal-to-ligand ratio is
used, the plot of EDDA2� fractions versus pH shows that complex formation
appears to be complete at pH 8. No non-complexed GdIII appears to remain
in solution after the formation of [Gd(EDDA)2]�. The plot in Figure 1.25(B),
however, shows that 10% of the GdIII ions remain non-complexed in basic
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solutions as a result of the formation of a hydroxo species. Importantly, the
speciation diagrams shown in Figure 1.25(A) and (B) were calculated using
the protonation constants of EDDA2� and the stability constants of the two
complexes but omit metal-ion hydrolysis. These calculations assume that the
non-complexed metal ions remain in solution as aqua ions, at least partially.
However, hydrolysis of GdIII does occur above pH 6, such that the actual
equilibrium is shifted towards Gd(OH)3, which precipitates. The distribution
curves in Figure 1.24(A) and (B) thus give a false picture of speciation. The
speciation diagram shown in Figure 1.25(C) incorporates the hydrolysis
constants of GdIII.475 In this case, Gd(OH)3 precipitates at pH47. Equi-
librium can be shifted toward the formation of complex by adding excess
ligand that prevents the formation of Gd(OH)3. This system exemplifies
some of the pitfalls in the interpretation of speciation diagrams.

Figure 1.24 Distribution curves for [Cu(TTHA)]4� ([CuII]¼ [TTHA]¼ 1 mM). (A)
Fraction of CuII versus pH and (B) fraction of TTHA versus pH. [25 1C
and KNO3 (0.1 M)].
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Figure 1.25 Distribution curves for [Gd(EDDA)]+ ([GdIII]¼ [EDDA]¼ 1 mM): (A) molar
fraction of EDDA2� versus pH, (B) and (C) molar fraction of GdIII versus pH
(25 1C and KNO3 0.1 M). See text for details.
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Four-component systems are of a great value in both equilibrium and
kinetic investigations and provide many benefits in the study of metal
complexes. In some cases, determination of stability constants of metal
complexes cannot be performed by direct methods because complex for-
mation is complete even under acidic conditions. In such cases, ligand or
metal competition reactions are used to obtain equilibrium constants. These
reactions are usually performed at constant pH by varying the concentration
of only one component while keeping the total concentration of the other
components constant.476,477 However, it is also possible to keep the con-
centrations of all components constant and vary the pH over a wide range of
pH values. Ligands with large protonation constants (including many mac-
rocyclic ligands) can be competed with less basic chelators (such as EDTA) in
solutions of low pH because differences in protonation constants result in
different conditional constants. The different conditional constants usually
have different levels of dependence on pH. The large stability constants of
CuII macrocyclic complexes are often determined by this method using
EDTA or an EDTA-type ligand for competition.6 To determine stability con-
stants by this method, the unknown system should be closely evaluated and
compared to similar reported systems. This step is necessary to select
the appropriate equilibrium systems for the determination of unknown
constants.

The kinetic inertness of complexes is usually characterized by the rates of
their metal- or ligand-exchange reactions. Some of these exchange reactions
result in equilibrium instead of complete exchange, even in the presence of
high excesses of competitors. In such cases, the equilibrium concentration
of the species in each reaction can be calculated and taken into account
using distribution curves.478

1.3.4.5 More Complicated Systems

Complicated equilibrium calculations can be used to draw conclusions
about the fate of injected complexes using artificial plasma models. Because
of the difficulties associated with handling many species at low concen-
trations, simplified models are often used. One study of a simplified plasma
model involved 20 components, including the most abundant ligands in
biology and essential metal ions.407 This study contained more than 300
species and was created to study the in vivo fate of the linear, neutral com-
plex Gd(DTPA-BMA). The distribution calculations showed that B17% of the
intravenously injected complex dissociates at pH 7.4, GdIII precipitates in the
form of GdPO4, and non-complexed DTPA-BMA3� binds to other metal ions,
including CuII, ZnII, and CaII.

1.3.4.6 Limitations

Because high thermodynamic stability is associated with many contrast
agents for MRI, it is crucial to learn how to measure large equilibrium
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constants. With the most trivial case of a protonated ligand being a weak
acid, the reversible chemical reaction can be described by eqn (1.48) and
(1.49).

MþHnL#MLþ nH (1.48)

K ¼ ½ML�½H�n

½M�½HnL� (1:49)

In eqn (1.49), charges are omitted for clarity. For large stability constants,
the value of K is large because the equilibrium is shifted to the right, thereby
making [M] and [HnL] small. However, the accuracy of analytical methods for
detecting extremely small concentrations is limited, resulting in large un-
certainties in measured equilibrium constants. The most accurate meas-
urements are expected in cases of comparable concentrations of ML, M, and
HnL. The equilibrium can be tuned by adjusting pH, but there are at least
two limitations to this experimental trick. The first is that the concept of pH
is not valid in extremely acidic media. The second is that the accuracy of pH
measurements below 2 is not good enough to detect the small contributions
of ML formation to the overall acidity. An often-used strategy, if ligands or
metals are compatible with such measurements, is to measure [M], [ML], or
both by spectrophotometry or NMR spectroscopy. Unfortunately, high-
resolution NMR spectroscopy cannot be used for GdIII complexes because of
large paramagnetic broadening effects. Nonetheless, NMR spectra can be
obtained for complexes of analogues diamagnetic ions or some para-
magnetic lanthanide ions, such as CeIII and EuIII. Most NMR laboratories
have tunable probes for such measurements; however, the sensitivity and
natural abundance of the nuclei first need to be known. Measurement of
quantitative intensities, necessary to obtain concentrations for calculations
of K, requires proper acquisition parameters because T1 values might differ
considerably between M and ML. Additionally, large chemical shift differ-
ences associated with lanthanide ions often require adjustment of the
spectral window to encompass all signals.

Extremely stable complexes exist for which even extended pH ranges (for
example,�log[H1]o0) are not enough to shift equilibria to an optimal range
of comparable concentrations of M and ML. In those situations, indirect
measurements, also referred to as competition reactions, are used. In these
experiments, secondary ligands (L0) might compete for binding to metal
ions, and secondary metal ions (M0) compete for the ligand (L). Unfortu-
nately, the competition method increases the experimental time because
characterization of the subsystems, including the protonation constants of
L0 and stability constants of ML0 and M0L, are needed for the evaluation of
the stability constant of ML. Therefore, all of these values must be deter-
mined accurately in advance of studying ML. Some examples will be pre-
sented in the following section of this chapter. There are cases in which
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multiple competitions enable estimation of large stability constants. For
example, in the following reaction, TlIII competes with H1 and Na1, both
present at high concentrations in a sample, and bromide competes with the
DOTA ligand via the formation of relatively stable TlBr3. The stability con-
stant of the [Tl(DOTA)]� is expected to be in the range of 50–60 log units,
which is too high to be determined directly. Under acidic conditions and in
the presence of large concentrations of NaBr, however, the stability constant
can be determined according to eqn (1.50).395

(n�1)H1þ [HTl(DOTA)]þ 4NaBr"TlBr4
�þHnDOTA(4�n)�þ 4Na1 (1.50)

Finally, kinetics cannot be ignored during the study of equilibria.
Reversible equilibrium reactions might be slow, and the time required to
reach equilibrium might be long, from minutes to months. For slow re-
actions, separated samples using the batch or out-of-cell method need to be
prepared using sample holders that keep the system intact during the long
experiment. Samples prepared in duplicates representing the extremes of
the conditions in the batch samples, for instance at high and low pH or
concentration of exchanging metal or ligand, must be measured periodically
to ensure that the equilibrium in the samples is attained.

1.3.5 Stabilities of Gadolinium Complexes: Selected
Examples

Published stability constants for a same metal complex can differ by several
orders of magnitude depending on the experimental methods and con-
ditions used as well as on the equilibrium models used for the fitting. There
is no single method and set of conditions to follow to obtain good values;
rather, the examples presented below are meant to help readers avoid
selecting unsuitable methods for the determination of stability constants.

The challenges associated with the determination of stability constants of
complexes with linear ligands differ from those of complexes with macro-
cyclic ligands. For linear complexes, the difficulty comes in choosing the
correct methodology and equilibrium model for data fitting. For complexes
with multidentate macrocyclic ligands, the preferred pH-potentiometry
techniques can lead to erroneous results. As highlighted above, pH-
potentiometry can only be used to determine equilibrium constants reliably
for reactions that occur in the pH range of 1.8–12.2.

The complex [Cu(DO3A)]� exemplifies how the choice of the equilibrium
model for data fitting can influence the determination of the stability
constants.479 A stability constant of log K([Cu(DO3A)]�)¼ 23.1 is calculated
if [Cu(DO3A)]�, [Cu(HDO3A)], and [Cu(H2DO3A)]1 are the only copper
macrocyclic species considered. However, log K([Cu(DO3A)]�)¼ 26.49 if the
triprotonated species [Cu(H3DO3A)]21 is also included in the model. Simi-
larly, for a system containing CuII and DO3A-PIC4�, a stability constant
log K([Cu(DO3A-PIC)]2�)¼ 22.32 can be calculated from pH-potentiometric
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titration data if the only species considered are [Cu(DO3A-PIC)]2�,
[Cu(HDO3A-PIC)]�, and Cu(H2DO3A-PIC). Such a fitting yields an acceptable
fitting parameter.480 The same data can also be fitted by including the
[Cu(H3DO3A-PIC)]1 species in the model. Including this triprotonated spe-
cies worsens the fitting parameter and increases the standard deviation on
the concentration of each species calculated during the fitting (by nearly
three log units). These differences do not necessarily mean that either model
is incorrect (although this is one of the possibilities that should be con-
sidered). As seen from the species distribution curves calculated under the
conditions applied in the study, it is evident that the problem is that the
experimental conditions lead to an absence of non-complexed metal ions
at the beginning of the titration. In other words, the system was out of
the range of pH-potentiometry. Therefore, this approach cannot distinguish
the formation of [Cu(H3DO3A-PIC)]1 followed by its deprotonation (a two
steps process) from the one-step formation of the diprotonated complex
Cu(H2DO3A-PIC) from CuII and the protonated ligand. This problem was
resolved with a UV–visible titration that indicated the complete formation of
[Cu(H3DO3A-PIC)]1 at pH 1.75. Deprotonation of the triprotonated species
to form Cu(H2DO3A-PIC) occurs in the pH range of 1–2.

Similar differences can be found for most GdIII complexes. Table 1.1
contains maximum and minimum stability constants and pGd values of
some of the most widely studied GdIII complexes. These data highlight the
large differences in stability constants reported for each complex. These
differences are largely the result of the equilibrium models used for data
fitting as well as the different experimental techniques employed (pH-
potentiometric and UV–visible methods). The speciation diagrams for
[Gd(DTPA)]2� reveal that complexation is expected to be complete near pH
2.5 and that only 10% of GdIII is present in solution in non-complexed form
at pH 2.0, the starting point of most pH titrations. This case is an example
when another supporting method must be considered to ensure that the
stability constants calculated from pH-potentiometry are reliable. For GdIII

complexes, relaxometry is one of the best methods to check speciation in

Table 1.1 Extreme values of the stability constants of [Gd(EDTA)]�, [Gd(DTPA)]2�,
and [Gd(DOTA)]� determined by various methods.

Complex log K pGda Method Ref.

[Gd(EDTA)]� 16.28 14.6 pH-potentiometric titration 481
[Gd(EDTA)]� 17.70 15.9 UV–visible spectroscopy 482
[Gd(DTPA)]2� 20.73 18.3 pH-potentiometric titration 481
[Gd(DTPA)]2� 23.01 19.6 pH-potentiometric titration 165,483
[Gd(DOTA)]� 22.10 17.5 kinetic 334,484
[Gd(DOTA)]� 27.00 21.0 pH-potentiometric titration 392,485
aCalculated using the approach suggested by Raymond and co-workers (pH¼ 7.4, [Gd]¼ 1 mM,
and [L]¼ 10 mM);380 NaClO4 (0.5 M) and 25 1C from ref. 481; (CH3)4NCl (0.1 M) and 25 1C from
ref. 482; KCl (0.1 M) and 25 1C from ref. 165; KCl (0.1 M) and 25 1C from ref. 483; NaCl (1.0 M)
and 25 1C from ref. 386; NaCl (1.0 M) and 25 1C from ref. 484; (CH3)4NNO3 (0.1 M) and 25 1C
from ref. 392; (CH3)4NNO3 (0.1 M) and 25 1C from ref. 485.
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solution. Relaxometry can sometimes be used as a standalone technique for
determining stability constants.457

There are other examples of open-chain GdIII complexes for which even
larger ranges of stability constants have been reported. For instance, the
octadentate ligand OCTAPA (Figure 1.20) is often considered in radio-
chemistry for sequestering radioisotopes of YIII, InIII, and LuIII.486 It was also
evaluated as a ligand for GdIII for MRI applications.487 The stability constant
of the GdIII complex as determined by pH-potentiometry is log
K([Gd(OCTAPA)]�)¼ 15.1, whereas the stability constant for [Y(OCTAPA)]�

was reported to be 18.3.488 Furthermore, the stability of [Lu(OCTAPA)]� was
determined by competition titration with EDTA to be 20.08. The large dif-
ference between the stability constants of the complexes formed with
intermediately sized Ln31 ions (GdIII) and smaller ones (LuIII) suggests that
OCTAPA could be used to separate LnIII ions.489 A later study that used
multiple methods, including 1H-relaxometric and competition titrations
with TTHA6�, demonstrated that this is not the case. There is little difference
between the stability of the GdIII and LuIII OCTPA complexes; the stability
constant of [Gd(OCTAPA)]� is 20.23–20.39, which is in agreement with other
reports.477,488 The speciation diagrams calculated from the reported pH-
potentiometry data487 and the 1H-relaxometric titration data (Figure 1.26)
indicate that the complexation of [Gd(OCTAPA)]� is complete at pH 1.75.
Thus, pH-potentiometry alone is not sufficient for studying this system.
Instead, precise determination of speciation in solution requires that data
from both pH-potentiometry and 1H-relaxometry be treated simultaneously.

Figure 1.26 Species distribution curves and relaxivity values (blue dots as measured
at 25 1C and 20 MHz) as a function of pH calculated from data
published in ref. 477 and 487.
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A similar situation was found with EDTMP (Figure 1.20), a linear tetra-
phosphonate ligand. The 153SmIII complex of EDTMP is used in the palli-
ation of pain associated with metastatic bone cancer. The stability constants
reported for the GdIII complex of EDTMP vary widely between 14.87
[T¼ 37 1C, NaCl (0.15 M)]490 and 21.80 [T¼ 25 1C, KCl (0.1 M)].491 Even larger
differences were reported for the stability constants of [Y(EDTMP)]5� they
vary between log K¼ 11.11 and 19.18.492 The first value was measured by pH-
potentiometry [T¼ 25 1C, KCl (0.10 M)];493 the second by competition with
CuII in the presence of citrate monitored by UV–visible spectrophotometry
[T¼ 25 1C, NaCl (0.15 M)].492 The reported stability constants for the HoIII

complex of EDTMP vary by as much as 8.5 orders of magnitude.490,491 These
examples highlight the importance of the supportive data when determining
the stability constants of complexes.

For macrocyclic systems, the problems of selecting the correct method
and appropriate equilibrium model are compounded by the relatively slow
kinetics of formation and dissociation. A final in-cage macrocyclic complex
forms via a stable protonated, out-of-cage intermediate and its subsequent
deprotonation followed by or concerted with structural rearrangements.31,494

The absorption spectra of [Ce(DOTA)]� shown in Figure 1.27 exemplify this
stepwise binding.

Figure 1.27 Absorption spectra of CeIII (aq) and the formation of CeIIIDOTA with time.
The insert shows the absorbance at 296 nm (lmax characteristic for the
reaction intermediate) and 320 nm (lmax characteristic for [Ce(DOTA)]�)
as a function of time. Experimental conditions: [CeIII]¼ [DOTA]¼ 1.0 mM,
pH¼ 4.46, l¼ 0.874 cm, [NaCl]¼ 0.15 M, and 25 1C.
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As depicted in Figure 1.27, the formation of [Ce(DOTA)]� is a slow process
that can be monitored by UV–visible spectrophotometry. The formation
of [Ln(DOTA)]� complexes takes place via the formation of a stable dipro-
tonated *[Ln(H2DOTA)]1 intermediate that must deprotonate to form the
final [Ln(DOTA)]� complex. Water molecules act as Brønsted bases and OH�

ions assist the deprotonation in the rate-determining step.31,495 Addition of
CeIII to HxDOTA results in the immediate formation of the diprotonated
*[Ce(H2DOTA)]1, which is characterized by two new absorption bands at 260
and 296 nm. With time, the intensities of these absorption bands decrease,
whereas the intensities of the absorption bands of the final [Ce(DOTA)]�

complex at 275 and 320 nm increase. The formation of [Ce(DOTA)]� is fairly
slow even at pH 4.46, and complete complexation requires a long time (6–12
weeks) at room temperature depending on the acidity of the samples
(Figure 1.27). The most reliable experiments require the preparation of du-
plicate samples of the most acidic and most basic intermediates such that
their absorbance (CeIII and EuIII), luminescence (EuIII and TbIII), or relaxivity
(GdIII) can be recorded as a function of time. One issue with this protocol is
that the rates of complex formation depend on the size of the metal ions;
data obtained using CeIII might not be valid for YbIII complexes.

The kinetics of complex formation is also a function of the ligand and its
donor atoms (acetates in DOTA versus amides in DOTAM). For systems with
slow kinetics of complexation, samples must be tightly sealed in vials so as
to ensure that no solvent evaporates during the equilibration time. Sealed
ampoules are preferable. For CeIII complexes, photocatalytic oxidation of the
metal to CeIV by visible light should also be considered. Such oxidation
renders long-term studies with CeIII complexes that require long equili-
bration times difficult to perform.496 Thus, it is easier to study GdIII com-
plexes and record in duplicate their relaxivity as a function of time. In this
manner, reliable equilibrium data can be obtained with GdIII even for slowly
forming systems such as those involving DOTA31,494 or DOTAM404,445 if all of
the suggestions in this chapter are taken into account. Several methods have
been reported for determining stability constants of [Ln(DOTA)]� complexes.
These methods include direct techniques such as pH-potentiometry,485

capillary electrophoresis,465 and luminescence spectroscopy,441 and in-
direct techniques, such as competitions titrations monitored by UV–visible
spectroscopy.431

Competition reactions can be used to determine the stability constants of
macrocyclic complexes. However, the rates of complex formation are further
decreased in the presence of competing partners, such as metal ions or
ligands. These competitors reduce the concentration of the reaction inter-
mediate (*[Ln(H2DOTA)]1), thereby increasing the time necessary to reach
equilibrium. The structure of the ligand might also affect the time required
for equilibration and the determination of stability constants. For instance,
the steric hindrance caused by the methyl groups in DOTMA slows the rate
of complex formation by nearly two orders of magnitude. Similar decreases
in rates of formation are found for some dipicolinates derived from cyclen
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(DODPA and Me2DODPA, Figure 1.20).112,476 Moreover, in some cases, such
as for dipicolinate derivatives of rigid, cross-bridged macrocycles like CB-
TEDPA (Figure 1.20), there is no suitable method for the determination of
stability constants because the LnIII complexes of these ligands form and
dissociate extremely slowly at room temperature.497 Computational methods
such as density functional theory or quantitative structure–property rela-
tionships modeling might be useful when experimental determination of the
stability constants is not feasible. Computational methods can also facilitate
the design of experiments to measure stability constants.498–501
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1.4 Lability of Metal Complexes

GYULA TIRCSÓ,* ZSOLT BARANYAI, FERENC KRISZTIÁN KÁLMÁN,
ZOLTÁN KOVÁCS, ERN +O BRÜCHER AND IMRE TÓTH

1.4.1 Introduction

Kinetic inertness is one of the most important parameters to predict the in vivo
safety of metal complexes because the products of dissociation, the released
metal ion and ligand, are potentially toxic. No metal–ligand complex has un-
limited thermodynamic stability. Generally, the receiving biological media of a
diagnostic or therapeutic agent contains a large number of compounds that can
serve as ligands and many metal ions that can interact with the components of
the administered agents. Therefore, biofluids are competitive media. Thus,
metal complexes considered for in vivo use must be highly inert to prevent
transmetallation or transchelation. High levels of inertness are required both
for safety and for targeting purposes to ensure that intact complex is delivered
to a target organ or tissue. Therefore, physico-chemical characterization of
complexes intended for medical diagnosis and therapy should include kinetic
studies, and knowledge of dissociation rates is particularly important.

Kinetic inertness is a better predictor of the safety of metal-based contrast
agents than thermodynamic stability constants. This statement can be
rationalized because complexes are expected to dissociate if any thermo-
dynamic force for the dissociation exists. However, this does not necessarily
mean that equilibrium is attained rapidly. Dissociation can be slow enough to
enable safe applications of metal complexes with relatively lower thermo-
dynamic stability constants. It is therefore important to know the expected
rate of release of metal ions and ligands in living systems. Various approaches
have been reported to characterize the kinetic inertness of metal complexes
depending on their mechanism of dissociation. The mechanism is different
for complexes formed with linear and macrocyclic ligands. Moreover, the rates
of dissociation of complexes with linear ligands are usually faster than those
incorporating macrocyclic ones. It should be emphasized, however, that the
rates of dissociation of macrocyclic complexes are largely influenced by the
size of the macrocycle. Rates of dissociation are faster when the macrocycle is
either much smaller or much larger than the metal ion.

Dissociation of linear complexes is often catalyzed by other endogenous
metal ions such as CuII via a mechanism that involves direct interaction
between the complex and the exchanging metal ion. For GdIII complexes of
various 9- to 13-membered macrocyclic triaza and tetraaza ligands, acid-
assisted decomplexation is the most important pathway leading to the
release of GdIII. Owing to these differences, the inertness of linear complexes
is usually studied in metal-exchange reactions with biologically essential
transition metal ions such as CuII and ZnII or with other LnIII ions such as
EuIII and TbIII. The inertness of macrocyclic complexes, on the other hand, is
normally evaluated by the acid-catalyzed dissociation of the complex.
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The effect of biogenic ligands on the rates of dissociation has not been
studied as much as dissociation catalyzed by metal ions. However, some
studies indicate that the inertness of some neutral GdIII complexes formed
with linear ligands might be negatively affected by the presence of bio-
ligands. Thus, the effect of these endogenous ligands needs to be considered
in the design of new ligands for biomedical applications. The goal of this
section is to present an overview of reported methods for obtaining
dissociation kinetic data. Structural features of the ligands that influence
dissociation kinetics are also summarized. These data are intended to aid in
the design of inert complexes for future applications.

1.4.2 Dissociation Kinetics of Metal Chelates

Metal complexes used as contrast agents in MRI should stay intact in vivo to
avoid the dissociation of toxic metal ions. The half-life (t1/2) of the excretion
of small molecular weight lanthanide complexes through healthy human
kidneys is about 1.5 hours.366 Therefore, 12 hours after intravenous
administration, less than 1% of common contrast agents is expected to
remain in the body. The retention times of complexes in vivo are lengthened
in patients with compromised kidney functions, which increases the possi-
bility of the contrast agent dissociating in vivo.

The in vivo dechelation of metal complexes can occur when endogenous
metal ions—specifically CaII, ZnII, or CuII—compete with the paramagnetic
metal ion for the chelating ligand or when endogenous ligands—such as
citrate, phosphate, or carbonate—compete with the chelating ligand for the
paramagnetic metal ion. The dissociation mechanisms of metal complexes
do not differ fundamentally from each other, and the dissociation pathways
shown below for the lanthanide complexes can also be adapted to other
complexes.

The kinetic inertness of a lanthanide complex is characterized by its rate
of exchange with competing metal ions, often CuII or ZnII, as indicated by
eqn (1.51).

Ln(L)þMn1"M(L)þ Ln31 (1.51)

The stability constants of lanthanide complexes formed with endogenous
ligands are generally orders of magnitude smaller than those of contrast
agents. The mechanisms of ligand-exchange reactions are often associative
and include the formation of ternary intermediate complexes. In this
mechanism, some of the donor atoms of the exchanging ligand coordinate
to the competing metal ion and others coordinate to the lanthanide ion.
Overall ligand-exchange reactions are described by eqn (1.52).

Ln(L)þ L0"Ln(L0)þ L (1.52)

Metal-exchange reactions can proceed through several pathways
(Scheme 1.17). One such pathway is the exchanging metal-assisted mech-
anism, which involves direct attack of the metal ion at the complex, resulting
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in the formation of a dinuclear intermediate, [Ln(L)M]. In this intermediate,
the functional groups of the ligand transfer stepwise from the LnIII ion to the
exchanging metal ion. Another possible mechanism involves the spon-
taneous or proton-assisted dissociation of the LnIII ion from the complex
followed by the reaction between the free ligand and the exchanging metal
ion. The protonated complex can also be attacked by the exchanging metal
ion resulting in a dinuclear protonated intermediate that dissociates to the
exchanging metal complex and the LnIII ion. Hydroxide-assisted pathways
rarely play important roles in exchange reactions.

To obtain information regarding the kinetic inertness of metal complexes,
metal-exchange reactions are frequently studied using at least 10-fold excess
of the exchanging metal ion at different pH values. Under these conditions,
reactions can be treated as pseudo-first-order processes, and thus, observed
rate constants, kobs, are also pseudo-first-order. In the presence of a large
excess of the exchanging metal ion, the rate of exchange reactions can be
expressed by eqn (1.53), where kobs is the pseudo-first-order rate constant and
[Ln(L)]t is the total concentration of the LnIII complex.

�d½LnðLÞ�t
dt

¼ kobs½LnðLÞ�t (1:53)

Considering all the possible pathways shown in Scheme 1.17, the con-
centration of Ln(L) can be given as the sum of the concentrations of all
species comprising both L and M.

[Ln(L)]t¼ [LnL]þ [Ln(HL)]þ [Ln(H2L)]þ [Ln(OH)(L)]þ [Ln(L)M(OH)]

þ [Ln(L)M]þ [Ln(HL)M]þ [Ln(L)L0]þ [Ln(HL)L0] (1.54)

Eqn (1.53) and (1.54) can be combined to give the following rate equation:

�d½LnðLÞ�t
dt

¼ kobs½LnðLÞ�t ¼ k0½LnðLÞ� þ kH½LnðHLÞ� þ kH
H½LnðH2LÞ�

þ kOH½LnðOHÞðLÞ� þ kOH
M ½LnðLÞMðOHÞ� þ kM½LnðLÞM�

þ kH
M½LnðHLÞM� þ kL½LnðLÞL0� þ kH

L ½LnðHLÞL0�

(1:55)

Scheme 1.17 Possible reaction mechanisms for the dissociation of LnIII complexes
(charges of complexes are omitted for clarity).
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The rate constants in eqn (1.55) characterize the rate of the spontaneous
(k0), proton-assisted (kH and kH

H), hydroxide-assisted (kOH), hydroxide-metal-
assisted (kOH

M ), metal-assisted (kM), proton–metal-assisted (kH
M), ligand-

assisted (kL), and proton–ligand-assisted (kH
L ) pathways.

Taking into account the different reaction pathways shown in Scheme 1.17
and the equations determining the KLn(HL), KLn(H2L), KLn(OH)(L), KLn(L)M(OH),
KLn(L)M, KLn(HL)M, KLn(L)(L0), and KLn(HL)(L0) equilibrium constants, the pseudo-
first-order rate constant (kobs) can be expressed by eqn (1.56):

kobs¼
k0þk1½Hþ�þk2½Hþ�2þk3½Mnþ�þk4½Mnþ�½Hþ�þk5½OH��þ

1þKLnðHLÞ½Hþ�þKLnðH2LÞ½Hþ�2þKLnðLÞM½Mnþ�þKLnðHLÞM½Mnþ�½Hþ�þ

þk6½Mnþ�½OH��þk7½L0�þk8½L0�½Hþ�
þKLnðOHÞðLÞ½OH��þKLnðLÞMðOHÞ½Mnþ�½OH��þKLnðLÞðL0Þ½L0�þKLnðHLÞðL0Þ½L0�½Hþ�

(1:56)

In eqn (1.56), KLnHL¼ [Ln(HL)]/{[Ln(L)][H1]}, KLn(H2L)¼ [Ln(H2L)]/
{[Ln(HL)][H1]}, KLn(L)M¼ [Ln(L)M]/{[Ln(L)][M]}, KLn(HL)M¼ [Ln(HL)M]/
{[Ln(HL)][M]}, KLn(OH)(L)¼ [Ln(OH)(L)]/{[Ln(L)][OH�]}, KLn(L)M(OH)¼
[Ln(L)M(OH)]/{[Ln(L)][M(OH)]}, KLn(L)(L0)¼ [Ln(L)(L0)]/{[Ln(L)][L0]}, KLn(HL)(L0)¼
[Ln(HL)(L0)]/{[Ln(HL)][L0]}, k1¼ kHKLn(HL), k2¼ kH

HKLn(HL) KLn(H2L), k3¼ kMKLn(L)M,
k4¼ kH

MKLn(HL)M, k5¼ kOHKLn(OH)(L), k6¼ kOH
M KLn(L)M(OH), k7¼ kLKLn(L)(L0), and

k8¼ kH
L KLn(HL)(L0). Eqn (1.56) takes into account all of the rational dissociation

pathways and provides a general description for dissociation rates.
Kinetic data of slowly dissociating (macrocyclic) complexes can be ob-

tained by performing dissociation reactions under conditions where the
concentration of the complex is high (B0.1 M) but the exchanging metal ion
(for example, CuII) or its labile complex is present at a much lower con-
centration (pseudo-first-order conditions). Under these conditions, the rate
of decomplexation (rate of formation of a CuL complex) can be followed by
UV–visible spectrophotometry and expressed as follows:

�d½GdL�t
dt

¼ d½CuL�t
dt

¼ kobs½GdL�t; where kobs¼
DAbs

Dtðe½CuðLÞ� � eCu2þÞ½GdL�t
(1:57)

In eqn (1.57), [Gd(L)]t and [Cu(L)]t are the total concentrations of the Gd(L)
and Cu(L) complexes, and kobs is the pseudo-first-order rate constant. The
formation rates of Cu(L) complexes can be calculated from the slope of the
absorbance versus time curves by accessing the concentration of Cu(L)
complexes at various time points. The method requires knowledge of the
molar absorptivity coefficients of the CuII or Cu(A) (where A is a ligand that
binds CuII in a labile complex) and the Cu(L) complexes. This approach
enables the rapid determination of the dissociation kinetic parameters;
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however, it also requires a relatively large amount of the complex Gd(L), even
when micro-cuvettes are used.

Despite numerous publications describing the determination of rate
constants (k0) characterizing the spontaneous dissociation of metal
chelates, there is no well-tested theory that satisfactorily interprets the
molecular mechanism of this dissociation pathway. Based on the rate
equations established by metal- or ligand-exchange reactions, the effect
of the spontaneous pathway on the overall dissociation of a given
complex must be independent of pH and of the concentrations of the ex-
changing partners. Analogously to the decay of radionuclides, spontaneous
dissociation can be regarded as a monomolecular decay in which several
coordinative bonds are broken simultaneously, a process that is induced by
the fast internal motions of the molecule. These internal motions can be
accelerated by molecular collisions with, for instance, solvent molecules.
As expected, increasing the temperature increases the rate of spontaneous
dissociation. Theoretically, spontaneous dissociation of GdL complexes
could potentially be associated with the auto-dissociation of water, which
results in the formation of H1 and OH� ions, which in turn could induce
decomplexation. Because this process would be independent of pH, it is
unlikely.

The k0 value of metal complexes is generally small, and therefore accurate
determination of k0 can be challenging. For example, the spontaneous
dissociation of [Gd(DOTA)]� was first determined to beo5�10�8 s�1, which
is within the limits of the experimental error.484 This value was later refined
to be (5� 2)�10�10 s�1.31 Almost a decade later, the value of k0 was re-
determined for [Gd(DOTA)]� to be (6.7� 0.4)�10�11 s�1.408 For accurate
determination of k0, the kinetic inertness of a complex should be investi-
gated at neutral or slightly basic conditions, where the role of proton-
catalyzed dissociation is negligible or comparable with that of spontaneous
dissociation. Considering that k0 for [Gd(DOTA)]� is near 10�10 s�1, the half-
life of such a reaction would be nearly 200 years, give or take a few decades.
This timescale demonstrates why it is necessary to study the kinetic
properties of the macrocyclic metal chelates in acidic conditions, where the
relatively fast proton-assisted pathway is the major dissociation pathway.
Under these conditions, the value of k0 is frequently calculated to be zero or to
have a negative value with large error, thus accounting for the discrepancies in
the values of k0 reported for [Gd(DOTA)]�. Although spontaneous dissociation
rates of open-chain LnIII complexes are orders of magnitude faster than those
of macrocyclic complexes, k0 can be neglected in most cases.391

Complexes of ligands having highly basic donor groups, such as phos-
phonates or amines, can be protonated over a wide pH range. Frequently,
investigation of kinetic inertness is performed in acidic solutions, where the
basic donor groups are protonated. In these systems, k0 characterizes the
spontaneous dissociation of the protonated species Ln(HxL), which means
that information regarding dissociation of the completely deprotonated form,
Ln(L), cannot be obtained from these measurements.386,502 The presence of
an OH�-assisted pathway in the exchange reaction of a complex can prevent
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the evaluation of k0 because OH�-assisted dissociation becomes the dominant
reaction pathway when the concentration of H1 decreases.401,477,503

Proton-assisted dissociation of metal complexes requires the formation of
a protonated intermediate that can be either a thermodynamically stable
species in the given pH range or a kinetically active but directly undetectable
minor intermediate. The protonation of complexes usually occurs at pen-
dant arms when they are dissociated from the metal ion. Following proto-
nation, the proton from the pendant arm transfers to a nitrogen donor atom
of the ligand backbone, which eventually leads to the dissociation of the metal
ion from the complex. Proton transfer is generally a slow process because of
the electrostatic repulsion between positively charged LnIII ions and protons.
The complexes formed between lanthanide ions and macrocyclic ligands are
relatively inert to proton-assisted dissociation owing to the rigid structure of
the coordination cavity. Proton-assisted dissociation of open-chain complexes
is several orders of magnitude faster.30,386,391,403,404,407,484,504–509

Because of their high kinetic inertness, the dissociation reactions of
macrocyclic complexes can in practice only be investigated in acidic or
highly acidic conditions. Because macrocyclic lanthanide complexes are
not stable thermodynamically in highly acidic solutions, their dissociation
can be studied without the use of exchanging metal ions or
ligands.31,250,386,403,404,477,484,510 The determination of the rate constants (k1

and k2) characterizing the proton-assisted pathways is relatively straight-
forward. In some cases, however, the rate constants k1 and k2 cannot be
determined from the kinetic data because the metal-exchange reaction
involves competing metal- or hydroxide-assisted pathways. In such cases, an
alternative method must be found to characterize the proton-assisted
pathway independently. These alternative methods might require perform-
ing dissociation reactions under acidic conditions or ligand-exchange
reactions in an appropriately chosen pH range.477,503,511

The metal-assisted pathways (kM and kH
M) play an important role in the

metal-exchange reactions of complexes with flexible open-chain ligands but
can be neglected in the dissociation of rigid macrocyclic complexes. In
metal-assisted pathways, the formation of a relatively stable dinuclear
intermediate is essential as it enables the donor atoms of the ligand to be
transferred in a stepwise fashion to the incoming metal ion. Higher stabi-
lities of dinuclear intermediates correlate with larger rate constants (kM),
which characterize metal-assisted dissociation. The direct interaction of the
exchanging metal ion becomes important at pH values where the extent of
proton- and metal-assisted dissociation are similar. Thus, the metal-assisted
pathway is the dominant one for transmetallation under physiological
conditions.388,507,512 The exchanging metal ion can also interact with the
protonated complex forming a protonated dinuclear intermediate.391,506

The hydroxide-assisted and hydroxide-metal-assisted pathways (kOH and
kOH

M ) rarely play a role in the exchange reactions of metal complexes.
Nevertheless, the strength of the interactions between metal ions and co-
ordinating ligands can be weakened by the coordination of a hydroxide ion
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due to a decrease of electrostatic attraction, resulting in faster dissoci-
ation.401 When CuII is used as the exchanging metal ion, the dissociation of
the complex depends on the concentrations of both OH� and CuII.477,503 The
kinetic activity of [Cu(OH)]1 is greater than that of the CuII aqua ion in
substitution reactions.513

The rates of ligand-exchange reactions of contrast agents for MRI are
rarely investigated. However, some data have been published on the role of
ligand-exchange reactions in the dissociation of clinically approved and
potential MR contrast agents. These studies revealed that the exchanging
ligands can directly attack both the deprotonated and protonated form of
the metal complex (kL and kH

L ), forming ternary intermediates.511 Small en-
dogenous ligands such as citrate, carbonate, or phosphate accelerate in vivo
dissociation because the formation of ternary complexes between the con-
trast agents and these ligands eventually leads to the release of GdIII

ions.407,514 These results demonstrate that the fast dissociation of ternary
complexes formed with endogenous ligands can contribute to the in vivo
dissociation of contrast agents. Previously, the dissociation assisted by en-
dogenous metal ions was thought to be the most important dissociation
pathway in spite of the low plasma concentration of these ions.

Last but not least, the protonation and stability constants of the inter-
mediates formed during exchange reactions (KLn(HL), KLn(H2L), KLn(OH)(L),
KLn(L)M(OH), KLn(L)M, KLn(HL)M, KLn(L)(L0), and KLn(HL)(L0)) often cannot be cal-
culated because the concentrations of these complexes are low and their
kinetic activity is high. With the exception of the protonated metal chelates,
the independent determination of these constants is not possible because
most of these intermediates are short-lived, reactive species. Values of
KLn(HL) and KLn(H2L) can be determined separately and are often used as fixed
constants in the calculations of kinetic parameters.

1.4.3 Methods for Kinetic Studies

Several methods have been proposed to characterize the kinetic inertness of
GdIII complexes. These include optical methods such as UV–visible spec-
trophotometry,515 luminescence spectroscopy, and luminescence-life-time
measurements,504 direct NMR methods, T1 or T2 relaxometry,408,516 capillary
electrophoretic methods,517 high-performance liquid chromatography
methods, and inductively coupled plasma atomic emission spectrometry or
inductively coupled plasma mass spectrometry coupled with other separation
techniques.518–520 Among these methods, UV–visible spectrophotometry is the
most widespread owing to the availability of the instrument and applicability
of the technique to a broad range of reaction times. Stopped-flow UV–visible
spectrophotometry can be used for fast reactions, whereas conventional UV–
visible spectrophotometry is applicable for reactions occurring on time scales
of a few minutes to a few days. The rates of slow reactions can be followed by
periodically measuring the absorbance of samples over a period of months.
However, it should be kept in mind that these methods are limited to the
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study of complexes (or products of dissociation) that absorb either in the UV
or in the visible range of the electromagnetic spectrum. Because this is often
not the case for GdIII complexes, CuII is usually used as a ligand scavenger
when studying metal-exchange reactions; CuII usually rapidly forms com-
plexes with ligands released from contrast agents. The ligand-to-metal charge
transfer transitions of CuII complexes typically have strong absorptions in the
UV–visible range of the electromagnetic spectrum. Thus, the dissociation of
the Ln(L) complexes can be monitored indirectly by measuring the formation
of the CuL complexes.

Studying the dissociation reactions of EuIII complexes is another option.
Because EuIII has a nearly identical radius to GdIII, EuIII and GdIII complexes
are expected to have similar dissociation kinetics. The absorption bands of
EuIII that form broad shoulders in the range of 220 to 300 nm enable direct
measurement of dissociation rates. Direct NMR (1H-NMR spectra of LaIII,
YIII, EuIII, and LuIII complexes) and relaxation techniques (T1 or T2 re-
laxometry) can be used to monitor reactions occurring on the half hour or
longer time scales. This technique is more appropriate for slower reactions
because each data points require seconds to tens of seconds (for the relaxation
techniques) to be acquired. Experimental methods that can be used at mod-
erately acidic or higher pH ranges, such as the ones based on capillary elec-
trophoresis or high-performance liquid chromatography, are routinely used
for studying dissociation reactions near physiological conditions as well as in
more complex media such as artificial fluids that mimic biofluids or serum.

1.4.4 Decomplexation Reactions near Physiological
Conditions

The kinetic stabilities of complexes are routinely characterized by the rates
of their dissociation, kd, first order-rate constants measured in HCl (0.1 M)
or by the rates of transmetallation reactions occurring with ZnII, CuII, or EuIII

ions in the pH range of 3 to 6 (25 1C and 1.0 M KCl).507,512,521 Unfortunately,
the rate constants obtained under such conditions cannot be directly used to
estimate the kinetic behavior of complexes close to physiological conditions
(pH 7.4, 37 1C, and 0.15 M NaCl). To understand and describe the kinetic
properties of metal complexes, the rates of dissociation reactions should be
studied as close as possible to physiologically relevant pH and other bio-
logical conditions.

It is generally assumed that dechelation of metal complexes in biological
fluids takes place via transmetallation reactions with ZnII and CuII. The
formation of dinuclear complex intermediates is essential for metal ex-
change. Dechelation can also occur via ligand exchange reactions, whereby
an endogenous ligand displaces the chelating agent of the GdIII complex.
Phosphate ions compete with the aminopolycarboxylate ligands for GdIII in
the presence of ZnCl2 or CuCl2 to yield the insoluble GdPO4 (GdPO4:
Ksp¼ 10�20.53 at 37 1C in 0.15 M NaCl).407 In the absence of these metal salts,
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dissociation reactions do not proceed. The rate-determining step of trans-
metallation and ligand-exchange reactions is dissociation of the metal fol-
lowed by fast reactions of the released metal ion and ligand with the
exchanging ligand or metal ion, respectively.

Dissociation reactions of macrocyclic GdIII complexes occur mainly via
proton-assisted pathways.408,507,512,521 Dissociation reactions of GdIII com-
plexes formed with derivatives of DTPA are affected by citrate, phosphate,
and bicarbonate ions, which form labile ternary intermediates at physio-
logical conditions.407,408 The kinetic properties of the complexes formed
with other LnIII ions and YIII are similar to those observed for GdIII

complexes.253

Several methods have been proposed to characterize the kinetic
inertness of GdIII complexes close to physiological conditions. These include
(i) relaxometric;522 (ii) spectrophotometric;407,408 and (iii) high-performance
liquid chromatography,523,524 inductively coupled plasma atomic emission
spectroscopy,524 inductively coupled plasma mass spectrometry,523 and
capillary electrophoresis407,525,526 measurements.

(i) Relaxometric Measurements
One relaxometric method determines the rates of dechelation of GdIII

complexes by the rate of formation of insoluble GdPO4.522 In phos-
phate buffer at pH 7 and 37 1C, non-complexed GdIII, released from
GdIII complexes in the presence of ZnII, forms GdPO4, which precipi-
tates from solution. This results in a decrease of the relaxation rate of
the solution. The experimental setup of this method is shown in
Figure 1.28. The ratios of the relaxation rates measured at time t and at
the start (t¼ 0) of the reaction [R1

P(t)/R1
P(t¼ 0)] for [Gd(DOTA)]�,

[Gd(EOB–DTPA)]2�, [Gd(DTPA)]2�, and Gd(DTPA-BMA) are shown in
Figure 1.29.

Figure 1.28 Experimental set up of the relaxometric measurements.
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This method enables rapid comparison of different complexes, but
it cannot be used for kinetic studies because Zn3(PO4)2 precipitate
also forms during the reaction, decreasing the concentration of ZnII

over time. Additionally, an excess of phosphate increases the dis-
sociation rates of GdIII complexes owing to the phosphate-assisted
mechanism.407,408 Importantly, the kinetic properties of macrocyclic
GdIII complexes cannot be compared with this method because the
relaxation rates of solutions of macrocyclic complexes do not change
over time (Figure 1.29).

(ii) Spectrophotometric Measurements
Because of the broad and the intense absorption bands
(eZ1000 M�1 cm�1) of CuII complexes in the UV range of the elec-
tromagnetic spectrum, transmetallation reactions between GdIII and
CuII can be monitored by spectrophotometry at nearly physiological
conditions.407,408 This experimental set up is shown in Figure 1.30.
Example absorbance versus time plots for the reaction of Gd(DTPA-
BMA) with CuII at 25 and 37 1C in the presence of endogenous ions
are shown in Figure 1.31.

In Figure 1.31, the absorbance versus time curves are straight lines
for about 7 minutes at 37 1C, after which time the absorbance values
increase more rapidly because the formation of GdPO4 precipitate

Figure 1.29 R1
P(t)/R1

P(t¼ 0) ratio values for [Gd(DOTA)]�, [Gd(EOB–DTPA)]2�,
[Gd(DTPA)]2�, and Gd(DTPA-BMA) as a function of time.
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scatters light. In this case, the excess citrate is not enough to prevent the
formation of GdPO4(s). From the slope of the straight lines, the kd first-
order rate constants characterizing the dissociation of the Gd(L) can be
calculated using eqn (1.57), where DAbs is the increase of the absorb-
ance during a time Dt; [Gd(L)]t is the total concentration of Gd(L); eCu

and eCuL are the molar absorptivities of [Cu(Cit)H�1]2� and the Cu(L)
complex formed in the transmetallation reactions, respectively (e.g.
[Cu(Cit)H�1]2�: eCu(Cit)H�1¼ 921 M�1 cm�1 and [Cu(DTPA-BMA)]�:
eCuL¼ 3293 M�1 cm�1 at 300 nm). The kd values obtained for the
dissociation of Gd(DTPA-BMA) at 25 and 37 1C are 1.2�10�5 s�1

(t1/2¼ 15.9 h) and 3.8�10�5 s�1 (t1/2¼ 5.1 h), respectively.407 The spec-
trophotometric method enables determination of dissociation rates of
metal complexes at nearly physiological conditions. Moreover, the

Figure 1.31 Absorbance versus time curves for the reaction of Gd(DTPA-BMA) with
CuII at 25 1C and 37 1C. ([Gd(L)]¼ 2.0 mM, [CuII]¼ 0.3 mM, [Citrate]¼
0.5 mM, [Na-lactate]¼ 2.5 mM, [Na2HPO4]¼ 1.0 mM, [NaHCO3]¼ 25 mM,
pH¼ 7.4, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)¼
0.02 M, and NaCl¼ 0.15 M).
Adapted with permission from Z. Baranyai, E. Brücher, F. Uggeri,
A. Maiocchi, I. Tóth, M. Andrási, A. Gáspár, L. Zékány and S. Aime,
Chem.—Eur. J., 2015, 21, 4789. Copyright r 2015 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Figure 1.30 Experimental set up of the spectrophotometric measurements.
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contribution of the different endogenous ions, including citrate, phos-
phate, carbonate, and lactate, to the dissociation rates of metal com-
plexes can be determined by following the reactions in the presence of
different concentrations of the ions of interest.

(iii) High-performance Liquid Chromatography (HPLC), Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICP-AES), Induct-
ively Coupled Plasma Mass Spectrometry (ICP-MS), and Capillary
Electrophoresis (CE) Measurements
Several experiments were performed with sensitive analytical meth-
ods to determine the kinetic inertness and the amount of GdIII re-
leased in the dissociation reactions of GdIII-based contrast agents for
MRI in human samples.407,523–526 The biodistribution of Omniscan
was studied with inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) and high-performance liquid chromatography
(HPLC) methods in the blood and fecal samples of patients with se-
vere renal insufficiency. The results indicated that ICP-AES and HPLC
methods are suitable for detection of GdIII in biological samples.
Moreover, there was no evidence of metabolism of the chelator or
transmetallation of Omniscan in samples collected seven days after
the administration of the GdIII-based contrast agent.524

The dissociation rates of all marketed GdIII-based contrast agents
for MRI were examined at pH 7.4 and 37 1C in human serum
samples.523 In these experiments, serum was spiked with GdIII com-
plexes to obtain a final concentration of 1 mmol L�1. The assay mix-
tures were stored at 37 1C in closed vials. The samples were analyzed
by HPLC-ICP-MS before the start of the incubation, 8 hours after the
start, and after 1, 2, 3, 4, 5, 6, 7, 9, 11, 13, and 15 days of incubation.
The results indicated that the dissociation of GdIII-based contrast
agents took place with the release of GdIII in human serum samples.
Macrocyclic GdIII complexes showed higher kinetic inertness than the
linear ones after 15 days at 37 1C in human plasma and in the presence
of elevated phosphate levels (10 mM).524 In some experiments, the
possible products of transmetallation of GdIII-based contrast agents
have been examined by capillary electrophoresis.407,525,526 In the blood
plasma of healthy volunteers, the products of transmetallation re-
actions of [Gd(DTPA)]2� with CuII, ZnII, and FeIII could not be detected
using capillary electrophoresis–electrospray ionization time-of-flight
mass spectroscopy.525,526 However, the dissociation of Gd(DTPA-BMA)
and the formation of [Ca(DTPA-BMA)]� in serum samples spiked with
Omniscan (2 mM) at pH 7.4 and 37 1C was detected by micellar elec-
trokinetic capillary chromatography measurements.407

1.4.4.1 Model Calculations

To assess the amount of GdIII released in body fluids, the equilibrium,
kinetic, and pharmacokinetic properties of GdIII-based contrast agents must
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be taken into account. GdIII complexes are administered intravenously in
doses of 0.1–0.3 mmol GdIII kg�1 body weight. These GdIII complexes are
distributed rapidly in the extracellular space of the body and the elimination
occurs primarily through the kidneys via glomerular filtration. The half-life
of elimination is generally 1.3–1.6 hours in patients with normal kidney
function.527,528 In patients with severe renal insufficiency, the rate of
glomerular filtration is slow, and the half-life of elimination of GdIII com-
plexes can be in the range of 30–90 hours. During such a long residence
time, GdIII complexes might partially dissociate, with release and
subsequent accumulation of GdIII.529 The extent of release of GdIII can be
expressed by the stability constants of different complexes formed in body
fluids. Considering the known stability constants, the equilibrium of com-
petition reactions can be predicted between GdIII and endogenous metal
ions, in particular, CuII, ZnII, and CaII, for a ligand.

Importantly, the amount of non-complexed GdIII accumulating in the
body is strongly influenced by the rate of dissociation and the rate of
glomerular filtration. The latter is much faster for patients with normal
kidney function than those with end-stage renal disease.1 To predict the
amount of the GdIII released in the body fluids of patients with normal
kidney function and with renal insufficiency, an open two-compartment
model was developed by considering the equilibrium and the kinetic and the
pharmacokinetic properties of GdIII complexes (Figure 1.32).407

In Figure 1.32, kint¼ k�int¼ ln2/t1/2a, kel¼ ln2/t1/2b. The rate constants kint,
kel, and kd characterize the distribution, elimination, and dissociation,
respectively, of GdIII complexes. The half-lives of distribution (t1/2a) and
elimination (t1/2b) are 0.062 and 1.28 h, respectively. The rate constant kf

Figure 1.32 The distribution (kint), dissociation (kd), and elimination (kel) of GdIII

complexes.
Adapted with permission from Z. Baranyai, E. Brücher, F. Uggeri, A.
Maiocchi, I. Tóth, M. Andrási, A. Gáspár, L. Zékány and S. Aime,
Chem.—Eur. J., 2015, 21, 4789. Copyright r 2015 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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corresponds to the reformation of GdIII complexes, and this rate constant
can be calculated from the relationship Ke¼ kf/kd. The equilibrium constant
Ke can be calculated from the dissociation equilibrium.

The time dependence of the concentration of Gd(DTPA-BMA) has been
simulated during its distribution in the vascular and interstitial spaces, and
the elimination from the extracellular space of patients with normal renal
function and with renal insufficiency. The simulation was performed by
taking into account the rates of distribution and elimination determined by
the pharmacokinetic studies, the rates of reformation and the dissociation
obtained by the equilibrium and kinetic studies, as well as all the possible
pathways of distribution, dissociation, and elimination shown in Figure 1.32.
The data obtained are shown in Figure 1.33.

The data calculated for patients with normal kidney function using this the
model (Figure 1.33A) are in agreement with clinical observations, indicating that
about 95% of the contrast agent is eliminated from the body of patients with
normal kidney function in about 48 hours.530,531 The open, two-compartment
model enables calculation of the amount of the metal ion released from any metal
complexes in the body of patients with different levels of renal insufficiency.

1.4.5 Effect of Ligand Structure on the Inertness of
Gadolinium Complexes

As outlined above, a variety of kinetic methods are available to study and
characterize the kinetic properties of complexes relevant to MRI. The best

Figure 1.33 The distribution, elimination, and dissociation of Gd(DTPA-BMA) in
subjects with normal kidney function (A) and with renal insufficiency
(B). The amounts of Gd(L) in plasma (1) and the interstitium (2) and the
amounts of eliminated gadolinium as Gd(L) (3) or dissociated GdIII (4).
The dose of the Omniscan was 0.1 mmol kg�1 body weight, the distri-
bution volume was 0.25 L kg�1 body weight, and the volume of
the plasma was taken 3.5 L (kint¼ 3.1�10�3 s�1, kel¼ 1.5�10�4 s�1

(normal kidney function), kel¼ 5.6�10�5 s�1 (renal insufficiency),
kf¼ 1.1�10�4 s�1, and kd¼ 2.1�10�5 s�1).
Adapted with permission from Z. Baranyai, E. Brücher, F. Uggeri,
A. Maiocchi, I. Tóth, M. Andrási, A. Gáspár, L. Zékány and S. Aime,
Chem.—Eur. J., 2015, 21, 4789. Copyright r 2015 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.
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approach would be the comparison of the dissociation kinetic parameters
obtained at or near physiological conditions. However, because the amount
of such data is limited, the rate of acid-catalyzed dissociation is normally
used for comparison.

The structure of ligands—including the nature and number of the donor
atoms, geometry, preorganization, and rigidity—affects the thermodynamic
and kinetic parameters of complexes formed with the ligands. Prior to data
analysis, modifications applied to basic ligand structures should be defined.
Common ligand structures relevant to MRI include open-chain (also known
as linear or acyclic chelators), tripodal and macrocyclic ligands, and ligands
consisting of both acyclic and cyclic units (for example, AAZTA, NETA, NPTA,
and DEPA).299,532–537 Ligands are modified for various reasons, such as
lowering the overall charge of the complex, incorporating a chemically re-
active group for linking or targeting purposes, or accelerating the rate of
complex formation. These changes to the structures of ligands require
consideration because they can induce changes to the properties of their
corresponding complexes, including changes in equilibrium, formation and
dissociation kinetics, and relaxivity.

Modification of ligand structures might be performed either on the
sidearm of the ligands78,172,207,293,297,538–548 or on the backbone of the
ligand (Figure 1.34).70,114,313,549 Modifications made to the backbone of
the ligands are often preferable because they maintain or improve the
inertness of the resulting complexes. This increase in inertness is expected
given that demetallation of complexes requires structural rearrangements.
These rearrangements tend to proceed more slowly for complexes formed

Figure 1.34 Structural fragments appearing in bifunctional ligands with some
examples of arm-functionalization (upper row) and backbone-
functionalization (lower row).
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with more constrained ligands, and backbone modifications usually
rigidify ligands.

1.4.5.1 Complexes of Open-chain and Hybrid Ligands

The first marketed contrast agent for MRI was [Gd(DTPA)]2� in the early
1980s (Figure 1.35).550 The rates of acid- (k1¼ 0.58 M�1 s�1) and metal-ion-
catalyzed dissociation (k3

Cu(II)¼ 0.93 M�1 s�1, k3
Zn(II)¼ 0.056 M�1 s�1 and

k3
Eu(III)¼ 4.9�10�4 M�1 s�1) were evaluated by studying the metal-exchange

reactions of [Gd(DTPA)]2� occurring with ZnII, CuII, and EuIII ions.507 From
these data, it is evident that among the metal ions available in vivo, CuII has
the greatest catalytic effect on the dissociation of [Gd(DTPA)]2�. The rate
constants of acid- and CuII-catalyzed dissociation are often comparable, and
the dissociation via ZnII generally occurs one to two orders of magnitude
slower than the reaction catalyzed by CuII. This trend holds for nearly all
open-chain contrast agents for MRI. The removal of the central acetate

Figure 1.35 Structures of linear and hybrid ligands discussed in the text.
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(DTTA),551,552 replacement of the central nitrogen atom with oxygen
(OBETA),514,553 and substitution of more basic phosphonate (DTTAP) or
phosphinate groups (DTTAPPh) for the central carboxylate increase the la-
bility of the GdIII complexes (see Figure 1.35 for ligand structures). For
complexes of these modified ligands, k1 is (3–6)�103 times greater than that
of the parent [Gd(DTPA)]2�.554

Replacing the acetate arm attached to the central nitrogen with a pyridine
nitrogen, such as in the pyridine-based DTTA derivatives with an extra
methoxy or triazole ring systems, yields relatively inert LnIII complexes
(Table 1.2). The inertness of these derivatives is comparable to that of
[Gd(DTPA)]2�. This observations indicates that the loss of inertness due to
removing a single acetate arm can be compensated by rigidifying the
molecule.388,555–558

Replacing one or two carboxylates by amides, such as in DTPA-NMA, DTPA-
N0MA, DTPA-BMA, and DTPA-BMEA, yields charge-neutral GdIII contrast
agents that lower the osmotic pressure of the injectable solutions (see Figure
1.35 for ligand structures). These complexes are, however, less inert than
[Gd(DTPA)]2�. Moreover, these modifications further increase the dissoci-
ation rate of the GdIII complex in the presence of bioligands. The rate of
dissociation is somewhat slower for GdIII–DTPA-tris(amides) derivatives
compared to Gd(DTPA-BMA) because the rates of acid- and metal-ion-assisted
dissociation are slower for the tris-amide ligands. The rates of acid-catalyzed
dissociation are also slower for 15-membered macrocyclic ligands such as
15-DTPA-EAM (Figure 1.35). Dissociation is also slower for GdIII complexes of
propionates derivatives of DTPA and for derivatives incorporating a propylene
diamine chain as opposed to the ethylene diamine one of DTPAs.

The second generation of commercially available contrast agents, in-
cluding the liver-specific agents [Gd(BOPTA)]2� and [Gd(EOB-DTPA)]2� and
the albumin binding MS-325, each have modifications on their side arms
or backbone relative to the parent ligand. As a result of these changes, the
GdIII complexes are more inert: k1¼ 0.41, 0.12, and 0.029 M�1 s�1 for
[Gd(BOPTA)]2�, [Gd(EOB–DTPA)]2�, and [Gd(MS-325)]3�, respectively.
[Gd(MS-325)]3� (Ablavar) is the most inert commercially available linear-
based contrast agent.

GdIII complexes of the cyclohexanediamine derivative of DTPA likely have
slower rates of dissociation than [Gd(DTPA)]2�. This speculation is based on
the limited number of a studies reported with the YIII analogue. Because YIII

and GdIII have similar sizes, the corresponding complexes are expected to
have similar dissociation rates. The methods used to obtain the kinetic data
of these YIII complexes, however, only yield conditional rate constants. Thus,
data obtained this way can be used to make conclusions only for systems
investigated by the same method. Nevertheless, these studies indicate that
complexes of rigidified DTPA derivatives CHX–DTPA, CHX-A, and CHX-B
dissociate 200, 300, and 3000 times more slowly than [Y(DTPA)]2� (Figure
1.35).572 These studies also reveal that the incorporation of methyl or ni-
trobenzyl groups on the backbone of DTPA slows the dissociation of the
corresponding complexes.572
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Table 1.2 Rate constants characterizing the acid-catalyzed dissociation of GdIII complexes.

Complex k1 (M�1 s�1) Ref. Complex k1 (M�1 s�1) Ref.

[Gd(DTPA)]2� 0.58 507 [Gd(DO3A)] 2.3�10�3, 2.6�10�3, 1.2�10�2 479,564
[Gd(OBETA)]� 7.8 514,553 [Gd(DO3A-SA)] 0.86 564
[Eu(BAMPTA)]� 0.17 555 [Gd(AE-DO3A)] 0.18 565
[Gd(HYD)]� 0.85 388 [Gd(DMAE-DO3A)] 0.043 565
[Gd(BOPTA)]2� 0.41 391 [Eu(PCTA)] 5.08�10–4 30
[Gd(EOB–DTPA)]2� 0.16 509 [Gd(p-NO2-Bn-PCTA)] 1.75�10–4 313
[Gd(MS-325)]3� 2.9�10�2 559 [Gd(TRITA)]� 0.35 566
[Gd(DTTA-Nprop(t))]2� 48 508 [Gd(BT-DO3A)] 2.8�10–5 567
[Gd(DTPA-N-MA)]� 1.5 512 [Gd(HP-DO3A)] 6.4�10–4, 2.6�10–4 505,567
[Gd(DTPA-N0-MA)]� 1.6 512 [Eu(DO3A-Pic)]� 1.56�10–3 508
[Gd(DTPA-BMA)] 12.7 512 [Ce(DO3A-Nprop)]� a 7.3�10–3 508
[Gd(DTPA-BMEA)] 8.6 560 [Gd(DO3AP)]2� 2.8�10–3 568
[Gd(DTPA-TrA)]1 0.40 506 [Y(DO3APABn)]� 1.02�10–3 569
[Gd(DTTAP)]3� 3.38�103 554 [Y(DO3APPra)]� 4.4�10–3 569
[Gd(DTTAPPh)]2� 1.6�103 554 [Eu(DO3APPrA)]2� 1.03�10–4 504
[Gd(15–DTPA-EAM)] 0.12 561 [Gd(DOTPMB)]� 4.0�10–4 250
[Gd(OCTAPA)] 11.8 477 [Eu(DO3AMn-Bu)] 2.1�10–6 570
[Gd(CDDADPA)] 1.6�10�2 562 [Gd(DOTAMA)] 2.6�10–6 403
[Gd(AAZTA)]� 1.05 532 [Gd(DOTAMAP)] 2.1�10�3 403
[Gd(CyAAZTA)]� 6.2�10�3 38 [Eu(DTMA)]31 5.6�10�7 404
[Gd3(TCAS)2]7� 8.1�10�3 563 [Eu(DOTA-(gly)4)]� 8.1�10�6 148
[Gd(DOTA)]� 8.4�10�6, 1.8�10�6 408,484 [Eu(PCTA-(gly)3)]� 1.7�10�5 571
aOnly data corresponding to CeIII is available, and based on known trends, data concerning GdIII complexes are expected to be more favorable.
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CDDADPA and CyAAZTA are derivatives of the octadentate ligand OCTAPA
and the hexadentate ligand AAZTA (Figure 1.35).38,562 [Gd(CDDADPA)]� is
among the most inert GdIII complexes incorporating a linear ligand. Its
dissociation rate is 1 to 3 orders of magnitude slower than that of the clinically
approved Gd(DTPA-BMA), Gd(DTPA-BMEA), [Gd(DTPA)]2�, [Gd(MS-325)]3�,
[Gd(BOPTA)]2�, and [Gd(EOB–DTPA)]2�. [Gd(CyAAZTA)]� also displays slow
dissociation rate relative to other bisaquated (q¼ 2) complexes. High kinetic
inertness was observed for a trinuclear GdIII complex of thiacalix[4]arene-p-
tetrasulfonate (TCAS) in which three GdIII ions are chelated by two TCAS
ligands.563 The k1 value for [Gd3(TCAS)2]7� (8.1�10�3 M�1 s�1) compares
favorably to that of approved contrast agents, and is similar to that of
[Gd(CyAAZTA)]�, although it is still faster than that of macrocyclic contrast
agents.

1.4.5.2 Complexes of Macrocyclic Ligands

The forefather of macrocyclic-based contrast agents, [Gd(DOTA)]�, is the
most inert contrast agent. The kinetic inertness of this complex originates
from the rigid, preorganized structure of the ligand. GdIII and other metal
ions are deeply buried in the coordination cage defined by the four macro-
cyclic nitrogen atoms and four carboxylate oxygen atoms. The coordination
sphere of GdIII in [Gd(DOTA)]� is inaccessible to other ligands, except for the
one inner-sphere water molecule, which is essential to relaxivity. The cavity
of the ligand can be occupied by an exchanging metal ion only when the
GdIII ion leaves. Thus, complexes of DOTA and DOTA-type ligands dissociate
via acid-catalyzed pathways and competing metal ions or bioligands do not
accelerate dissociation rates (Figure 1.36).148,403,404,408,479,484,505,564,565,567

Thus, the kinetic inertness of DOTA-type complexes is often characterized
only by the rates of acid-catalyzed dissociation. [Gd(DOTA)]� is the gold
standard when comparing the inertness of LnIII complexes.

GdIII complexes formed with derivatives of DOTA tend to remain inert even
when the coordination environment of the metal ion is affected by the nature
of donor atoms. When one sidearm is removed completely as in the case of
Gd(DO3A), however, the rate of acid-catalyzed dissociation increases dra-
matically by a factor of B104.479,564 Data published on a sulfonamide-based
pH sensor and a pH-responsive chelate possessing an aminoethyl sidearm
indicate that the rate constant of acid-catalyzed dissociation increases with
modifications to DO3A. This should be considered when using the DO3A
platform to design responsive contrast agents.564,565

DO3A type ligands can be rendered more inert by incorporating a pyridine
moiety, which rigidifies the macrocycle, as in PCTA. A detailed dissociation
kinetic study involving several LnIII complexes of PCTA demonstrated that
this rigidification slows dissociation relative to DO3A (k1¼ 5.1�10�4 M�1 s�1

for Eu(PCTA)).30 Other studies including various bifunctional and rigidified
derivatives of PCTA confirm these results.313,573–575 LnIII complexes of the
bifunctional p-NO2-Bn-PCTA chelator have similar dissociation kinetics as
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those of complexes formed by the parent PCTA ligand. This indicates that
the attachment of the p-nitrobenzyl substituent to the rigid PCTA backbone
has little effect on rates of dissociation.313 Although the kinetic inertness of
complexes of heptadentate ligands can be increased by rigidifying the ligand
backbone, they remain more labile than [Gd(DOTA)]�.

Octadentate DOTA-type ligands obtained by enlargement of the macro-
cycle or replacement of one or more acetates with moieties containing
alcohols or amines are more labile than [Gd(DOTA)]�. Replacing one
carboxylate group by an acetamide does not affect the dissociation kinetic
properties of the resulting complexes.403,570 However, replacing an acet-
amide arm by a propionamide arm decreases the rate of acid-catalyzed
dissociation of Ln(L) complexes by three order of magnitude.403 GdIII

complexes of macrocyclic ligands possessing an alcohol have somewhat
higher rates of acid-catalyzed dissociation than GdIII chelates of DOTA-
monoamides.

Replacement of all four acetate sidearms in DOTA by acetamides leads
to DOTA-tetraamides that are capable of inducing contrast via chemical
exchange saturation transfer (see Chapter 3.1). Lanthanide complexes of
DOTA-tetraamides are the most inert complexes of all DOTA-type ligands
studied to date. The exceptional kinetic inertness of LnIII complexes formed
with DOTA-tetraamides can be rationalized in terms of the low basicity of the

Figure 1.36 Structures of macrocyclic ligands discussed in the text.
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amide oxygen of DOTAM compared to the carboxylate oxygen of DOTA.
Protonation and subsequent proton transfer to a ring nitrogen occurs is
unlikely. The amide functionally offers another approach to fine tune the
kinetic inertness of the resulting complexes because the nature of the amide
group (primary, secondary, or tertiary) can also affect the rates of dissoci-
ation. Among the DOTA-tetraamides, the dimethylamide complexes have the
highest kinetic inertness because the methyl groups hinder the transfer of
protons to ring nitrogens, slowing dissociation.105,404

Lanthanide chemical exchange saturation transfer agents based on the
3,6,10,13-tetra-aza-1,8(2,6)-dipyridinacyclotetradecaphane macrocyclic plat-
form containing four hydroxyethyl pendant arms were found to be extra-
ordinarily inert.576 The rates of acid-catalyzed dissociation of complexes
formed with LnIII ions were not quantitatively evaluated in the this study
because the complexes were so inert that the extent of dissociation of the
[Eu(L)]31 complex in competitive media (e.g. 1 M HCl) over a period of
months at room temperature was negligible as studied by 1H-NMR spec-
troscopy. Another astonishingly high kinetic inertness was observed for LnIII

complexes formed with a rigid cross-bridged cyclam derivative containing
two picolinate pendant arms. This complex does not undergo dissociation
under harsh conditions, such as 2 M HCl; under these conditions, no release
of metal ion was detected for at least 5 months.497 The absence of a bound
water molecule in this complex, however, prevents its application as a T1-
shortening contrast agent. Regardless, this compound demonstrates the
possibility to further rigidify macrocyclic ligands and increase the kinetic
inertness of LnIII complexes.
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15. V. Kubı́ček and É. Tóth, Adv. Inorg. Chem., 2009, 61, 63.
16. The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging,
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42. C. S. Bonnet and É. Tóth, in Ligand Design in Medicinal Inorganic

Chemistry, ed. T. Storr, Wiley, Chichester, U.K., 2014, ch. 12, pp. 321–
354.

43. A. Bumb, M. W. Brechbiel and P. Choyke, Acta Radiol., 2010, 51, 751.
44. J. Tang, Y. Sheng, H. Hu and Y. Shen, Prog. Polym. Sci., 2013, 38,

462.
45. L. Zhao, A. Shiino, H. Qin, T. Kimura and N. Komatsu, J. Nanosci.

Nanotechnol., 2015, 15, 1076.
46. L. M. Manus, D. J. Mastarone, E. A. Waters, X.-Q. Zhang, E. A. Schultz-

Sikma, K. W. MacRenaris, D. Ho and T. J. Meade, Nano Lett., 2010,
10, 484.

47. L. F. Vistain, M. W. Rotz, R. Rathore, A. T. Preslar and T. J. Meade,
Chem. Commun., 2016, 52, 160.

48. L. Moriggi, C. Cannizzo, E. Dumas, C. R. Mayer, A. Ulianov and
L. Helm, J. Am. Chem. Soc., 2009, 131, 10828.

49. F. Carniato, L. Tei, M. Cossi, L. Marchese and M. Botta, Chem. – Eur. J.,
2010, 16, 10727.

50. A. Accardo, D. Tesauro, L. Aloj, C. Pedone and G. Morelli, Coord. Chem.
Rev., 2009, 253, 2193.

51. S. Qazi, L. O. Liepold, M. J. Abedin, B. Johnson, P. Prevelige, J. A. Frank
and T. Douglas, Mol. Pharm., 2013, 10, 11.

52. M. F. Ferreira, B. Mousavi, P. M. Ferreira, C. I. O. Martins, L. Helm,
J. A. Martins and C. F. G. C. Geraldes, Dalton Trans., 2012, 41, 5472.

53. M. Allen, J. W. M. Bulte, L. Liepold, G. Basu, H. A. Zywicke, J. A. Frank,
M. Young and T. Douglas, Magn. Reson. Med., 2005, 54, 807.

54. H. Kobayashi and M. W. Brechbiel, Mol. Imaging, 2003, 2, 1.
55. M. A. Bruckman, X. Yu and N. F. Steinmetz, Nanotechnology, 2013,

24, 462001.
56. S. Aime, D. D. Castelli, S. G. Crich, E. Gianolio and E. Terreno, Acc.

Chem. Res., 2009, 42, 822.
57. C.-H. Huang and A. Tsourkas, Curr. Top. Med. Chem., 2013, 13, 411.
58. M. Botta and L. Tei, Eur. J. Inorg. Chem., 2012, 2012, 1945.

General Synthetic and Physical Methods 97

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
00

01
View Online

http://dx.doi.org/10.1039/9781788010146-00001


59. M. R. Longmire, M. Ogawa, P. L. Choyke and H. Kobayashi, Wiley
Interdiscip. Rev.: Nanomed. Nanobiotechnol., 2014, 6, 155.

60. H. Kobayashi and M. W. Brechbiel, Curr. Pharm. Biotechnol., 2004,
5, 539.

61. L. Lattuada, A. Barge, G. Cravotto, G. B. Giovenzana and L. Tei, Chem.
Soc. Rev., 2011, 40, 3019.

62. L. M. De León-Rodrı́guez and Z. Kovacs, Bioconjugate Chem., 2008,
19, 391.

63. C. Bernhard, M. Moreau, D. Lhenry, C. Goze, F. Boschetti, Y. Rousselin,
F. Brunotte and F. Denat, Chem. – Eur. J., 2012, 18, 7834.

64. D. Zeng, B. M. Zeglis, J. S. Lewis and C. J. Anderson, J. Nucl. Med., 2013,
54, 829.

65. M. Wang, Y. Yuan and G. Liang, Curr. Mol. Imaging, 2012, 1, 87.
66. J. E. Moses and A. D. Moorhouse, Chem. Soc. Rev., 2007, 36, 1249.
67. J. Notni and H.-J. Wester, Chem. – Eur. J., 2016, 22, 11500.
68. S. Knör, A. Modlinger, T. Poethko, M. Schottelius, H.-J. Wester and

H. Kessler, Chem. – Eur. J., 2007, 13, 6082.
69. E. Kriemen, E. Ruf, U. Behrens and W. Maison, Chem. – Asian J., 2014,

9, 2197.
70. C. Vanasschen, N. Bouslimani, D. Thonon and J. F. Desreux, Inorg.

Chem., 2011, 50, 8946.
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I. Lukeš, Inorg. Chem., 2010, 49, 10960.
384. C. F. G. C. Geraldes, A. D. Sherry and W. P. Cacheris, Inorg. Chem., 1989,

28, 3336.
385. M. P. Campello, M. Balbina, I. Santos, P. Lubal, R. Ševčı́k and
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Chem., 2012, 51, 2597.
390. A. E. Martell and R. M. Smith, Critical Stability Constants, Plenum Press,

New York, 1974.
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A. Takács, I. Tóth, I. Bányai, A. Bényei, E. Brucher and S. Aime, Eur. J.
Inorg. Chem., 2013, 2013, 147.
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P. Hermann and S. Huclier-Markai, Dalton Trans., 2016, 45, 1398.

449. R. Garcia, V. Kubı́ček, B. Drahoš, L. Gano, I. C. Santos, P. Campello,
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Z. Garda, I. Tóth, A. de Blas, T. Rodrı́guez-Blas and C. Platas-Iglesias,
J. Am. Chem. Soc., 2014, 136, 17954.

498. A. Rodrı́guez-Rodrı́guez, M. Regueiro-Figueroa, D. Esteban-Gómez,
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NMR, 1984, 16, 167.

528. A. Spinazzi, V. Lorusso, G. Pirovano and M. Kirchin, Acad. Radiol., 1999,
6, 282.

529. G. Schuhmann-Giampieri and G. Krestin, Invest. Radiol., 1991, 26, 975.
530. M. Van Wagoner and D. Worah, Invest. Radiol., 1993, 28, S44.
531. M. VanWagoner, M. O’Toole, D. Worah, P. T. Leese and S. C. Quay,

Invest. Radiol., 1991, 26, 980.
532. Z. Baranyai, F. Uggeri, G. B. Giovenzana, A. Bényei, E. Brücher and
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2.1 General Theory of the Relaxivity of
Gadolinium-based Contrast Agents

LOTHAR HELM

2.1.1 Definition of Relaxivity

GdIII-based contrast agents for MRI influence image contrast by increasing
the relaxation rates of the nuclear spins of the hydrogen nuclei of water.1 The
acceleration of spin relaxation—longitudinal relaxation, 1/T1, as well as
transverse relaxation, 1/T2—is generated by fluctuating local magnetic fields
that are produced by the electron spin of the paramagnetic gadolinium ion.2

The increase of relaxation owing to the paramagnetic compound, 1/Ti,p,
adds to the diamagnetic relaxation, 1/Ti,d, giving the observed relaxation
rates, 1/Ti,obs.

3–5

1
Ti;obs

¼ 1
Ti;d
þ 1

Ti;p
with i¼ 1; 2 (2:1)

In the case of dilute paramagnetic solutions, the paramagnetic term 1/Ti,p

is proportional to the concentration of the paramagnetic species, in this case
the gadolinium ion, [Gd].

1
Ti;p
¼ ri Gd½ � with i¼ 1; 2 (2:2)

The concentration is usually given in units of millimolar (mM¼mmol L�1).
The constant of proportionality, ri, is called relaxivity and has the units of
mM�1 s�1. Because this chapter focuses on 1H or proton relaxation, r1 and r2

are called longitudinal and transverse proton relaxivity, respectively. Proton
relaxivity reflects the ability of a compound to enhance relaxation and is
therefore a direct measure for its efficiency as contrast agent.

It should be stressed that relaxivity always refers to the concentration of
paramagnetic centers, i.e. [Gd]. If a compound incorporates more than one
GdIII, the relaxation enhancement per molecule or per particle can be ob-
tained by multiplying the relaxivity with the number of gadolinium ions per
molecule or per particle. The ‘‘per gadolinium’’ definition of relaxivity avoids
ambiguities, for example, if the exact number of ions per species is not
known. The concentration of GdIII can in general be determined experi-
mentally even after digestion of the species or particles (see Chapter 2.7).

A plot of observed relaxation, 1/Ti,obs, as a function of [Gd] should result in
a straight line with a slope of ri. Deviation from a straight line indicates that
the paramagnetic species experience a concentration-dependent transfor-
mation, such as the formation of aggregates or precipitation, which is not
always easily observable. In the case of compound aggregation, such as the
formation of dimers or trimers, nonlinearity of relaxivity as a function of
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concentration can be used to determine equilibrium constants for the for-
mation of the aggregates.6,7

The magnetic field produced by an electron spin decreases with the dis-
tance from a paramagnetic ion, and hence only water molecules close to
paramagnetic ions will experience relaxation enhancement. The strongest
influence will be on water molecules in direct contact with a paramagnetic
ion, so-called inner-sphere water molecules (Figure 2.1). The relaxation
enhancement of inner-sphere water molecules is transmitted to the bulk
of the solution by chemical exchange. Water molecules outside the first
coordination sphere, but in the vicinity of the paramagnetic species, will
also experience relaxation enhancement, although to a lesser extent. It is
therefore common to separate the total paramagnetic relaxation enhance-
ment into inner-sphere water, (1/Ti,p)IS, and outer-sphere water, (1/Ti,p)OS,
contributions.

1
Ti;p
¼ð1=Ti;pÞIS þ ð1=Ti;pÞOS with i¼ 1; 2 (2:3)

In a similar way, proton relaxivities can be separated into inner- and outer-
sphere contributions.

ri¼ ri
ISþ ri

OS with i¼ 1,2 (2.4)

In the following sections, standard theoretical descriptions for (1/Ti,p)IS

and (1/Ti,p)OS will be presented with the parameters that influence them. To
obtain values for these parameters from experimental relaxivities, relaxation
rates are commonly measured as a function of the Larmor frequency of the
proton, nI, which is linked to the static magnetic field B0 by nI¼ gIB0/2p.
More details regarding these measurements, nuclear magnetic relaxation
dispersion (NMRD) profiles, are presented in Section 2.3.

Figure 2.1 Inner- and outer-sphere water molecules around a GdIII complex.

Gadolinium-based Contrast Agents 123

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
01

21
View Online

http://dx.doi.org/10.1039/9781788010146-00121


2.1.2 Theory of Inner-sphere Relaxivity

Inner-sphere contributions to observed water-proton relaxation enhance-
ment, ð1=Ti;pÞIS¼ rIS

i ½Gd�, result from chemical exchange of coordinated
water protons with those of the bulk. This relationship represents a two-site
exchange, which has been described by Luz and Meiboom8 and Swift and
Connick9 in the case of dilute paramagnetic species as follows:

1
T1; p

� �IS

¼ cq
55:56

1
T1m þ tm

(2:5)

1
T2; p

� �IS

¼ cq
55:56

1
tm

T�1
2mðT�1

2m þ t�1
m Þ þ Do2

m

ðT�1
2m þ t�1

m Þ
2 þ Do2

m

(2:6)

In these equations, c is the molal concentration (mol kg�1) of gadolinium;
q is the number of inner-sphere water molecules (hydration number); tm is
the residence time of an inner-sphere water molecule; T1m and T2m are the
longitudinal and transverse proton relaxation times of bound water, re-
spectively; and Dom is the 1H chemical shift difference between the bound-
water and bulk-water resonances (in the absence of chemical exchange).
The residence time of inner-sphere water is linked to the water-exchange rate
constant, kex, by eqn (2.7).

tm¼ kex
�1 (2.7)

The concentration factor cq/55.56 is equal to the mole fraction of inner-
sphere water molecules, Pm. In dilute aqueous solutions, the molal con-
centration is equal to the molar concentration (mol L�1). The inner-sphere
relaxivities are therefore given by eqn (2.7) and (2.8).

rIS
1 ¼ 1:80� 10�5 q

T1m þ tm
(2:8)

rIS
2 ¼ 1:80� 10�5 q

tm

T�1
2mðT�1

2m þ t�1
m Þ þ Do2

m

ðT�1
2m þ t�1

m Þ
2 þ Do2

m

(2:9)

The relaxation of nuclear spins in compounds with a paramagnetic center
is governed by the hyperfine interaction between the electron spin and the
nuclear spin. The ‘‘classical theory’’ describing the nuclear spin relaxation
was developed in the 1950s and 1960s and is now called the ‘‘modified
Solomon–Bloembergen–Morgan’’ or SBM theory.10–13 This theory is based
on several rather constringent assumptions that are described later in this
chapter; however, SBM theory has the immense advantage of leading to
analytical equations that enable fitting of experimental data. Paramagnetic
contributions to the relaxation of bound nuclear spins are described by the
sum of contributions from dipole–dipole (DD), scalar (SC), and the Curie
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(Cu) mechanisms.14 For 1H spin relaxation of water molecules in the inner-
sphere of GdIII, the scalar coupling constant A/h� is small and 1/TSC

i can be
neglected.15,16 Furthermore, the contribution from Curie relaxation to lon-
gitudinal relaxation is much smaller than the dipolar contribution,
1=TCu

1 {1=TDD
1 , and, therefore, can be neglected. However, the Curie con-

tribution to transverse relaxation increases with the square of the resonance
frequency, oI, and, therefore, can be important at high magnetic fields
[eqn (2.16)].

1
Tim
¼ 1

TDD
i

þ 1
TSC

i

þ 1
TCu

i

with i¼ 1; 2 (2:10)

The individual relaxation terms are given by eqn (2.11)–(2.16).

1
TDD

1
¼ 2

15
g2

I g2m2
B

r6
IS

SðSþ 1Þ m0

4p

� �2
7

tc2

1þ o2
St

2
c2
þ 3

tc1

1þ o2
I t

2
c1

� �
(2:11)

1
TSC

1
¼ 2SðSþ 1Þ

3
A
�h

� �2 te2

1þ o2
St

2
e2

� �
(2:12)

1
TCu

1
¼ 2

5
m0

4p

� �2 o2
I m

4
Bm

4
eff

3kBTð Þ2r6
IS

3tCu

1þ o2
I t

2
Cu

� �
(2:13)

1
TDD

2
¼ 1

15
g2

I g2m2
B

r6
IS

SðSþ 1Þ m0

4p

� �2
13

tc2

1þ o2
St

2
c2
þ 3

tc1

1þ o2
I t

2
c1
þ 4tc1

� �
(2:14)

1
TSC

2
¼ SðSþ 1Þ

3
A
�h

� �2 te2

1þ o2
St

2
e2
þ te1

� �
(2:15)

1
TCu

2
¼ 1

5
m0

4p

� �2 o2
I m

4
Bm

4
eff

3kBTð Þ2r6
IS

4tCu þ
3tCu

1þ o2
I t

2
Cu

� �
(2:16)

In eqn (2.11) to (2.16), S is the electron spin; gI is the nuclear gyromagnetic
ratio; g is the electron g factor; mB is the Bohr magneton; rIS is the nuclear-
spin–electron-spin distance; oI and oS are the nuclear and electron Larmor
frequencies, respectively, in units of rad s�1; and A/�h is the scalar coupling
constant. The different correlation times in these equations describe the
time fluctuations of the interactions and are given by eqn (2.17)–(2.19):

1
tci
¼ 1

tR
þ 1
tm
þ 1

Tie
with i¼ 1; 2 (2:17)

1
tei
¼ 1

tm
þ 1

Tie
with i¼ 1; 2 (2:18)

1
tCu
¼ 1

tR
þ 1
tm

(2:19)
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where tR¼ 1/(6DR) is the rotational correlation time, DR is the rotational
diffusion coefficient, and Tie are the longitudinal (i¼ 1) and transverse (i¼ 2)
electron spin relaxation times.

Electron spin relaxation depends strongly on the metal ion. For pure S
spins like GdIII (S¼ 7/2) and MnII or FeIII (S¼ 5/2), electron spin relaxation
is dominated by zero-field-splitting (ZFS) interactions.17 In an environment
with cubic symmetry like in an octahedral complex (for example,
[Mn(H2O)6]21), static ZFS cancels and only a transient ZFS exists due to
temporal distortions of symmetry. The electron spin relaxation is then
given by the approximate equations developed by Bloembergen and
Morgan:18

1
T1e

� �ZFS

¼ 2
50

4SðSþ 1Þ�3ð ÞD2 tv

1þ o2
St2

v
þ 4tv

1þ 4o2
St2

v

� �
(2:20)

1
T2e

� �ZFS

¼ 1
50

4SðSþ 1Þ�3ð ÞD2 3tv þ
5tv

1þ o2
St2

v
þ 2tv

1þ 4o2
St2

v

� �
(2:21)

The correlation time tv is for the modulation of the transient ZFS, and D2

is the mean squared amplitude of the ZFS in frequency units.
The correlation times used in eqn (2.17)–(2.21) are temperature-

dependent. The temperature dependence is described by Arrhenius behavior
(tR, tv)

t¼ t298 exp
�Ea

R
1

298
� 1

T

� �� 	
(2:22)

or by Eyring behavior (tm, respectively kex)

kex¼
1
tm
¼ k298

ex
T

298
exp

�DHz

R
1

298
� 1

T

� �� 	
¼ kBT

h
exp

DSz

R
� DHz

RT

� 	
(2:23)

As already mentioned, SBM theory is based on several assumptions. First,
SBM theory is based on the validity of the Redfield theory to the nuclear spin
and electron spin systems. The second major assumption is that electron
spin relaxation is uncorrelated with molecular reorientation. The third as-
sumption is that the electron spin system is dominated by Zeeman inter-
action and ZFS can be treated as a perturbation. The fourth assumption is
the point-dipole approximation, which treats the electron spin as a point
dipole located at the nucleus of the metal ion. In addition to these major
assumptions, several others are used to obtain the equations presented
above.10,12 General treatments of the nuclear spin relaxation due to para-
magnetic metal ions have been developed by the groups of Kowalewski,19–21

Sharp,22 and Fries.23,24
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2.1.3 Theory of Outer-sphere Relaxivity

The outer-sphere contribution to relaxivity has its origin in the interaction
between the electron spin of the paramagnetic ion and nuclei of water
molecules not in the inner-coordination sphere of the paramagnetic ion.
Outer-sphere water molecules can be divided into two groups: (1) a few
molecules that form hydrogen bonds with charged groups of the chelating
ligand or with inner-sphere water molecules, and (2) other water molecules
diffusing freely close to the chelate. Hydrogen-bound water molecules are
commonly called second-sphere water.25

The increase of relaxation rate generated by second-sphere water mol-
ecules can be described using the same equations as for inner-sphere
water.26,27 The longitudinal relaxivity of second-sphere water, rSS

1 , is given by

rSS
1 ¼ 1:80� 10�5 qSS

TSS
1m þ tSS

m
(2:24)

where qSS is the number of second-sphere water molecules, tSS
m is the resi-

dence time of water in the second sphere, and TSS
1m is the relaxation time of

water in the second sphere, which is normally described using only dipolar
relaxation. Due to relatively weak binding, tSS

m is short and is often the ef-
fective correlation time for dipolar relaxation. The distance between second-
sphere water protons and the paramagnetic center, rSS, is not well known
and is often fixed to a ‘‘reasonable value’’. In most data treatments, people
do not consider second-sphere water molecules specifically but include
second-sphere contributions with outer-sphere contributions.

The dipolar relaxation of freely diffusing outer-sphere water molecules
is commonly described by a model developed by Ayant,28 Freed,29,30 and
others.31,32 The model is based on interaction-free diffusion of particles:

1
T1;p

� �OS

¼ 32p
405

m0

4p

� �2NA½M�
dD

g2
I g

2
S�h2SðSþ 1Þ½3JOS

1 ðoIÞ þ 7JOS
2 ðoSÞ� (2:25)

JOS
k ðoÞ¼Re

1þ z=4
1þ z þ 4z2=9þ z3=9

� 	

z¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
iotþ tD=Tke

p
tD¼ d2�D ; k¼ 1; 2

(2:26)

where NA is Avogadro’s number, d is the closest distance of approach of the
nuclear spin I and the electron spin S, D is the diffusion coefficient for
relative translational diffusion, [M] is the molar concentration of the para-
magnetic ion, and tD is the correlation time for the relative translational
diffusion. The relative translational diffusion coefficient is described by the
sum of the self-diffusion coefficients of the complex bearing the electron
spin (DS) and the water molecules bearing the proton nuclear spin (DI):

D¼DIþDS (2.27)

Because water molecules diffuse much faster than the relatively large
complexes, D is close to the self-diffusion coefficient of water.
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2.2 Measuring Longitudinal (T1) and Transverse (T2)
Relaxation Times

LOTHAR HELM

Modern nuclear magnetic resonance (NMR) is in general performed by ex-
citing nuclear spin systems via a short high-frequency pulse or a sequence of
pulses. The response of the system, the free induction decay (FID), is then
Fourier transformed and an NMR spectrum is obtained. In the simplest
experiment, a single pulse disturbs nuclear magnetization that is at equi-
librium and aligned along the external magnetic field, by convention along
the z-axis. During the pulse, magnetization is induced in a plane per-
pendicular to that axis, the xy-plane. After the excitation, the perturbed
nuclear spin system returns back to equilibrium as characterized by two
relaxation times: T1 and T2. The longitudinal relaxation time T1 describes the
buildup of the z-component of the nuclear magnetization. The transverse
relaxation time T2 describes the decay of the nuclear magnetization in the
xy-plane toward zero.33–35 The behavior of the nuclear magnetization is de-
scribed by the phenomenological equations developed by Bloch.

Relaxation times, or more commonly relaxation rates 1/T1 and 1/T2,
measured for the water hydrogen nuclear spin (1H, protons) provide infor-
mation regarding dynamics and molecular interactions of paramagnetic
compounds with the solvent, for example, water. In the following sections,
the experimental methods used to measure T1 and T2 are described with
a special emphasis on the 1H spins of water. Other NMR experiments like
17O-nuclear magnetic relaxation and chemical shift enable the acquisition of
specific information regarding, for instance, rotational correlation times and
water-exchange rate constants of GdIII complexes (see Sections 2.5 and 2.6,
respectively).5,36

2.2.1 General Experimental Method to Measure T1

The most commonly used method to measure longitudinal relaxation times,
T1, is the inversion-recovery experiment.37,38 The method is based on the two
pulse sequence [p]-ti-[p/2]-AQ, where [p] and [p/2] are 180 and 901 pulses,
respectively, and AQ means acquisition of the FID. The sequence is repeated
for 10 to 20 different values of the delay ti (Figure 2.2). The inversion-
recovery method is robust as long as the delays t encompass the range of
0.01T1 to B3T1 and the repetition time between the applications of the pulse
sequence is longer than 5T1.38 Setting the exact pulse lengths for the 180 and
901 pulses is not crucial but will lead to smaller variations of the
recorded FIDs.

The recovery of the z-magnetization after the perturbation is given by
eqn (2.28).

Mz(t)¼Mz(N) [1� A exp(�t/T1)] (2.28)
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The z-magnetization Mz(t) at a delay t is proportional to the integral or the
height of the resonance line in the NMR spectrum (Figure 2.3). Therefore,
the magnetization Mz in eqn (2.28) can be replaced by the height, h, or the
integral of the resonance signal. The relaxation rate is obtained by fitting
eqn (2.28) to the experimental data using the three parameters: 1/T1, Mz(N),
and A (Figure 2.4). The equilibrium magnetization Mz(N) is given by the
magnetization measured at tZ5T1, and A is equal to 2 for a perfect setting of
the p pulse lengths.

In the special case of measuring the T1 of water protons of solutions
containing paramagnetic compounds, the following advice with respect to

Figure 2.2 Inversion-recovery experiment to measure longitudinal relaxation 1/T1.
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radiation damping, FID versus spectrum, choice of delays, and
17O-longitudinal relaxation should be considered.

2.2.1.1 Radiation Damping

If a sample consists essentially of water, a strong 1H-NMR signal is often
observed. With modern high-field NMR spectrometers this situation leads to
the problem of radiation damping.39–41 Several remedies can be considered
to avoid erroneous T1 values due to this phenomenon. The simplest remedy
is detuning the NMR probe. By decreasing the quality factor, Q, considerably,
radiation damping can be avoided by conserving a high signal-to-noise ratio.
The detuning leads to longer p and p/2 pulses, which are not problematic if

Figure 2.3 NMR signal as a function of the delay t between the p and the p/2 pulses.

Figure 2.4 Magnetization Mz as function of t.
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relaxation times are not too short (not shorter than 1 ms). Another method
to avoid radiation damping is decreasing the sample volume by filling the
sample solution into a capillary tube that is placed into an ordinary 5 mm
NMR tube. Short pulses and sufficient signal-to-noise ratios can be obtained
with the capillary method. A positive aspect of the capillary method is the
relatively small amount of solution needed for the experiments; its limi-
tation is the longer time needed for temperature stabilization compared to
not using a capillary tube. The same ‘‘capillary effect’’ can be obtained by
using ordinary 5 mm NMR tubes placed inside 10 mm NMR tubes and using
the decoupling coil of a multinuclear 10 mm NMR probe. It should be noted
that radiation damping plays no role at low magnetic fields, for example,
those used in field cycling instruments and low-resolution permanent
magnet systems.

2.2.1.2 FID Versus Spectrum

Because the NMR spectrum of a dilute aqueous solution of a paramagnetic
compound shows essentially only one strong resonance, inversion recovery
can be used either on the FID or on the spectrum obtained by Fourier
transform. On low-resolution instruments like fast-field cycling relaxometers
or permanent magnet systems, such as the Bruker minispec, the FID method
is commonly applied. On high-resolution high-field NMR spectrometers, the
experimental routines to measure T1 normally apply to spectra. Data pro-
cessing is often simplified by setting the resonance frequency on the water
proton resonance.

2.2.1.3 Choice of Delays t

As mentioned above, the longest t values should be about 3T1. The shortest
value is commonly chosen to be 1 to 5% of T1. Control of instrument stability
can be achieved by increasing t to the maximum value followed by a de-
crease to the shortest value. Any change in temperature or sample com-
position appearing during the T1 experiment should show up in a scatter of
data points.

2.2.1.4 Measuring 17O-Longitudinal Relaxation

Measuring T1 of the 17O-NMR signal of water is as easy as the measurement
of T1 of 1H spins. Owing to the lower gyromagnetic ratio of 17O spins and
the low natural abundance of the 17O isotope, radiation damping is no
concern. The low signal intensity needs accumulation of several hundreds
of FID to obtain a decent signal-to-noise ratio. This is, however, not a
major problem because T1 values are short, T1o7 ms at room temperature,
and the experimental sequence can be repeated more than 25 times
per second.
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2.2.2 General Experimental Method to Measure T2

The transverse relaxation rate 1/T2 is in principle linked to the width of the
Lorentzian NMR resonance line by:

1
T2
¼ pn1=2 (2:29)

where n1/2 is the full width at half height (Figure 2.5). However, inhomo-
geneity of the static magnetic field, DB0, induces broadening of the reson-
ance line, and the observed linewidth is:

nobs
1=2¼

1
pT2*
¼ 1

pT2
þ gDB0

2p
(2:30)

Unless 1/T2cgDB0/2 (g is the gyromagnetic ratio), obtaining transverse
relaxation from linewidth is precluded by magnetic field inhomogeneity.
Therefore, transverse relaxation is often measured using a spin-echo
method.33 The intensities of sequences of spin-echoes generated by the
pulse sequence [p/2]-t-[p]-t-AQ decays as:

Mx,y(2t)¼Mx,y(N) [exp(�2t/T2� 2/3g2G2Dt3)] (2.31)

where D is the self-diffusion coefficient and G is the gradient of the magnetic
field. Assuming a magnetic-field gradient of G¼ 47 mT m�1 (corresponding
to a broadening of the 1H resonance line of 10 Hz in a 5 mm NMR tube) and
a self-diffusion coefficient of D¼ 2.3�10�9 m2 s�1 (water at 25 1C), the con-
tribution due to diffusion can be estimated to be 2/3g2G2DE0.24 s�3.

Figure 2.5 Lorentzian resonance line showing full width at half height n1/2.
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The contribution due to diffusion can be neglected if t{1 s (assuming
1/T241 s�1). The mostly applied spin-echo variant is the Carr–Purcell–
Meiboom–Gill (CPMG) sequence. In this sequence, a 901 phase shift between
the p/2 pulse and the p pulse is introduced. Moreover, only even echoes are
used, which enables partial compensation of mis-settings of the p pulses
(Figure 2.6).

Signal accumulation can be performed in repeating the basic pulse se-
quence. Attention should be paid to wait at least B5T1 between repetitions of
the p/2 pulses. The need for this wait arises because in many paramagnetic
systems, T1cT2 and the relaxation delay can be relatively long.

Instead of increasing the delay t, a series of echoes can be created by using
a short delay t and repeating the p pulses 2n times (Figure 2.7). Sampling
even echoes enables recording of the exponential decay of Mx,y in one shot,
and the relaxation delay only has to be applied between the pulse trains.
Furthermore, t can be chosen to be relatively short (for example, 1 ms) al-
lowing the diffusion contribution to be neglected in case of inhomogeneous
magnetic fields [eqn (2.32)].

Mx,y(t)¼Mx,y(N) [exp(�t/T2� 1/3g2G2Dt2t)] (2.32)

The echo height or integral measured at time t is proportional to the
magnetization in the xy-plane, Mx,y. If the diffusion contribution can be
neglected, Mx,y decreases exponentially (Figure 2.8), and 1/T2 can be ob-
tained by fitting eqn (2.33) using the two parameters 1/T2 and Mx,y(N).

Mx,y(t)¼Mx,y(N)exp(�t/T2) (2.33)

In case of fast transverse relaxation leading to short T2 values, the multi-
echo CPMG variant (Figure 2.7) leads to short t values (t{1 ms) that can
become of the order of the lengths of the p pulses. In that case, relaxation
during the pulse, which can be different from relaxation in the absence of
high-frequency irradiation, can no longer be neglected. Using a three-pulse
variant and changing t (Figure 2.6) leads, in that case, to more reliable re-
sults. If instruments with low-resolution permanent magnets are used
to measure T2, the variant creating a long echo train (Figure 2.7) is preferred
to allow short t and, therefore, neglecting of the diffusion contribution
[eqn (2.32)].

Figure 2.6 CPMG spin-echo pulse sequence to measure transverse relaxation 1/T2.
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The decay of the echoes in a CPMG pulse train experiment (Figure 2.7)
can depend on t in case of chemical exchange.42–45 In the slow pulsing limit,
t-0 or more precisely 1/tckex, the measured decay constant 1/T2 is equal
to the value obtained by linewidth as defined by Swift and Connick9 for
exchanging systems.45

Figure 2.7 CPMG sequence to create a spin echo train.

Figure 2.8 Magnetization Mx,y as a function of the delay t.
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2.3 NMRD Profiles: Theory, Acquisition, and
Interpretation

LOTHAR HELM

2.3.1 Acquisition of NMRD Profiles

To optimize MRI contrast agents, it is essential to link observed relaxation
enhancement, expressed as relaxivity, to structural and dynamical
parameters like distances and correlation times (described in Chapter 2.1).
Even the ‘‘simple’’ SBM theory includes many parameters that enter the
equations and influence ri. Information regarding some of the parameters
can be obtained by independent measurements. An example is q, the
number of inner-sphere water molecules (see Chapter 2.4) or tR, the
rotational correlation time (Chapter 2.5). With respect to these multiple
variables, one method to obtain information involves the measurement of
relaxivity as a function of a physical variable, like temperature or applied
static magnetic field, B0. The nuclear spin relaxation as a function of the
applied static magnetic field, which is proportional to the Larmor frequency
nI, is called nuclear magnetic relaxation dispersion (NMRD). Measuring ri

over the wide range of magnetic fields from 10�4 to 10 T enables relaxation
mechanisms to be separated. A graph showing the relaxation rate or the
relaxivity as a function of Larmor frequency or magnetic field is commonly
called an NMRD profile. Due to the variation of the field over five orders of
magnitude, a logarithmic plot is normally shown (Figure 2.10). Nuclear spin
relaxation rates cannot be measured across a range that spans from near the
magnetic field of the Earth up to 10 or 20 T using a single instrument.
Therefore, magnetic fields are generally divided into three regions:

(i) Very low fields from the field of the Earth to about 1 T (or
nI¼B40 MHz).

(ii) Mid fields from 0.5 to 2 T (nI¼B20 to B80 MHz).
(iii) High fields above 3 T (nIZ130 MHz).

In the very low field region, which covers more than three orders of
magnitude of magnetic field, the general techniques to measure relaxation
rates as described in Section 2.2 cannot be used. This is primarily owing to
the low signal-to-noise ratio of NMR signals at those low fields. At low
magnetic fields, fast field cycling relaxometers are generally used. Fast field
cycling can be achieved either by shuttling a sample mechanically between
different magnetic fields46,47 or by changing the magnetic field rapidly.48–50

In both systems, signal detection is accomplished at the same, relatively
high magnetic field. This detection enables an automatic measurement of
relaxation over a wide range of magnetic fields without the need to retune
the probes. In general, in this this case, variations of the inversion-recovery
technique are used to measure longitudinal relaxation rates.50,51
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In the mid-field region, either instruments equipped with fixed-field
permanent magnets or with variable-field electromagnets can be used. Re-
laxation rates at different magnetic fields are acquired point-by-point gen-
erally using the standard inversion-recovery method (see Section 2.2.1).
Instruments for low- and mid-field relaxation measurements tend to be of
low resolution and do not distinguish between 1H spin resonances with
different chemical shifts. Because in an aqueous solution of GdIII complexes
the detected NMR signal is 499% owing to the water protons, the lack of
spectral resolution is not a problem, and the measured relaxation is that of
water protons.

At magnetic fields at or above 3 T, normal high-resolution NMR instru-
ments or MRI scanners equipped with cryomagnets need to be used.
For each magnetic field, a dedicated instrument must be used. Inversion-
recovery sequences are applied to measure 1/T1. High-resolution NMR
instruments enable measurement of the relaxation of water protons and, in
principle, of other signals present in the NMR spectrum. As mentioned in
Section 2.2, radiation damping can influence the results on high-field NMR
instruments and, therefore, should be avoided.

In all cases, sample temperature must be carefully controlled because it
influences dynamic processes related to relaxation. Relying only on the
temperature setting of the instrument can be unreliable; the actual sample
temperature should therefore be measured using an independent device.52

2.3.2 Theory and Interpretation of NMRD Profiles

The theoretical description of NMRD profiles of aqueous solutions of GdIII

complexes is generally based on SBM theory for inner-sphere contributions
and Freed–Ayant theory for outer-sphere contributions (see Section 2.1). As
mentioned above, the Freed–Ayant and especially the SBM theories are
based on stringent assumptions. NMRD profiles of solutions of small GdIII

complexes (for example, [Gd(DOTA)(H2O)]� or [Gd(DTPA)(H2O)]2�) can be
well-described by the SBM theory.53 Nonlinear, least-squares fitting of ex-
perimental data enables parameters to be obtained like rotational corre-
lation time tR, zero-field splitting parameters D2 and tv, and water-exchange
rate constants kex.

The SBM theory is not able to fit NMRD profiles measured on macro-
molecular compounds like dendrimers or protein-bound GdIII-based com-
plexes. For these systems, deviations between experimental and calculated
relaxivities appear, notably in the Larmor frequency range around 1 MHz.
Furthermore, for macromolecular complexes, fitted parameters and espe-
cially those related to electron spin relaxation are not reliable. Fitting full
NMRD profiles of macromolecular systems requires more elaborate theore-
tical models like those developed by the groups of Kowalewski10,12 and Fries
and Belorizki.24,54,55 However, these models do not result in analytical
equations, making the fitting of experimental data tedious.

Independently of the model used to fit the experimental NMRD profiles,
qualitative information can be obtained by visually inspecting relaxivity data.
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Figure 2.9 NMRD profiles as a function of electron spin relaxation [eqn (2.22) and
(2.23), tv¼ 10 ps, blue: D2¼ 0.5�1020 s�2, red: D2¼ 2.0�1020 s�2) and
rotational correlation time (A) tR¼ 1 ns (B) tR¼ 50 ps. The dotted lines
show outer-sphere relaxation rOS

1 .
Reprinted from Elsevier Books, S. Aime, M. Botta, E. Terreno, Advances in
Inorganic Chemistry, 173–237, Copyright 2005, with permission from
Elsevier.

Figure 2.10 NMRD profiles as a function of rotational motion: fast rotation, short
tR; slow rotation, long tR. The outer-sphere rOS

1 contribution is shown as
a dashed line.
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All NMRD profiles of GdIII complexes in aqueous solution show a relaxation
plateau at Larmor frequencies below 0.1 MHz (see Figure 2.9). The relaxivity
values measured in this range depend on the electron spin relaxation of GdIII

and on the rotational correlation time. In that region, faster electron spin
relaxation and faster molecular rotation lead to lower r1 values.

In the frequency range between 0.2 and 6 MHz, r1 decreases with
increasing n. This decrease originates from the dispersion around oS,
tc2=ð1þ o2

St
2
c2Þ [eqn (2.11)]. The correlation time tc2 is dominated either

by fast rotation (small tR) or fast electron-spin relaxation (small T2e)
[eqn (2.19)]. Residence times, tm, are normally too long to influence tc2. For
slowly rotating compounds, tRcT2e, and in that case, r1 is governed by
transverse electron spin relaxation. At low magnetic fields, the SBM theory is
mostly prone to errors especially in the part describing electron spin relax-
ation. This source of error is the main reason for the failure of the theory to
describe NMRD profiles correctly at frequencies below several MHz.

At frequencies above 6 to 8 MHz, r1 is dominated by the dispersion around
oI, tc1=ð1þ o2

1t
2
c1Þ [eqn (2.11)]. In this region, except for fast-rotating small

complexes, a maximum of relaxivity is observed (Figure 2.10). The increase of
r1 at frequencies below nmax is due to the decrease with frequency of the
longitudinal electron spin relaxation 1/T1e [eqn (2.19) and (2.22)]. At higher
frequencies, the frequency-independent rotational correlation time tR starts
to govern tc1. This dominance of tR leads to the decrease of r1 at frequencies
nc1/(2ptc1). Therefore, slowly rotating complexes generally show lower
relaxivities at high magnetic fields (n4300 MHz, Figure 2.10) than faster
rotating compounds.

At frequencies above 8 to 10 MHz, relaxivities depend mainly on longi-
tudinal electron spin relaxation and rotational motion (Figure 2.9).13

At these magnetic fields, the Bloembergen–Morgan equation for 1/T1e

[eqn (2.22)] describes its field dependence more or less correctly.56,57 The
SBM theory can therefore be used to fit the high-frequency part of NMRD
profiles and to obtain information on the rotational motion of com-
plexes.6,58 Depending on the molecular structure of the complexes, internal
motion, anisotropic motion, or both need to be considered.59–61
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2.4 Measuring Water Coordination Numbers (q)

JANET R. MORROW* AND CHRISTOPHER J. BOND

2.4.1 Hydration: Inner- Versus Outer-Sphere Water Ligands

The protons of water molecules directly coordinated to a GdIII ion relax more
effectively than those of water molecules that are not coordinated (see
Section 2.1). Thus, the identification of inner-sphere water molecules in GdIII

complexes is important in the design of T1-shortening contrast agents for
MRI. This sub-chapter describes methods to determine the number of
bound water molecules in GdIII and related LnIII complexes. A related dis-
cussion in Chapter 3.3 describes analogous methods for chemical exchange
saturation transfer agents. As these techniques are discussed, it is important
to keep in mind that aqueous chemistry of metal ion complexes can be
complicated. The interpretation of the number of bound waters, q, can be
affected by the presence of ligand conformers and hydration isomers.
Second-sphere interactions with metal cations are not well-defined and can
influence, sometimes significantly, these measurements. Many of the tech-
niques discussed below involve replacing the GdIII ion by another lanth-
anide, such as DyIII, EuIII, or TbIII. Most of the time, swapping lanthanide
ions is synthetically facile; analogues of different lanthanide ions can pro-
vide information regarding the GdIII complex of interest. However, it should
be noted that in some cases, the number of inner-sphere water molecules, q,
can change across the lanthanide series due to the lanthanide contraction.
If possible, experiments to determine the number of inner-sphere water
molecules should be supplemented by additional methods to identify
speciation and structural complications.

2.4.2 Oxygen-17 NMR Spectroscopy

For GdIII complexes, q can be obtained from variable-temperature 17O-NMR
studies as described in Section 2.6.1. These studies enable determination
of both q and the rate constant for the exchange of bound and bulk
water, kex.62–65 The best practice is to combine the values of q obtained from
variable-temperature 17O-NMR experiments with data from fitting of NMRD
profiles to generate q for GdIII complexes (Section 2.3.2).

Alternatively, LnIII ions that are not strong relaxation agents can be used in
lieu of GdIII. Because of the similarity of the coordination chemistry of
the trivalent lanthanide ions, in most cases, one can readily replace one
lanthanide ion by another with minimal changes to the structure of
the lanthanide complex. It should be noted, however, that in some cases, the
lanthanide contraction can cause a decrease in the value of q across the
lanthanide series.

17O-NMR studies in 17O-enriched water, and in particular, the 17O chem-
ical shift of water in the presence of a paramagnetic complex, is one of
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the most widely used methods to estimate the number of bound molecules
of water in paramagnetic LnIII complexes other than GdIII.66–68 The para-
magnetic metal ion modulates the chemical shift and also the linewidth of
the 17O resonance of inner-sphere water.62–64 For most LnIII complexes,
water exchange is sufficiently rapid on the NMR timescale to produce a
single 17O resonance, although complexes often need to be heated to tem-
peratures as high as 80 1C to ensure that exchange is rapid. In the case of fast
water exchange, the 17O resonance appears at a frequency that is a weighted
average of bound and bulk water.

For 17O NMR shift experiments, typically the DyIII ion is used as a surro-
gate for GdIII.66–68 DyIII, which has the largest Bleaney coefficient (CJ¼�100,
Table 3.4) gives large paramagnetically shifted 17O resonances without pro-
ducing unduly large line widths, two substantial advantages for the accurate
determination of chemical shift. It should be noted that because GdIII has a
Bleaney coefficient of 0 (Table 3.4), it broadens but does not shift reso-
nances. Hence, lanthanide-induced shifts cannot be used to determine the q
of GdIII complexes. An advantage of monitoring 17O-NMR spectra rather than
1H-NMR spectra is that the 17O resonances of outer-sphere water do not
appreciably experience a paramagnetic shift. Studies have shown that the
17O chemical shift correlates to the number of inner-sphere waters bound to
DyIII, although a good correlation is limited to certain types of complexes,
mostly polyaminocarboxylate-based. As shown in Figure 2.11, when the
dysprosium-induced shift (DIS) is plotted as a function of the concentration
of complex, the slope of the line is proportional to the number of bound
molecules of water, q, multiplied by the 17O shift for each bound water
[eqn (2.34)].66,69 Typically, this type of determination is calibrated using a

Figure 2.11 Plot of the dysprosium-induced shift (DIS) of the 17O-signal of H2O (in
ppm) versus DyCG2 in the absence (red) and presence (blue) of one
equivalent of CuI. Spectra were acquired at room temperature in a
buffered solution (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
20 mM, pH 7) at an 17O-Lamor frequency of 67.8 MHz.69

Adapted with permission from E. L. Que, E. Gianolio, S. L. Baker,
A. P. Wong, S. Aime and C. J. Chang, J. Am. Chem. Soc., 2009, 131, 8527.
Copyright (2009) American Chemical Society.
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DyIII standard such as the aquo ion, [Dy(H2O)9]31, for which q¼ 9 or
[Dy(DTPA)]2� for which q¼ 1. An example of data obtained for a q-based
responsive GdIII contrast agent for copper is shown in Figure 2.11.

DIS¼
qD½DyðagentÞnðH2OÞq�

½H2O� (2:34)

The contributions to the observed 17O chemical shift (dobs) are given
by eqn (2.35).67 The bulk magnetic susceptibility term (dg) does not require
a chemical interaction; in spherical compartments, this contribution is
nil. The term dM is the shift of the bound water due to the paramagnetic
or hyperfine contribution. Pm is the molar ratio (LnIII/H2O), a term
that accounts for averaging of the 17O resonance of bulk water with
that from bound water, and q is the number of inner-sphere water
molecules.

dobs¼ dgþ q(PmdM) (2.35)

D¼ dobs � dg
Pm

¼ qddia þ qdc þ qdpc (2:36)

As shown in eqn (2.36), the lanthanide-induced shift of a coordinated
water (D) arises from three types of contributions, which include: (1) the
diamagnetic contribution (ddia), (2) the through-space or pseudocontact
shift (dpc), and (3) the through-bond or contact shift (dc).70 The diamagnetic
term, which arises from binding of the metal ion, can be approximated by
use of a diamagnetic lanthanide ion, such as LaIII, LuIII, or YIII. This term is
typically small in magnitude in comparison to paramagnetic contributions
and can generally be neglected. The pseudocontact shift arises from a
through-space interaction of the magnetic moments of the unpaired elec-
trons and the 17O-nucleus. This contribution depends on the distance
separating the 17O nucleus of water from the lanthanide ion and the
relative orientation of the nucleus with respect to the principal magnetic
susceptibility tensor. The contact shift arises from delocalization of un-
paired electron spin density on the 17O nucleus of water from bonding
interactions.71–73

The breakdown of D into different paramagnetic contributions raises
questions. What is the relative importance of the contact and pseudo-contact
contributions to the 17O NMR chemical shift? Does each contribution vary
according to the type of coordination site of bound water? These factors can
complicate the correlation of a shift difference with q. For many DyIII com-
plexes, however, the 17O contact contributions to the paramagnetic shift are
dominant (485%), given that the oxygen of water is directly bound to DyIII.
The predominance of contact contributions to the 17O-paramagnetic shift
appears to hold as long as q is two or greater. Notably, most contrast agents
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have values of q in the range of 1 to 2. In addition, if water is bound along the
principal axis of magnetic susceptibility, the pseudo-contact shift contri-
bution to the 17O-resonance can be substantial. In this case, q might not
match that determined by other methods, such as luminescence, thus lim-
iting the accuracy of the technique. In the best case, q can be determined
with an error of �0.2 waters.67 However, not all DyIII complexes give such
good agreement between 17O-NMR and luminescence methods.66

2.4.2.1 Practical Concerns

The determination of the number of inner-sphere water molecules by DyIII-
induced 17O-NMR shifts requires relatively high concentrations of complex
(5–100 mM) and is thus more appropriate for complexes that are highly
soluble. However, experiments can be run in a 50 mL capillary tube to
minimize sample volume. In some cases, it is necessary to heat solutions to
70–80 1C to ensure rapid water exchange. Notably, some LnIII complexes
exchange water so slowly that distinct 17O-NMR resonances for bound and
bulk water are observed. Such slow water exchange, on the order of 103 s�1,
is atypical for a good GdIII-based contrast agent, but useful for a chemical
exchange saturation transfer agent. This topic is covered further in
Chapter 3.3.

2.4.3 Luminescence Spectroscopy

Studies involving lanthanide luminescence are some of the most powerful
for characterization of the solution chemistry of lanthanide-containing
complexes. Insight can be gained into the number of bound molecules of
water, symmetry of the complex, number of isomeric forms in solution,
ligand ionization, and extent of dimerization.74–78 This topic has been re-
viewed,79–82 and only a brief introduction will be given to cover methods
pertinent to measurement of q and characterization of solution chemistry.

Of the members of the lanthanide series, TbIII and EuIII ions are the most
highly luminescent. These two lanthanide ions emit in the visible region and
have long luminescence lifetimes that range from microseconds to milli-
seconds, depending on the coordination sphere. The long lifetimes and
emission in the visible region of the spectrum make it feasible to monitor
steady-state and time-resolved luminescence on moderately priced fluoro-
spectrometers. As described below, time-resolved studies are useful for
measurement of q. Unfortunately, GdIII does not share the favorable lumi-
nescence properties of EuIII and TbIII. GdIII luminesces in the UV region with
luminescence lifetimes that are not sufficiently affected by bound water to
enable determination of values of q.83 However, the similarity of the co-
ordination chemistry of the trivalent lanthanide ions and the close proximity
of Gd to Tb and Eu in the periodic table suggest that EuIII or TbIII complexes
are reasonable surrogates for GdIII-containing complexes. It should be
noted, however, that due to the lanthanide contractions, there could be
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some discrepancies in the number of inner-sphere water molecules deter-
mined by luminescence lifetime for a EuIII or TbIII complex and the number
determined by NMR spectroscopy for the analogous GdIII or DyIII complex.

A brief background in the photophysics of LnIII ions is given here. The 4f
valence orbitals of LnIII ions are shielded from the environment and their
energies are not substantially affected by ligand fields.81 Because there is
little covalency in bonding to ligands, bonds between the lanthanide ion and
its ligands are considered to be primarily electrostatic in character. Thus,
even upon complexation with ligands, the atomic properties of the lantha-
nide are retained. The isolation of the f-orbitals results in nearly line-like
absorption and emission spectral peaks that are attributed to f–f transitions.
Magnetic dipole f–f transitions are Laporte (parity) allowed but spin for-
bidden; electric dipole f–f transitions are Laporte and spin forbidden.84,85

Furthermore, electric dipole transitions are much weaker in lanthanides
(eE0.1 M�1 cm�1) than in transition metals, meaning magnetic dipole
transitions can often be observed.86,87 The resulting low molar absorptivity
(eo1 M�1 cm�1) and low photoluminescence quantum yields (YE1.9�10�2)
are typical in experiments that use direct excitation of LnIII ions.

The energy levels of EuIII are shown in Figure 2.12.76,80,83 In EuIII, the six f
electrons give rise to a 7F0 ground state. The other levels in the ground state
manifold are aligned according to increasing values for the J number from
7F0 at lowest energy to 7F6 at the highest energy. The lowest-energy emissive

Figure 2.12 Energy level diagram for EuIII (left) showing how OH oscillators lead to
radiationless decay of luminescence.
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state is 5D0, from which most luminescence is observed. Emission from this
state to the different levels of the 7F manifold produces multiple emission
bands, most notably 5D0-

7F1, 5D0-
7F2, 5D0-

7F3, and 5D0-
7F4, as shown

in Figures 2.12 and 2.13.88 For the majority of EuIII complexes, the 5D0-
7F2

emission band is the most intense and is thus most easily monitored. Each
of these bands can be split by crystal-field interactions to produce the
observed fine structure as shown in Figure 2.13. Notably, the 5D0-

7F0

transition is between two energy levels that are not degenerate and thus
not split by crystal fields. This means that each distinct EuIII species in
solution should give rise to a distinct emission (or excitation) peak.76,89–91

These transitions are useful for studying solution-phase chemistry, as
described below.

Lanthanide luminescence is partially quenched by vibronic coupling to
OH and NH oscillators, as shown in Figure 2.12. Both the number of oscil-
lators close to the first coordination sphere and the R parameter influence
this vibronic quenching. The number of vibrational quanta between DE is
represented by the R parameter. When the value of R is higher, the rate of
vibronic coupling will be lower and the emission quenching will be less
accentuated.

R¼ DE
�ho
¼ DE

�ho

ffiffiffi
m
k

r
(2:37)

In eqn (2.37), DE is the energy gap between the emitting state and the
higher energy J state of the ground multiplet (EuIII: 5D0-

7F6¼ 12000 cm�1

Figure 2.13 Emission spectra of Eu(L1) in methanol with excitation at 290 nm.
Arrows show an increase in intensity upon addition of KCl.88

Adapted with permission from A. K. R. Junker, M. Tropiano, S. Faulkner
and T. J. Sørensen, Inorg. Chem., 2016, 55, 12299. Copyright (2016)
American Chemical Society.
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and TbIII: 5D4-
7F0¼ 15 000 cm�1), h�o is the oscillator vibrational quantum,

the oscillator m is the reduced mass, and k is the oscillator force constant.83,92

A general rule is that quenching is most efficient for lanthanide ions with
an energy gap that is a low integral value of the vibronic energy of the OH
oscillators.83 EuIII and TbIII have relatively large energy gaps and are mod-
erately quenched by bound water, whereas the near-IR-emitting LnIII ions
that have lower energy gaps are more effectively quenched by water and are
thus less luminescent. This quenching by OH oscillators can be turned into a
useful method to estimate the number of bound water molecules, q. Early
work by Horrocks and co-workers showed that the luminescence lifetime of
EuIII could be correlated to the number of bound waters in the solid-state
structures of the complexes.93–95

In eqn (2.38), qM is related to the difference in the luminescence lifetime
in H2O compared to D2O. In this case, the D2O measurements are made to
estimate the effect of the OH quenching. The OD oscillator energy is much
larger and does not couple as readily to the luminescence emission, giving
an estimate of the natural lifetime of the particular EuIII-containing com-
plex. The excited-state life time in water and heavy water are represented by
tH2O and tD2O. Parker revised these equations to include exchangeable NH
oscillators of amides in the term kXH, which represents the rate constant for
the depopulated lanthanide excited state in water.77,96 The effect of add-
itional oscillators—including XH from amines (gnNH) or alcohols (bnOH)
and NH from the number of amide oscillators in which the amide carb-
oxylic oxygen (nO¼CNH) is in the first coordination sphere of lanthanides,
and the contributions from outer-sphere water molecules (a)—is depicted
by eqn (2.39).77

qM¼ A½ð1=tH2O � 1=tD2OÞ � kXH� (2:38)

kXH¼ aþ bnOHþ gnNHþ dnO¼CNH (2.39)

In eqn (2.38), A represents the sensitivity of the lanthanide to the vi-
bronic quenching, which varies from one metal to another. For EuIII, the
original value of A of 1.05 water molecules �ms was re-evaluated to 1.2 water
molecules �ms with a¼ 0.25 ms�1 by Beeby.77 The contribution to the de-
activation of the 5D0 excited state by each oscillator gives b¼ 0.44 ms�1 and
g¼ 0.99 ms�1. The accepted equation for the determination of q from the
luminescence lifetimes of EuIII complexes is as follows:

qEu¼ 1:2½ð1=tH2O � 1=tD2OÞ � 0:25� 0:075x� (2:40)

For TbIII complexes, A is 5 water molecules �ms and a¼ 0.06 ms�1, leading
to eqn (2.41) for the determination of q from the luminescence lifetimes of
TbIII complexes.

qTb¼ [(1/tH2O� 1/tD2O)� 0.06] (2.41)

Uncertainties in these measurements derive from the ill-defined second-
sphere contribution, which is generally established from EuIII-containing
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Figure 2.14 Time-resolved intensity decays at 579.22 nm for 1.0 mM Eu(CF3SO3)3 in
the presence of 0, 1.0, and 2.0 mM (CH4)4NOH in 80% dimethysulf-
oxide. Red lines show fitting to a single-exponent curve for decay
in the absence of added base and to a two-exponent curve for decays
in the presence of added base. A¼ linear scale, B¼ semilogarithmic
scale.
Adapted from ref. 101 with permission from The Royal Society of
Chemistry.
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complexes with q¼ 0. Second-sphere contributions should be considered
only if H/D exchange occurs within the experimental time scale. The con-
tribution for TbIII, 0.09 ms�1, is less than that for EuIII, 1.2 ms�1. In each
case, all oscillators are considered to be at the same distance from the
metal ion.

Importantly, any process that gives rise to quenching of the excited state,
whether it be OH oscillators or not, will affect the luminescence lifetime and
the calculation of q. These processes include back-energy or electron-transfer
processes. The distance between luminescence-quenching OH oscillators
and LnIII ions also affects the efficiency of quenching, but there is no es-
tablished correction for different geometries or coordination numbers.
Nonintegral values of q arise from these variations and also from the pres-
ence of isomers that have different numbers of bound waters.

The presence of multiple isomers from different hydration states or
bound-water environments is a complicating feature in LnIII solution
chemistry that can be investigated using luminescence methods.97–99 The-
oretically, each luminescent LnIII complex gives rise to a distinct lifetime as
long as the species are not interconverting rapidly on the luminescence
timescale.100 However, unless the lifetimes are different and each species is
present in comparable amounts, it is difficult to resolve the luminescence-
decay of each species by fitting to multi-exponential decays.98 An example of
the lifetime data for two different EuIII complexes fit to a bi-exponential
function is shown in Figure 2.14.101 Similar luminescence lifetimes, how-
ever, might result in an average lifetime value. This problem can be ad-
dressed in part by identification of multiple EuIII species by monitoring the
7F0-

5D0 transition using visible-absorbance or excitation spectroscopy.
These experiments are described below.

Lanthanide luminescence can be produced by direct excitation of lan-
thanide f–f transitions or by using an antenna to sensitize luminescence via
an organic chromophore.81,91 Ligand-sensitized luminescence of LnIII ions is
common; however, given that contrast agents do not typically contain or-
ganic dyes attached as antennae, ligand sensitization is generally not an
option. Direct excitation of LnIII ions has the advantage of being amenable to
any LnIII complex, regardless of whether or not there is an organic dye.
However, owing to the low absorptivity and quantum yields of LnIII-ion-
based luminescence, direct excitation of f–f transitions is often carried out
with a tunable laser.98 This is especially true for low-intensity excitation
bands such as the 7F0-

5D0 transitions described below. An alternative to
using a laser is excitation of the more intense EuIII-based transitions in the
UV region at 394 or 250 nm, excitations that are feasible on some
fluorometers.88,102,103

Direct excitation spectroscopy of EuIII complexes is useful for determining
speciation, pH-induced changes, and dimerization. When used in combin-
ation with lifetime data, direct excitation can be used for distinguishing
between inner-sphere and outer-sphere ligands. In particular, the 7F0-

5D0

excitation band of EuIII features a transition between two levels that are both
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nondegenerate and, thus, not split by ligand fields. Each species in solution
can thus be anticipated to produce a distinct excitation peak. For example,
the excitation spectrum of [Eu(EDTA)]� is shown in Figure 2.15.98 The two
distinct peaks in this spectrum most likely correspond to two different iso-
mers that differ by hydration number. Excitation of either peak, however,
gives rise to the same luminescence lifetime as expected if the conversion
between the two isomers was rapid on the luminescence timescale. Other
examples of the usefulness of excitation spectroscopy include monitoring
changes in the coordination sphere upon binding of small anionic ligands
such as carbonate, phosphate, alkoxides, or hydroxide to explain their effect
on a contrast agent. For example, the value of q decreases from 1.2 to 0.1 for
an EuIII complex that binds to citrate, consistent with replacement of the
bound water.104,105

Instead of using a tunable laser system, the 7F0-
5D0 transition can be

monitored using UV–visible spectroscopy. For example, the absorbance due
to the 7F0-

5D0 transition has been used to monitor hydration states of EuIII

complexes as a function of temperature or pressure.65,106,107 Notably, the
wavelengths of these absorbance peaks are close (o0.5 nm difference), so
that most UV–visible spectrometers do not have adequately fine resolution
for these experiments. An alternative method, if the EuIII complex has a

Figure 2.15 The 7F0-
5D0 excitation spectrum of Eu(EDTA) at different concen-

trations showing two different excitation peaks attributed to hydration
isomers.98

Adapted with permission from C. M. Andolina, W. G. Holthoff,
P. M. Page, R. A. Mathews, J. R. Morrow and F. V. Bright, Appl. Spectrosc.,
2009, 63, 483. Copyright r 2009 Society for Applied Spectroscopy.
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sensitizing ligand, is to monitor the 5D0-
7F0 emission peak.84,88 For this

method, a high-resolution monochromator must be used to resolve closely
spaced emission peaks.

2.4.3.1 Practical Concerns

Relatively inexpensive fluorimeters can be used to study emission spectra of
either EuIII or TbIII by excitation into one of the transitions in the UV, which
have relatively large extinction coefficients.88 Time-resolved data can also be
collected on these instruments.102,103 Direct excitation spectroscopy requires
a laser system that either has a dye or a master oscillator power oscillator
for tuning the wavelength with high (40.2 cm�1) resolution.98 UV–visible
spectrometers also require better than average resolution for monitoring
sharp f–f transitions.65,107 A long path length cuvette (5–10 cm) is also useful
for monitoring low-intensity absorbance bands of LnIII complexes.

2.4.4 Electron Nuclear Double Resonance

Electron nuclear double resonance (ENDOR) spectroscopy is one of the few
techniques that can be used to measure q directly on a GdIII complex. The
advantage is thus that other LnIII analogs need not be prepared and studied
as surrogates for the GdIII complex of interest. Further advantages of ENDOR
spectroscopy include the small sample size (mL) and the ability to examine
the effect of proteins on q. In certain cases, estimates of the distance be-
tween GdIII and the proton or oxygen of water can also be obtained.108

ENDOR spectroscopy uses pulsed electron paramagnetic resonance (EPR)
spectroscopy methods to monitor the electronic spin transitions of GdIII

while the radiofrequency pulse is swept through the nuclear spin transition
frequencies (Figure 2.16, left panel).108,109,111,112 Different types of pulsed
EPR experiments can be used, but Mims, which uses an electron spin echo
pulse sequence, is the most common. Experiments are carried out at 7–9 K, a
low temperature that can affect q, and typically in methanol–water mixtures
that form a glass. This medium is potentially a concern because the inter-
actions between methanol and the GdIII ion can also affect q. Studies have
shown, however, that water interacts more strongly with GdIII than metha-
nol: the likelihood of water coordination in aqueous solutions containing up
to 30% molar concentration of methanol is 85–90%.110

Generally, ENDOR experiments are carried out at field strengths from 30
to 95 GHz. Because GdIII has seven unpaired electrons, seven transitions for
the ground state can be observed. Of these, the þ1/2 to �1/2 is the most
commonly monitored one given that this transition is generally the most
intense and gives the narrowest linewidth. Other transitions (�3/2 to 1/2; 5/2
to 3/2; and 7/2 to 5/2) are split and broadened by ligand-field interactions;
they give broad featureless lines that can be subtracted with background.111

A three-pulse ESE field-sweep spectrum of a GdIII complex is shown in
Figure 2.16 with the central peak arising from the þ1/2 to �1/2 electron spin
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transition. ENDOR spectra are typically taken at two field strengths; that of
the 1/2 to �1/2 transition and one just removed from the transition.

Proton ENDOR has been reported as a method to determine q of GdIII-
based contrast agents.108,109,112 The proton ENDOR spectrum shows the
hyperfine coupling tensor appearing as A(parallel) and A(perpendicular)
values in the spectrum. This is shown for Gd(H2O)9 in Figure 2.16 (right)
along with two other contrast agents containing a single inner-sphere water
molecule.111 Importantly, this signal intensity is proportional to the number
of protons with identical proton–metal distances.112 The near linear rela-
tionship between numbers of equivalent protons and hyperfine signal in-
tensity is a strength of the pulsed Mims-ENDOR experiment. If the shapes of
the hyperfine tensors change, the spectra can be integrated for accurate
measurements and the spectra can be simulated. A complicating feature,
however, is that ligand protons other than water also show coupling.
A common method to account for coupling is to run ENDOR experiments
both in H2O/methanol and in D2O/methanol. Experiments in D2O remove
couplings from exchangeable protons, enabling the identification of water
protons. Notably, the components of the hyperfine tensor can be used to
obtain information about the distance of the water protons from the GdIII

ion.112

The hyperfine coupling observed in an ENDOR experiment is a powerful
tool to determine whether a contrast agent loses its inner-sphere water
molecules upon interaction with protein.109 Loss of hyperfine coupling
signals a loss of inner-sphere water molecules upon protein binding.

Figure 2.16 Left: Electron spin echo (ESE) field-sweep spectrum of a 1 mM solution
of a GdIII complex. Middle: Traces 1 and 2 are, respectively, the 17O
Mims ENDOR spectra of MS-325 and Gd aquo complex recorded at
Bo¼ 3.3966 T. Right: Mims ENDOR spectrum of [Gd(H2O)8]31 (top), MS-
325 (middle), and Gd(HP-DO3A) (bottom).111,112

Adapted with permission from A. M. Raitsimring, A. V. Astashkin,
D. Baute, D. Goldfarb and P. Carvan, J. Phys. Chem. A, 2004, 108,
7318. Copyright (2004) American Chemical Society and with permission
from P. Caravan, A. V. Astashkin and A. M. Raitsimring, Inorg. Chem.,
2003, 42, 3972. Copyright (2003) American Chemical Society.
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This technique has been used to study the basis for changes in relaxivity of a
series of GdIII-based contrast agents in the presence and absence of human
serum albumin.109

17O-ENDOR spectroscopy of GdIII complexes has the advantage of
eliminating the uncertainly associated with non-water protons. 17O-ENDOR
experiments are reported at high field strength, typically 93 and
130 GHz.110,111 Experiments are carried out in frozen solutions with iso-
topically enriched 17O-labeled water and methanol/water ratios of 1 : 1. The
number of coordinated water molecules is determined from the amplitude
of the 17O-ENDOR lines as shown for the GdIII aquo complex and for the
contrast agent MS-325 in Figure 2.16.

2.4.4.1 Practical Concerns

Because the instruments needed for this technique are relatively un-
common, collaborations are usually necessary to perform experiments at
multiple field strengths. Furthermore, experiments are conducted in frozen
solutions that are usually a mixture of water and methanol. Nonetheless,
these measurements yield accurate data about q as well as water oxygen
and proton distances from GdIII, another parameter that affects relaxivity
(Section 2.1.2).

2.4.5 Single Crystal X-ray Diffraction

Single crystal structures are the gold standard for identifying coordinated
water molecules in the solid state.113 The solution methods described above
are usually referenced with respect to crystallographic data.114 For analysis
by this method, crystals of the complex must be grown, and for certain types
of complexes this is difficult (Section 1.2). However, modern diffractometers
enable data to be collected on relatively small crystals of size (r1 mm3).
Metal–oxygen bond lengths of inner-sphere water are readily determined
from X-ray diffraction data on single crystals of small molecules.

One must always keep in mind the caveat that the ligand coordination
sphere observed in solid-state structures can be different from that in so-
lution. A compound that crystallizes is generally poorly soluble and might
not represent all species in solution. In particular, under conditions that
mimic those in blood, metal complexes can ionize to give hydroxide or
change the protonation state of the complex. Alternatively, metal complexes
might exchange inner-sphere water for anions such as carbonate or
phosphate.

2.4.6 Extended X-ray Absorbance Fine Structure Spectroscopy

Extended X-ray absorbance fine structure (EXAFS) spectroscopy is another
method for determining the structure of compounds. One of the advantages
of the EXAFS method is that compounds need not be in a single crystalline
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form. EXAFS experiments are useful for metalloproteins or for extended
solids that do not readily crystallize.115 For small molecular contrast agents,
the structure is typically determined by crystallography, not by EXAFS
spectroscopy. One should keep in mind that the accuracy of the EXAFS
technique is substantially lower for lanthanide ions than for transition metal
ions. As such, this technique has an inherent incertitude in the value of q it
is used to determine. Nonetheless, EXAFS is a useful tool for the study of
GdIII-based contrast agents that are not simple coordination complexes,
such as those that are incorporated into nanotubes.116
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2.5 Measuring Rotational Correlation Times (sR)

FABIO CARNIATO AND MAURO BOTTA*

Clinically approved Gd-based contrast agents and a number of
functionalized derivatives of these agents based on the diethylene-
triaminepentaacetic acid (DTPA) and 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid (DOTA) ligands exist as monohydrated (q¼ 1)
complexes with molecular weights of B550–900 Da, corresponding to ro-
tational correlation times, tR, of about 60–120 ps at room temperature.117,118

The typical residence time, tM, of the coordinated water molecule in this
class of polyaminopolycarboxylate complexes falls in the range 50–600 ns,
whereas the longitudinal electronic relaxation time, T1e, is of the order of
B1 ns at 0.5 T.117–119 Thus, it is clear from eqn (2.17) (Section 2.1.2) that, for
magnetic fields above 0.5 T (nZ20 MHz), the overall correlation time tci is
largely dominated by the rotational correlation time, whereas both the water-
exchange process and electronic relaxation play minor or negligible roles.
These relationships have long been known, as well as the concept that the
relaxivity of low-molecular-weight GdIII chelates is determined primarily by
rotational dynamics (tR), particularly in the high field region.61 This domi-
nance of rotational dynamics is illustrated by the well-known linear de-
pendence of r1 on the molecular mass of GdIII complexes endowed with the
same hydration number q.118 Similarly, the value of tR presents a linear
correlation with molecular mass for small GdIII complexes (Figures 2.17 and
2.18). Therefore, a rough estimate of tR can be obtained based on the mo-
lecular mass of a complex and on preliminary knowledge (or an estimate
from the r1 value) of the state of hydration of the complex. This information
might be of use in determining initial estimates of the properties of a

Figure 2.17 Left: Plot of r1 (0.5 T and 25 1C) for monoaqua polyaminocarboxylate
GdIII complexes (Figure 2.18) versus molecular weight. The correlation
coefficient R of the best fit line is 0.984. Right: Plot of the corresponding
rotational correlation times, evaluated from the NMRD profiles, as a
function of molecular weight. The correlation coefficient R of the best
fit line is 0.991.
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complex, assuming control exists in preventing aggregation or the occur-
rence of anisotropic molecular tumbling.5

However, as previously pointed out, it is not easy to obtain a precise and
independent assessment of the value of tR with the aim of facilitating the
analysis of NMRD profiles.5 Instead, most of the reported tR values were ob-
tained through the analysis of 1H-NMRD profiles. Possible experimental ap-
proaches for the determination of tR are briefly described below, with reference
to reported model cases or to measurements made in our laboratory.

2.5.1 Fit of NMRD Profiles

The most convenient and accurate procedure for obtaining values of tR is by
fitting experimental NMRD profiles. This method is particularly useful in the
case of small GdIII complexes where contributions to inner-sphere relaxivity
are dominated (or strongly influenced) by tR. As described in Sections 2.1
and 2.3, r1 is dependent on a large number of molecular parameters (in
addition to the applied magnetic field), making accurate assessment of any
one parameter impossible from a dispersion profile that is as featureless as
those that characterize rapidly tumbling GdIII chelates. Therefore, it is
standard practice to reduce the number of adjustable parameters by fixing as
many parameters as possible to values that are typical, physically reasonable,
or independently obtained with other experimental techniques. For ex-
ample, with regards to the outer-sphere contribution, the diffusion co-
efficient D is often assumed to be 2.24�10�5 cm2 s�1 at 25 1C, and the
maximum approach distance d is often taken to be equal to the molecular
radius, i.e. about 3.7–4.0 Å. Similarly, the hydration number q is usually
known, can be measured experimentally (see Chapter 2.4), or can be

Figure 2.18 Chemical structure of the ligands in Figure 2.17.
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estimated on the basis of chemical considerations and of the relaxivity. The
metal-ion–water-proton distance, rGdH, appears to be independent of the
chemical nature of the chelate and is typically set in the range 3.0–3.1 Å.117

In general, the parameter tM does not influence NMRD profiles, except in
special cases (slow exchange conditions: tMZT1M).120 For most of GdIII

complexes with ligands that are derivatives of DOTA and DTPA, the tM

value falls in the range 1–350 ns, and therefore, it is longer than tR and Tie

[eqn (2.17) in Section 2.1.2]. Under such conditions, the fit of an NMRD
profile can be carried out using the parameters D2, tV, and tR taken to be
adjustable. The data in Figure 2.17 were obtained using this procedure. One
must be aware that calculated values of tR appreciably depend on the choice
of the rGdH value (as well as that of d) because the inner-sphere relaxation
rate depends roughly on the ratio tR/rGdH

6. Table 2.1 reports the values of the
best-fit parameters obtained from the analysis of the NMRD profile of
[Gd(BOPTA)(H2O)]� using different values of the parameters rGdH and d.

A more accurate and reliable procedure consists of the measurement of
1H-NMRD profiles at different temperatures (in the range of B5–39 1C) and
17O-NMR R2 and shift (Do) data as a function of temperature, followed by a
simultaneous fitting procedure.63 More specifically, the simultaneous fitting
of data from multiple techniques enables obtaining a more accurate
estimate of the electronic relaxation parameters together with a detailed
assessment of the exchange process of the coordinated water (17O R2) and of
the hydration state of the Gd complex (17O Do). Recently, the advantages
associated with the simultaneous fitting have been discussed in detail, and it
was demonstrated that the calculated parameters are more reliable and
accurate with simultaneous fitting of data from multiple techniques.121

As discussed in Section 2.3.2, caution is required when assessing tR for
slowly tumbling systems because of the inadequacy of Solomon–
Bloembergen–Morgan theory, particularly at low magnetic fields (Section
2.3.2). In these cases, there is a need to obtain r1 data at high frequencies,
where tR plays a dominant role in tci. However, reliable values are extracted
only for tR valueso10 ns, otherwise r1 becomes insensitive to this parameter.
Finally, in the case of GdIII complexes conjugated through flexible linking
groups to macromolecular substrates or nanosystems, incorporated
into micelles or liposomes, or contained in inclusion compounds with
polycyclodextrins, local rotational motion is superimposed on the overall
rotation of the macromolecular system. In these cases motion, it is necessary

Table 2.1 Best-fit parameters of the NMRD profile of [Gd(BOPTA)(H2O)]� (298 K)
obtained fixing the parameters rGdH and d to different values. Other
parameters were set as follows: q¼ 1; tM¼ 250 ns; D¼ 2.24�10�5 cm2 s�1.

rGdH¼ 3.0 Å rGdH¼ 3.1 Å
Parameters d¼ 3.7 Å d¼ 4.0 Å d¼ 3.7 Å d¼ 4.0 Å

D2 (1019 s�2) 4.0� 0.1 3.7� 0.1 3.3� 0.1 3.2� 0.2
298tV (ps) 28� 0.2 27� 0.3 32� 0.4 27� 0.6
298tR (ps) 70� 0.3 88� 0.2 77� 0.8 92� 0.9
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to consider the presence of two rotational correlation times: local (tRL) and
global (tRG).122

2.5.2 Debye–Stokes Equation

Using Debye–Stokes theory, it is possible to obtain an estimated value of tR

for spherical complexes, provided that the microviscosity (Z) and the
molecular radius (reff) are known. If it assumed the molecule is a sphere of
radius reff in a continuous medium of viscosity Z, the following equation
provides tR:

tR¼ 4pZreff
3/3kBT (2.42)

Such a model correctly describes the experimental observations that the
correlation time increases for larger molecules, for increased viscosities, or with
decreasing temperature.123 However, microviscosity can differ greatly from the
experimentally accessible macroscopic viscosity, and the radius is often difficult
to estimate. Although this equation appears attractive for its relative simplicity,
the results are not accurate for small molecules, for which the calculated values
of tR are too large and represent only an estimation of an upper limit. One
reason for this equation leading to only rough estimates is that the parameter Z,
which refers to the rotational microviscosity, can differ substantially from the
experimental data of the macroscopic viscosity of the solution. It has been
proposed to modify the equation with the expression tR¼ (4pZreff

3/3kBT) f,
where f represents the microviscosity factor, which depends on the ratio of the
radius of the solvent and of the solute ( f¼ 0.163 for pure liquids). When the
solute molecules are much larger than those of the solvent, as for proteins in
water, f tends to one and eqn (2.42) can be used.124 However, despite its relative
simplicity and ease of use, this is an oversimplified model that does not enable
accurate values needed for the analysis of the relaxometric properties of small
paramagnetic complexes of GdIII or MnII.

In recent years, pulsed-field gradient spin echo diffusion 1H-NMR spec-
troscopy has been used to determine the size and the rotational correlation
time of small to large molecules. In the case of lanthanide(III) chelates, data
can obtained for the corresponding YIII, LaIII, or LuIII diamagnetic com-
plexes. Using pulsed-field gradient spin echo diffusion 1H-NMR spec-
troscopy, the translational self-diffusion coefficients D of the diamagnetic
metal chelates can be calculated.125 For spherical molecules, the coefficient
D is related to the hydrodynamic radius reff via the Stokes–Einstein equation
[eqn (2.43)]. Using eqn (2.42) and (2.43), tR can be calculated from reff.125

D¼ kBT /6pZreff (2.43)

2.5.3 Oxygen-17 1/T1 NMR Spectroscopy

If the GdIII-based complexes contain one or more water molecules in their
inner coordination sphere, then the rotational correlation time can be
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extracted from the analysis of the temperature dependence of the 17O lon-
gitudinal relaxation time.63 The 17O 1/T1 of the GdIII-bound water molecules
is determined by the quadrupolar mechanism [eqn (2.44)] and by the dipolar
contribution [eqn (2.45)], according to the following equations:5

1

TQ
1

¼ 3p2

10
2I þ 3

I2 2I�1ð Þ

� �
w2 1þ Z2=3
� 

0:2
tR

1þ o2
I t

2
R

� �
þ 0:8

tR

1þ 4o2
I t

2
R

� �� �

(2:44)

1
TDD

1
¼ 2

15
g2

Og2m2
B

r6
GdO

� �
SðSþ1Þ m0

4p

� �2
7

tc2

1þ o2
St

2
c1

� �
þ 3

tc1

1þ 4o2
I t

2
c2

� �� �
(2:45)

In eqn (2.44) and (2.45), I denotes the nuclear spin, w2 is the quadrupolar
coupling constant, Z is the asymmetry parameter, and rGdO is the Gd–O
distance of the coordinated water molecules. In an experiment, longitudinal
relaxation rates are measured on high-field NMR spectrometers at different
temperatures over the range of B275–355 K. The rotational correlation time,
tR, is assumed to have exponential temperature dependence [eqn (2.46)] with
value t298

R at 298.15 K and activation energy ER:

tR¼ t298
R exp

ER

R
1
T
� 1

298:15

� �� �
(2:46)

For the measurements, fairly concentrated aqueous solutions are used
(ideally, 410–15 mM), containing H2

17O enrichment (2–10%). The longi-
tudinal relaxation times are obtained with the inversion recovery experiment
(Section 2.2.1). Normally, a simultaneous least-squares fitting of 17O-NMR
(1/T1 and 1/T2) and 1H-NMRD data is performed.63

The main problem associated with this approach is the unknown values

of the term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2ð1þ Z2=3Þ

p
and of the Gd–O distance in solution. Quite often,

the hypothesis is made that both parameters have a negligible variation
within different Gd complexes. Therefore, the value for pure water
(7.58 MHz) often is used for

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w2ð1þ Z2=3Þ

p
and rGdO is set to 2.5 Å. The

obvious and important advantage of the method is that the measurement is
directly performed on a solution of the GdIII complex without the need to
prepare derivatives with different LnIII cations, as in deuterium or carbon-13
NMR spectroscopy (Sections 2.5.4 and 2.5.5). In addition, from reported
studies, the values of the rotational correlation time obtained are consistent
and reliable for GdIII complexes that are structurally similar but differ
in size.

2.5.4 Deuterium-NMR Spectroscopy

Another method to determine tR is based on 2H-NMR relaxation data
measured on high-resolution NMR spectrometers of diamagnetic

Gadolinium-based Contrast Agents 157

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
01

21
View Online

http://dx.doi.org/10.1039/9781788010146-00121


lanthanide(III) complexes (LaIII, LuIII, or YIII). For this purpose, ligands are
selectively (in most cases; e.g. methylene of an acetate group) or fully (oc-
casionally) deuterated. After complexation with a LnIII ion, measurements of
2H longitudinal relaxation rates in aqueous solution are performed that
enable calculation of the rotational correlation times.126,127 Like 17O, deu-
terium is a quadrupolar nucleus with relaxation largely dominated by
quadrupolar interactions that have a direct dependence on tR [eqn (2.47)].
The measurement and analysis of 2H 1/T1 relaxation rates represents an
effective method to estimate the rotational motion of metal complexes.

1

TQ
1

¼ 3
40

e2qQ
�h

� �2

1þ Z2

3

� �
tR

1þ o2t2
R
þ 4tR

1þ 4o2t2
R

� �
(2:47)

In eqn (2.47), o is the resonance frequency of 2H, and the term (e2qQ/h�)
represents the quadrupolar coupling constant with a value that shows de-
pendence on the bond length C–2H and on the degree of hybridization. For a
Csp3–2H bond, the value of the quadrupolar term has been reported to be
close to 170 kHz.127 The asymmetry parameter Z contains information about
the environment surrounding the nucleus (deviation from axial symmetry),
and for deuterium the value is close to zero. If the measurements are per-
formed at 7.05 T (o¼ 2.92�108 rad s�1), the extreme narrowing condition
(otR{1) is met for values of rotational correlation times lower than B1–2 ns.
Thus, the simplified equation [eqn (2.48)] can be used for low molecular
weight LnIII chelates:

1

TQ
1

¼ 3
8

e2qQ
�h

� �2

tR (2:48)

A possible problem with this method is the low sensitivity of the 2H nu-
cleus that requires either isotopic labeling of ligands or the use of highly
concentrated solutions. The values of 1/T1 and, therefore, the calculated tR

values for 2H in samples of the LaIII complexes of deuterated ligands were
found to be dependent on the concentration of the complex for concen-
trations varying between 4 and 200 mM. Extrapolation of the curves to the
concentration used in the NMRD measurements (B1–2 mm) provided esti-
mated values comparable with those calculated from the NMRD profiles.27

2.5.5 Carbon-13-NMR Spectroscopy

Another procedure that uses experimental data obtained on high-resolution
NMR spectrometers is based on the measurement of 1/T1 and nuclear
Overhauser enhancement (NOE) values of protonated 13C nuclei of ligands
in diamagnetic complexes, namely LaIII, LuIII, or YIII. The approach is similar
to that illustrated in the previous section for deuterium, but has the
advantage of not requiring isotopic substitutions (and hence laborious
synthetic steps) thanks to the greater NMR sensitivity of 13C compared to
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that of 2H. The procedure requires recording of the 13C-NMR spectrum of a
relatively concentrated solution of a diamagnetic complex, selection of one
or more well-resolved peaks attributable to CH or CH2 groups of the ligand,
and measurement of T1 and NOE values using standard methods.128

Generally, for 13C nuclei, dipolar interactions with nearby protons repre-
sent the dominant relaxation mechanism, especially when the carbon is
directly bonded to one or more hydrogen atoms. However, because other
relaxation mechanisms can contribute, it is necessary to extract the com-
ponent of the total relaxation rate ðRT

1Þ due to dipolar interaction ðRDD
1 Þ. This

is possible by means of the measurement of the nuclear Overhauser
enhancement:

RDD
1 ¼

Z
Zmax

RT
1 (2:49)

where Zmax is the maximum possible NOE (B1.988). From the experimental
values of Z and RT

1 , RDD
1 can be derived, enabling the correlation time to be

obtained through eqn (2.50):

RDD
1 ¼

m0

4p

� �2 N
10

�h2g2
Cg

2
H

tR

r6
CH

1

1þ ðoH � oCÞ2t2
R

þ 3

1þ ðoCÞ2t2
R

þ 6

1þ ðoH þ oCÞ2t2
R

" #

(2:50)

where N is the number of directly bonded protons on each carbon, rCH is the
C–H bond length (B1.08 Å), and the other parameters have their usual
meanings (physical constants).129 If the reasonable assumption is made that
rCH is constant for sp3 protonated carbon atoms in different molecules, then
a standard value can be used for the internuclear C–H distance to calculate
tR from eqn (2.50). Under extreme narrowing conditions ðo2t2

R{1Þ the
equation simplifies to eqn (2.51):

RDD
1 ¼

m0

4p

� �2
N�h2g2

Cg
2
H

tR

r6
CH

(2:51)

The simplified equation can be used in the case of measurements per-
formed on low-molecular-weight complexes with tR values below B80 ps at
magnetic field strengthsr11.75 T.

This procedure has been applied to obtain an independent evaluation of
tR and reduce the number of parameters for the analysis of the NMRD
profiles. For example, in the case of [La(DOTA)]� and [La(DTPA)]2�, tR values
of 73� 4 ps were calculated from data measured at 9.4 T for 0.06 M solu-
tions, in good agreement with those evaluated afterwards from the NMRD
profiles.128 Similarly, 13C 1/T1 measurements were used to obtain a reason-
ably accurate value of tR for the complex La(BP2A)1 (Figure 2.19), using a
40 mM solution (containing a small amount of D2O for field locking).

Gadolinium-based Contrast Agents 159

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
01

21
View Online

http://dx.doi.org/10.1039/9781788010146-00121


13C spin-lattice relaxation rates and Z factors were measured for all carbon
atoms in the complex with this polyazamacrocyclic ligand that contain a
pyridine moiety (Table 2.2). Finally, the average tR value of 64� 8 ps was
used to fit the NMRD profile.130

The application of the procedure is now illustrated in detail for the case of
the determination of the rotational correlation time for the diamagnetic
La(EGTA)� complex (Figure 2.20).

The experimental 13C 1/T1 and Z data were acquired on a 500 MHz NMR
spectrometer (11.7 T) for an aqueous solution of the complex at neutral pH
and 25 1C. First, a 0.08 M solution was prepared by dissolving La(EGTA)� in
water at pH 7.2. An aliquot (550 mL) of this solution was transferred into a
5 mm NMR tube to which was added D2O (50 mL) for magnetic field locking.
The 13C-longitudinal relaxation times of the methylene groups of the com-
plex (a–d, Figure 2.20) were recorded using the standard inversion recovery
sequence with 16 t values in the range 0.1–1.5 s, with a repetition time of
1.5 s (45T1).

The nuclear Overhauser enhancement factors, Z, were determined using
standard procedures, i.e. by comparing the intensities of a noise-decoupled

Figure 2.19 The polyazamacrocyclic ligand BP2A.

Table 2.2 Rotational correlation time, tR, of La(BP2A)1 determined at 25 1C from
13C-NMR R1 and Z data at 11.7 T.130

Carbon N RT
1 (s�1) Z RDD

1 (s�1) tR (ps)
4-py 1 4.33 0.56 1.22 54
3,5-py 1 3.65 0.79 1.45 64
py-CH2–N 2 5.33 1.20 3.22 71

Figure 2.20 The ligand EGTA with the labeling scheme.
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spectrum and of the corresponding gated decoupled spectrum. About 1000
scans were accumulated for each experiment, corresponding to a total time
of 1.5 hours. The use of a waiting period of B8–10 T1 (13C) is advisable to
obtain accurate NOE factors. Exploiting as a reference the signals of CD3CN,
of which a small aliquot (5 mL) was added to the starting solution, the in-
tegrals of the peaks were compared and the NOE factors calculated ac-
cording to the following expression:

Zobs¼
I � I0

I0
(2:52)

where I is the area of the signal that experiences the full Overhauser
enhancement and I0 is the area of the peak free of NOE effect.34 The
experimental 1/T1 and Z data and the values of RDD

1 and tR calculated with
eqn (2.50) are reported in Table 2.3.

The average value of the rotational correlation time, htRi¼ 81� 14 ps, is
larger than that obtained from the simultaneous fitting of EPR, 17O-NMR,
and NMRD data for Gd(EGTA)� (58� 6 ps).131 As noted above, however, the
correlation time evaluated from NMRD profiles depends on the choice of the
parameters of the outer-sphere contribution. In the published study of Aime
and co-workers, the values of 3.6 Å and 2.0�10�5 cm2 s�1 were used for the
parameters d and D. By fixing these parameters to the values of 4.0 Å and
2.24�10�5 cm2 s�1, a tR value of 85 ps is obtained, in excellent agreement
with the 13C-NMR results for La(EGTA)�.

2.5.6 Hydrogen-NMR Longitudinal Relaxation Rates
(Curie Mechanism)

The variable-field measurement of proton longitudinal relaxation rate for
most paramagnetic lanthanide ions other than GdIII can be an additional
means to extract the molecular rotational correlation time by exploiting the
Curie mechanism.14 This contribution originates from the dipolar inter-
action between the nucleus and the static electron magnetic moment that
results from the partial polarization of the electrons by an applied magnetic
field. In general, the two dominant mechanisms of inner-sphere contri-
bution to the longitudinal relaxation rate of paramagnetic lanthanide ions
characterized by short electronic relaxation times are represented by the

Table 2.3 Rotational correlation time, tR, of [La(EGTA)]� determined at 25 1C from
13C-NMR R1 and Z data at 11.7 T.

Carbon N RT
1 (s�1) Z RDD

1 (s�1) tR (ps)
CH2 (a) 2 5.00 1.30 3.27 86
CH2 (b, c) 2 3.85 1.30 2.55 65
CH2 (d) 2 5.25 1.31 3.46 92
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dipolar ðRDD
1 Þ and Curie ðRCu

1 Þ terms.132 For LnIII ions such as TbIII, DyIII,
HoIII, TmIII, and YbIII, these terms are given by:

1
TDD

1
¼ 2

15
m0

4p

� �2
g2

I m
2
Bg2

j Jð J þ 1Þ 1
r6

CH

3tc1

1þ o2
I t

2
c1
þ 7tc2

1þ o2
St

2
c2

� �
(2:53)

1
TCu

1
¼ 2

5
m0

4p

� �2g2
I B2

0m
4
Bg4

j J2ð J þ 1Þ2

ð3kBTÞ2r6
IS

3tCu

1þ o2
I t

2
Cu

� �
(2:54)

in which gj and J are the Landé factor and the total spin quantum number of
the LnIII ion, rIS is the distance between the LnIII ion and the observed nu-
cleus, B0 is the applied magnetic field, kB is the Boltzmann constant, and T is
the temperature. The correlation time of the dipolar contribution (tci) is
largely dominated by the electronic relaxation time Tie. The Curie term de-
pends on the square of the applied magnetic field and hence becomes sig-
nificant at high fields only (42 T). Furthermore the Curie term depends on
tCu (1/tCu¼ 1/tRþ 1/tM) that, at least for low-to-medium molecular weight
LnIII chelates, coincides with rotational correlation time. By measuring R1 at
a variety of magnetic field strengths, particularly at corresponding high
Larmor frequencies (B200–600 MHz), it is possible to obtain an accurate
estimate of tR after fixing rIS to a reasonable value (3.0–3.1 Å). For example,
this procedure was applied in the case of a series of Dy-DTPA derivatives for
which the 1H R1 data were measured between 0.47 and 18.8 T and analyzed
to obtain fairly accurate tR values.133

Analogously, if a LnIII complex contains a sensitive NMR nucleus X (for
example, X¼ 19F or 31P) at a well-defined distance from the paramagnetic
ion, the same procedure can be applied using X instead of the 1H water
signal.132,134 In these conditions, in which the chemical exchange process is
absent, tCu¼ tR, but the Ln–X distance is generally not known a priori, and
must be treated as a fitting parameter. A thorough study was recently re-
ported using 19F magnetic relaxation data over a field range of 4.7 to 16.5 T
on a series of LnIII complexes containing a CF3 reporter group.132

A clear advantage of this method is the speed of the T1 measurements and
the use of dilute solutions, B1 mM, of the same order of magnitude as those
used for the NMRD profiles of the GdIII complexes. A potential limitation of
this method is the need to have access to a sufficient number of NMR
spectrometers operating at different (high) fields.

A number of experimental approaches are available to obtain a reliable
assessment of the rotational correlation time. There are differences in the
accuracy of the results and in the simplicity of the procedures, both in re-
gards to the implementation of the experiment and the data analysis.
Methods based on relaxometric measurements (Sections 2.5.1 and 2.5.6) of
the bulk water proton signal in the presence of paramagnetic solutes require
only dilute solutions (B1–10 mM), whereas those based on 2H- and 13C-NMR
experiments on diamagnetic complexes need more concentrated solutions
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(B50 mM). These latter methods and the 17O-NMR method can be carried
out on a single NMR spectrometer. The 1H-relaxometric measurements,
however, require either a field-cycling spectrometer (NMRD) or access to a
series of spectrometers operating at high magnetic fields (Section 2.5.6).

It is worth pointing out that values of tR obtained with different pro-
cedures are not strictly identical. 17O-NMR measurements describe the ro-
tation of the Gd–oxygen vector of the coordinated water (tRO) while NMRD
profiles or 1H-relaxometric experiments that exploit the Curie mechanism
provide information regarding the Gd–hydrogen vector of the coordinated
water (tRH). The value of tRH might be different from tRO. The internal
motion of the bound water molecule in lanthanide(III) complexes has been
analyzed for a tetraamide derivative of DOTA, and that study concluded
that tRH is shorter than tRO by a factor of about 1.5. In general, it is con-
sidered that the ratio of the two correlation times falls in the range
0.65rtRH/tROr1.5,134 Finally, 2H- and 13C-NMR measurements provide
values of tR that should be similar to tRO, provided that local internal mo-
tions are absent and that tumbling is isotropic.
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2.6 Measuring Water Residence Times (sM)

FABIO CARNIATO AND MAURO BOTTA*

It is a well-established concept that the exchange process of metal-bound
water molecules plays a fundamental role in determining the efficiency of
contrast agents for MRI (Section 2.1).135 Therefore, optimization of water-
exchange rates (kex¼ 1/tM) is necessary to achieve high efficiencies (relax-
ivity). Optimal tM values are rather short for T1-shortening agents, roughly
between 1 and 100 ns for low molecular weight GdIII or MnII complexes. On
the other hand, fairly long values (B10�6–10�3 s) are required when the
contrast enhancement is achieved using CEST agents (Chapter 3.1). Thus,
these two classes of probes require water-exchange optimization in opposite
directions: fast rates for T1-shortening agents and slow rates for CEST
agents.136

The water-exchange rates measured for LnIII complexes cover a consider-
ably wide range of values over more than six orders of magnitude, from 109

to 103 s�1, thus enabling their use in different applications.119 In most cases,
the kex values of LnIII complexes are obtained using NMR techniques. In
particular, accurate procedures are based on the analysis of the temperature
dependence of transverse relaxation rates, R2, of 17O-enriched water meas-
ured by variable-temperature 17O-NMR spectroscopy.64

In this section, four NMR procedures are described that enable the
evaluation of the parameter tM¼ 1/kex for GdIII-based contrast agents.

2.6.1 Variable Temperature Oxygen-17-NMR Spectroscopy

NMR spectroscopy is a suitable technique to investigate dynamic phenom-
ena because the exchange process markedly influences NMR parameters, in
particular chemical shift and relaxation. Water exchange between a para-
magnetic metal site and bulk water falls into the category of the exchange
between two sites with different populations and relaxation times. For this
situation, the chemical shift of the solvent in the paramagnetic solution,
op, referred to a diamagnetic reference, od, takes the following dependence
on tM:63

Dop¼op � od¼
pM

t2
M

DoM

ðR2M þ t�1
M Þ

2 þ ðDoMÞ2
þ DoOS (2:55)

DoM¼
gLmBSðSþ 1ÞB

3kBT
A
�h

(2:56)

In eqn (2.55), pM is the molar fraction of bound water molecules, DoM is
the chemical shift difference between the paramagnetic site and the dia-
magnetic site, R2M is the transverse nuclear relaxation rate of the bound
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water 17O, and DoOS is the outer-sphere contribution. Typically, it is as-
sumed that the parameter DoOS is proportional to DoM through an empirical
constant, DoOS¼COSDoM. In eqn (2.56), gL is the isotropic Landé g-factor, B
the magnetic field strength, S the electron spin, and A/h� the hyperfine
coupling constant.

In analogy with the chemical shift, the relaxation rates of the solvent
nuclei are enhanced by exchange with solvent molecules in a paramagnetic
site. In particular, the transverse relaxation rate enhancement

R2p¼Robs
2 �R2d (2.57)

depends on both tM and DoM because a difference in chemical shift, par-
ticularly large in the case of a paramagnetic site, is a source of line
broadening. The expression that connects R2p to tM and DoM is the
following:63

R2p¼
pM

tM

R2
2M þ R2Mt�1

M þ ðDoMÞ2

ðR2M þ t�1
M Þ

2 þ ðDoMÞ2
þ R2OS (2:58)

In the absence of exchange t� 1
M ¼ 0, R2p¼ 0. Under the condition of fast

water exchange t� 1
M cR2M, however, R2p¼ pM/R2M, as is the case for the

longitudinal relaxation rates of most low-molecular-weight GdIII-based con-
trast agents.

Unlike 1H-nuclear spin where the dipolar interaction dominates the re-
laxation, for 17O the most important contribution to transverse relaxation is
the scalar term, R2sc, because oxygen is directly bound to GdIII:

R2M¼
1

T2M
DR2sc¼

SðSþ 1Þ
3

A
�h

� �2

te1
te2

1þ o2
St

2
e2

� �
D

SðSþ 1Þ
3

A
�h

� �2

te1 (2:59)

1
tei
¼ 1

tM
þ 1

Tei
where i¼ 1; 2 (2:60)

In eqn (2.59) and (2.60), the reciprocal of the correlation time tei is the
sum of a frequency-independent term (kex¼ 1/tM) and of the frequency-
dependent longitudinal [1/T1e; eqn (2.20) in Section 2.1.2] or transverse
[1/T2e; eqn (2.21) in Section 2.1.2] electron-spin relaxation rate.

In the event the isotropic shift is small to the point of being negligible,
eqn (2.58) assumes a particularly simple form, identical to that for R1p in
eqn (2.5) (Section 2.1.2):

R2p¼
pM

T2M þ tM
(2:61)

By increasing the temperature, tM decreases (the rate of exchange in-
creases) and T2M increases, so that the temperature-dependence of R2p is
dictated by the dominant term in the denominator of eqn (2.61). In the case
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of short tM, tM is negligible and therefore R2p decreases with increasing
temperature. Conversely, in the opposite case of slow exchange, tM becomes
predominant and R2p increases with the temperature increase. Often there is
a maximum in the curves of R2p as a function of temperature, indicating the
transition from a slow-exchange to a fast-exchange region (Figure 2.21). The
inflection point in the temperature-dependence of DoM, corresponding to
the maximum in the R2p curve, also signals the changeover between fast and
slow exchange regions.63

Typically, it is assumed that the variation with temperature of the
exchange rate, kex, of water molecules in the inner-sphere of GdIII follows the
Eyring equation [eqn (2.62)]:

t�1
M ¼ kex¼

kBT
h

exp
DS #

R
� DH #

RT

� �
¼ k0

exT
298:15

exp
DH #

R
1

298:15
� 1

T

� �� �

(2:62)

where DS # and DH # are the entropy and enthalpy of activation for the
exchange process and k0

ex is the rate of exchange at 298.15 K. In addition to
the exchange lifetime, the electronic relaxation times Tie have temperature
dependence through the tV parameter, i.e. the correlation time associated
with the modulation of the zero-field splitting interaction. Commonly, tV is
assumed to vary with temperature following an exponential behavior, where
t0

V is the value of tV at 298 K and EV the activation energy:

tV ¼ t0
Vexp

EV

R
1
T
� 1

298:15

� �� �
(2:63)

Figure 2.21 Calculated temperature dependence of 17O-transverse relaxation
rate (left) and of reduced 17O-chemical shift (right) at 11.74 T of
a 25 mM solution of a q¼ 1 GdIII complex with t0

M¼ 3 ms and
DH#¼ 52 kJ mol�1 (red); t0

M¼ 30 ns and DH#¼ 40 kJ mol�1 (blue);
t0

M¼ 0.3 ms and DH#¼ 48 kJ mol�1 (black). The other parameters
have been set to the following values: D2¼ 2�1019 s�2, t0

V¼ 15 ps,
EV¼ 1 kJ mol�1, A/h�¼� 3.6�106 rad s�1, COS¼ 0.1.
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Often, experimental data are expressed conveniently as reduced transverse
relaxation rates and chemical shifts, R2r and Dor, defined as in eqn (2.64)
and (2.65).

1/T2r¼R2r¼R2p/pM (2.64)

Dor¼Dop/pM (2.65)

Data are plotted as lnR2r and Dor versus 1000/T, and a simultaneous
least-squares fitting procedure is performed to extract the parameters that
describe the water-exchange kinetics. The adjustable parameters are k0

ex,
DH#, A/h�, D2, t0

V, and EV. The electronic relaxation parameters, D2 and tV,
can be estimated from analysis of 1H-NMRD profiles or, preferably, by
carrying out a global analysis of 1H- and 17O-NMR data. The hyperfine
coupling constant, in the case of GdIII complexes, normally takes values
ranging from �3.0�106 to �4.0�106 rad s�1, whereas the value of EV is
often fixed to 1.0 kJ mol�1. For the 17O-chemical shift data, the parameter
COS must be considered; its value is small and is typically between 0 and
0.3. Finally, the hydration state q of the complex must be known or
evaluated independently because it defines the value of pM.

As an example, 17O-NMR experimental data measured at 11.4 T for
the complex [Gd(OBETA)(H2O)2]� (Figure 2.22) and the corresponding
curves calculated with the best-fit parameters are shown in Figure 2.23.137

From the experimental point of view, the procedure is analogous to
that described in Section 2.7.4 for the bulk magnetic susceptibility shift
measurement. Two separate solutions are added to a 5 mm NMR co-axial
tube: in the outer compartment, an aqueous solution containing the para-
magnetic species and a small amount of tert-butyl alcohol (1 wt %), D2O
(10 wt %), and H2

17O (5 wt %), and in the inner compartment a corres-
ponding diamagnetic solution (1 wt % tert-butyl alcohol, 10 wt % D2O, and 5
wt % H2

17O). The concentration of the aqueous solutions of the GdIII com-
plexes should not be lower than about 10 mM, preferably around 20–30 mM.
This concentration ensures Robs

2 and op values will be higher than those of
the corresponding diamagnetic solution, and thus the experiment will pro-
vide accurate data.

The chemical shift and the full width at half peak height of the 17O-NMR
water peak are measured for both the diamagnetic and paramagnetic
solutions at each temperature in the range of B278–350 K. The

Figure 2.22 Chemical structure of OBETA.
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reduced chemical shifts values, Dor, can be calculated using the following
equation:

Dor ¼
1

pM
ðD17O�D1HÞ �o0

17O �2p (2:66)

where pM¼ q½GdIII�=55:6, D17O is the chemical shift difference (ppm) of the
water 17O-NMR peak in the spectra of the diamagnetic and paramagnetic
solutions, D1H is the chemical shift difference of the 1H-NMR resonance of
tert-butyl alcohol in the paramagnetic and diamagnetic solutions, and o0

17O
is the 17O-NMR Larmor frequency (67.8 MHz at 11.74 T). Taking into account
the D1H parameter enables subtraction of the contribution of magnetic
susceptibility to chemical shift.

17O-transverse relaxation rates can be measured either by the Carr–
Purcell–Meiboom–Gill technique or, more easily and quickly, by measuring
the full width at half peak height of the water resonance:

1
T2r
¼
ðFWHMp � FWHMdÞ

pM
� 3:14 (2:67)

Diamagnetic aqueous solutions have line widths of about 17–90 Hz
over the temperature range 10–70 1C and, therefore, contributions
of the magnetic field inhomogeneity to the bandwidth can be safely
neglected.

Figure 2.23 Temperature dependence of the (left) 17O-reduced relaxation rates and
(right) reduced chemical shifts for [Gd(OBETA)(H2O)2]� at 11.74 T. The
lines through the experimental data are calculated using the following
best-fit parameters: t0

M¼ 74 ns, DH#¼ 40.5 kJ mol�1, D2¼ 4.9�1019 s�2,
t0

V¼ 12 ps, EV¼ 1 kJ mol�1, A/h�¼� 3.1�106 rad s�1, COS¼ 0.2.137

Reprinted with permission from R. Negri, Z. Baranyai, L. Tei, G. B.
Giovenzana, C. Platas-Iglesias, A. C. Bényei, J. Bodnár, A. Vágner and
M. Botta, Inorg. Chem., 2014, 53, 12499. Copyright (2014) American
Chemical Society.
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2.6.2 Variable Temperature Hydrogen-NMR Spectroscopy

The method described above is the best approach to obtain reliable and accurate
kinetic parameters of water exchange. However, it requires the use of rather
concentrated solutions, generally of the order of 20–30 mM and at least
45 mM, to ensure the acquisition of accurate and reproducible data. Sometimes,
these concentrations might be higher than the solubility limits of the com-
plexes. Recently, it has been shown that water-exchange rates can be extracted by
measuring the temperature-dependence of the 1H-NMR transverse relaxation
rates of bulk water.138 This approach is particularly suitable for measurements
in the case of lanthanide ions other than GdIII for which low concentrations have
a particularly negative impact on the accuracy of 17O-NMR data.

It should be noted that it is preferable to perform measurements at pH
values close to neutral where prototropic exchange coincides with the ex-
change of the whole water molecule. Due to acid- or base-catalyzed pro-
cesses, proton exchange might become faster than water exchange in acidic
or basic environments.139 Moreover, unlike with 17O-NMR spectroscopy, the
contributions of outer-sphere relaxation cannot be neglected during analysis
of 1H-NMR data.

The paramagnetic contribution to transverse relaxation, 1/T2p, is generally
described as the sum of two components, inner-sphere and outer-sphere
[eqn (2.68)]:

1
T2p
¼ 1

T2p

� �IS

þ 1
T2p

� �OS

(2:68)

The inner-sphere term is given by eqn (2.6) (Section 2.1.2), which contains 1/
T2m, the transverse proton relaxation rate of the bound water molecule. This
latter term, as detailed in Section 2.1.2, represents the sum of three contri-
butions: dipole–dipole (DD), scalar coupling (SC), and Curie (Cu) mechanisms:

1
T2m
¼ 1

TDD
2
þ 1

TSC
2
þ 1

TCu
2

(2:69)

Each of these contributions is expressed by eqn (2.14)–(2.16) (Section
2.1.2), and the relative correlation times that describe the time fluctuations
of the interactions are described by eqn (2.17)–(2.19) (Section 2.1.2). The
outer-sphere component represents the sum of the dipolar and Curie
relaxation rates:

1
T2p

� �OS

¼ 1
T2DD

� �OS

þ 1
T2Cu

� �OS

(2:70)

Details regarding the dipole–dipole relaxation, as developed by Freed,30

and the Curie contribution, described by Fries,140 can be found elsewhere.138
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The 1H-paramagnetic chemical shift (Dop) is a function of the shift due to
the water molecule present in the inner-sphere (Dom) of the metal ion and
the shift of water molecules in the second coordination sphere (DoOS), ac-
cording to an expression analogous to eqn (2.55). 1H-NMR transverse re-
laxation rates and chemical shifts of two q¼ 2 DyIII complexes were
measured as a function of temperature and fitted using the full set of
equations. The obtained exchange rate constants and activation parameters
are similar to the values previously calculated from 17O-NMR measure-
ments,141 supporting the hypothesis that accurate kex values can be obtained
using variable-temperature 1H-NMR measurements. In conclusion, the 1H-
NMR transverse relaxation and shift measurements provide accurate and
reliable results, but because of the uncertainties in the evaluation of the
outer-sphere contributions to chemical shifts, the 17O-NMR procedure
should be preferred for the determination of water-exchange rate constants
if complexes are sufficiently soluble.

2.6.3 1/T1 Hydrogen-NMRD Profiles

In the previous sections, the dual role of tM was highlighted: it contributes to
the correlation time associated with the time fluctuation of the dipolar
interaction [eqn (2.17), Section 2.1.2], and it controls the efficiency of the
transmission of the paramagnetic contribution from the metal site to the
bulk solvent [eqn (2.5), Section 2.1.2]. Generally, the NMRD profiles are not
affected by the value of this parameter because the overall correlation
time tC is largely dominated by tR and often the condition tMctR or Tie

occurs. For the same reason, T1M assumes values much greater than tM, and
therefore rIS

1 is not significantly influenced by the rate of water exchange.
With respect to eqn (2.5) (Section 2.1.2), two limiting cases might occur:

(a) tM{T1M. This situation defines the ‘‘fast exchange’’ condition where
rIS

1 is not limited by slow water exchange.
(b) tMZT1M. In the ‘‘intermediate/slow exchange’’ condition, rIS

1 can be
limited by the long residency lifetime.

For the clinically available GdIII-based contrast agents and related low-
molecular weight derivatives, the fast exchange condition generally applies,
and thus, detailed information regarding kex cannot be obtained from the
analysis of NMRD profiles. Only in the case of complexes characterized by
values of tM of the order of microseconds can the water-exchange lifetime
represent a limiting factor for r1. This effect was observed for the first time in
the case of the neutral complex GdDTPA-BMA.142 Following the replacement
of two carboxylates of DTPA with two carboxoamide groups, tM increased
from B0.3 ns to 2.2 ms (298 K).63 In this case, tM becomes comparable to T1M,
resulting in an r1 nearly 10% lower than that of [GdDTPA]2� at 20 MHz and
298 K. So, for GdIII chelates characterized by values of tM longer than B2 ms,
tM can be estimated with reasonable accuracy from the analysis of NMRD
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profiles provided that it is possible to acquire an independent assessment
of tR. The effects of increasing values of tM on NMRD profiles are shown in
Figure 2.24.

On the other hand, for slowly tumbling systems, T1M can be more than one
order of magnitude shorter and the intermediate/slow exchange require-
ment is more easily satisfied for the water residency time to become a lim-
iting factor. Attenuation of relaxivity owing to long values of tM is particularly
pronounced in the range 10–60 MHz and tends to strongly attenuate at
higher fields.122,143 Moreover, in nanosized systems, tR is of the order of a
few or several ns, and thus tM contributes appreciably to tC. When these
conditions are met, the rate of water exchange can be assessed from the
analysis of NMRD profiles with accuracy. This approach has been used
to obtain values of tM covering over three orders of magnitude from the
simultaneous fitting of variable-temperature NMRD profiles of a series of
albumin-bound GdIII complexes.144

In conclusion, when particular conditions are met, the water residency
time, tM, can be estimated from the fit of NMRD profiles. However, caution
should be used, limiting the number of adjustable parameters, making ac-
curate predictions of some of them, and possibly by performing a simul-
taneous fitting of profiles measured at different temperatures.

2.6.4 Temperature Dependence of Proton Relaxivity

Useful information regarding water-exchange rates can be obtained from
analysis of the temperature-dependence of relaxivity, measured at a single

Figure 2.24 NMRD profile of [GdDTPA]2� at 298 K. The curve through the experi-
mental data is calculated using the following best-fit parameters:
D2¼ 2�1019 s�2, tV¼ 22 ps, tR¼ 65 ps, tM¼ 0.3 ms, q¼ 1, r¼ 3.0 Å,
a¼ 4.0 Å, and D¼ 2.24�10�5 cm2 s�1. The red, blue, and green curves
are calculated NMRD profiles showing the effect of varying tM.
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frequency. This information can be of a purely qualitative nature (conditions
of slow, intermediate, or fast exchange) or quantitative, related to the
evaluation of the value of k0

ex and DH#. The factors determining the tem-
perature dependence of r1 are known. Outer-sphere relaxivity increases with
decreasing temperature as a consequence of the increase of Tie and tD, the
correlation time for the relative translational diffusion (tD¼ a2/D). The
variation of rIS

1 with temperature depends on the relative values of T1M and
tM, which are inversely dependent on temperature [eqn (2.5), Chapter 2.1.2].

In the fast-exchange regime (tMoT1M) the observed behavior is dictated by
T1M and decreases with decreasing temperature because of the lengthening
of tC (longer tR and Tie). This situation is common for many complexes of
GdIII characterized by low molecular weights or fast molecular tumbling
rates, for which relaxivity is limited essentially by tR. A typical example,
concerning a complex of GdIII with a monoamide derivative of DOTA
(L1; Figure 2.25) is reported in Figure 2.26.

In the example in Figure 2.26, relaxivity was measured at neutral pH over
the range 277 to 334 K. From the fitting of the NMRD profile at 298 K, good
estimates of the parameters D2 (3.8�1019 s�2), tV (11 ps), and tR (79 ps) were
obtained.145 A set of other parameters can be fixed to standard values: q¼ 1,
r¼ 3.0 Å, a¼ 4.0 Å, D¼ 2.24�10�5 cm2 s�1. The parameters tV, tR, and D are
assumed to follow an exponential law [eqn (2.63)] given by the activation
energies EV, ER, and ED. The water-residency time follows Eyring-type be-
havior [eqn (2.63)]. It is possible to fit the temperature dependence of r1

using adjustable parameters: tM, DHM
#, EV, ER, and ED. The best-fit para-

meters are in excellent agreement with those evaluated by 17O-NMR trans-
verse relaxation measurements. Relaxivity increases with decreasing
temperature because of the increase of both inner- and outer-sphere con-
tributions (Figure 2.26). This complex is in an intermediate-exchange regime
(tM¼ 0.96 ms at 298 K) and at temperatures below B285 K, tM becomes
longer than T1M and rIS

1p decreases.
In the slow-exchange regime (tMZT1M), outer- and inner-sphere contri-

butions show a different trend relative to the fast-exchange regime. While rOS
1

increases with decreasing temperature, rIS
1 decreases with decreasing

Figure 2.25 Chemical structures of monoamide derivative of DOTA (L1) and the
tetraamide-derivative of DOTA (L2).
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temperature, and the two terms eventually cancel each other because of the
progressive increase of the water residency time.120 An example is provided
by the macrocyclic cationic GdIII complex (GdL2) whose dependency of r1 on
temperature is shown in Figure 2.27. In this case, the rate of water exchange is
so slow that the condition tMZT1M holds for temperatures up to B340 K,
where rIS

1 reaches a broad peak before decreasing at higher temperatures. In
fact, rIS

1 orOS
1 for To310 K and the overall relaxivity is strongly limited by the

slow rate of exchange over a wide range of temperatures. The data were ana-
lyzed as in the previous example and provided the following results: tM¼ 16 ms,
DHM

#¼ 50.7 kJ mol�1, EV¼ 2 kJ mol�1, ER¼ 15 kJ�1, and ED¼ 23 kJ mol�1.

Figure 2.26 r1 as a function of temperature for [GdL1] at neutral pH. The curve
through the experimental data is calculated using the following best-fit
parameters: tM¼ 0.96 ms, DHM

#¼ 34 kJ mol�1, EV¼ 2 kJ mol�1,
ER¼ 17 kJ mol�1, ED¼ 20 kJ mol�1. The red and black curves are calcu-
lated inner- and outer-sphere contributions to relaxivity.

Figure 2.27 r1 as a function of temperature for [GdL2] at neutral pH. The curve
through the experimental data was calculated using the best-fit para-
meters given in the text and by fixing the following parameters,
obtained from analysis of the NMRD profile: D2 (2.0�1019 s�2), tV
(8 ps), tR (110 ps), q¼ 1, r¼ 3.0 Å, a¼ 4.2 Å, and D¼ 2.24�10�5 cm2 s�1.
The red and black curves represent calculated inner- and outer-sphere
contributions to relaxivity.
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2.7 Measuring the Concentration of Gadolinium

MIHÁLY BRAUN, ZSOLT BARANYAI, FABIO CARNIATO AND
MAURO BOTTA*

2.7.1 Importance of Accurate Measurements

The importance of the parameter relaxivity, r1, to assess the ability of a
paramagnetic complex to act as an MRI contrast agent by enhancing the
relaxation rate of solvent water protons is well-established. As described in
Section 2.1, the relaxivity of a GdIII chelate is dictated by the strength of the
dipolar interaction between the metal center and the proximate water pro-
tons. The paramagnetic effect is propagated to the bulk solvent through: (i)
the exchange of the inner-sphere water molecules, the exchange of its pro-
tons only (kex¼ 1/tM), or both; (ii) the exchange of water molecules hydrogen
bonded to polar groups of the ligand, the exchange of mobile hydrogens on
the ligand, or both; and (iii) the diffusion near the metal chelate of outer-
sphere water molecules.117 A number of structural, dynamic, and electronic
factors contribute to determine the relaxivity of a given GdIII chelate,
whereby two identical relaxivity values must be associated with two com-
plexes characterized by the same hydration state and similar rotational dy-
namics and rate of water exchange.118 Then, though only qualitatively, it is
often possible to obtain from the measured value of r1 a preliminary esti-
mation of: (a) the hydration state of the complex q; (b) the rotational cor-
relation time tR (or information regarding the occurrence of molecular
association or self-assembly); and (c) the possible role of a sizeable second-
sphere contribution; as well as (d) an indication of the presence of a long
lifetime of the coordinated water that limits relaxivity.

For all of these reasons, it is evident that relaxivity needs to be determined
with a good level of accuracy. In turn, this requirement translates into the
need to accurately measure both the concentration of GdIII and the values of
T1 (or T2) of the solution. We must therefore prepare the metal complex and
make sure that the complexation is complete, i.e. there is no excess of un-
complexed GdIII ions or, likewise, an excess of ligand. In the former case, we
might observe a relaxivity that changes over time and with the pH, owing to
slow formation and precipitation of hydroxo-species (r1 decreases for
pH4B7–8).146 Moreover, in the presence of uncomplexed GdIII ions, relax-
ivity is often greater than the real value because of the contribution of
[Gd(H2O)8]31 species (r1¼ 13 mM�1 s�1 at 25 1C and 0.5 T). On the other
hand, an excess of free ligand could favor the formation of ternary com-
plexes, mixed species, or outer-sphere complexes.

In the following sections of this chapter, the most common methods for
determining the concentration of solutions of GdIII complexes are described
based on widely available instrumentation in chemical laboratories. These
procedures entail the use of four main experimental techniques: (a) NMR
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relaxometry; (b) inductively coupled plasma (ICP) spectroscopy; (c) high-
resolution NMR spectroscopy; and (d) complexometry.

2.7.2 Mineralization Monitored by NMR Relaxometry

The procedure is based on the complete de-coordination of GdIII from a
ligand occurring in a strongly acidic solution and leading to the formation of
the aquo ion [Gd(H2O)8]31, with a relaxivity value that is known with pre-
cision (Figure 2.28). Many GdIII complexes are labile at acidic pH values, as
can be observed by measuring relaxivity as a function of pH. Typically, dis-
sociation is complete at pH values below two, where only the aquo ion is
present in solution.

A general experimental procedure can be outlined as follows:

(i) Carry out three accurate determinations of the 1H longitudinal water
proton relaxation rate ðRobs

1 Þ on 1 mL of B0.5–1.5 mM aqueous solu-
tions of a complex at a given pH, temperature, and frequency.

(ii) Prepare three new identical solutions by adding 300 mL of the starting
solution to 300 mL of HNO3 (65%) in three 1.0 mL glass vials
(Figure 2.28). After gentle centrifugation of the resulting solutions
(1500 rpm, 2 min), leave the vials to stand for about an hour. This
treatment ensures that all GdIII is solubilized as aquo ions.

The R1 values (R1*) are then measured for each of the new solutions and the
mean value of concentration of GdIII in the starting solution is calculated
using eqn (2.71), which applies at 25 1C and 20 MHz, where r1

A (13.99
mM�1 s�1) is the relaxivity of the aquo ion under identical experimental
conditions and R1

# (0.51 s�1) is the relaxation rate of the diamagnetic so-
lution [1:1 H2O and HNO3 (65 %)].

[Gd]¼ [(R1* – R1
#)/r1

A]�2 (2.71)

Figure 2.28 Schematic representation of a typical set-up for the relaxometric
method. Colors have been added to highlight the addition of two
solutions.
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Finally, the relaxivity, r1 (mM�1 s�1; 20 MHz; 25 1C), is obtained from the
observed relaxation rates, Robs

1 , by using eqn (2.72), where 0.38 is the relax-
ation rate of an identical solution without the paramagnetic metal ions and
[Gd] is given by eqn (2.71).

r1¼
Robs

1 � 0:38
½Gd� (2:72)

Identical results are obtained using HCl (35%) instead of HNO3 (65%) for
the mineralization. In this case, and for any other strong acid, the correct
value of r1

A and R1
# must be employed (Table 2.4). Note that different values

of r1
A and R1

# must be used if the measurements are performed at another
magnetic field. Also note that R1 and r1 values are temperature-dependent,
hence the importance of controlling temperature during the measurements.

As an example, the experimental data obtained for a solution of
[Gd(DTPA)(H2O)]2� at 25 1C, pH¼ 7.2, and 20 MHz is described. The starting
solution has an Robs

1 of 23.90 s�1. After the addition of HNO3 (65%), the mean
R1* measured for the resulting solution is 35.01 s�1, which corresponds to a
concentration of GdIII ions of 2.51 mM. Then, using eqn (2.72), a relaxivity
for the complex can be calculated, r1¼ 4.72 mM�1 s�1:

r1¼ (23.90–0.38)/[2.51�2]¼ 4.72 (2.73)

An accurate value of the concentration of a solution of [Gd(H2O)8]31 is
necessary to obtain the value of r1

A. Hydrated GdIII salts are commercially
available. An acidic stock aqueous solution of GdIII is easily prepared with a
concentration that can be precisely obtained by ICP determination (Section
2.7.3) or complexometric titration, e.g. with ethylenediamine tetraacetic acid
(Section 2.7.5).

The relaxometric procedure provides fairly accurate results, although
some precautions must be taken into consideration to avoid major errors:

(a) For complexes characterized by a high kinetic inertia, such as
[Gd(DOTA)(H2O)]� and similar macrocyclic derivatives, it is necessary
to mix the starting solution and the acid in an ampoule that, once
sealed, is heated at 120 1C for a few hours (preferably overnight). This
treatment ensures the complete formation of the aqua ion.

(b) The relaxivity can have a pronounced dependence on pH (and on
magnetic field strength and temperature). Therefore, it is essential to
accurately control the pH value of the starting solution and always
associate the calculated r1 value to a given value of pH, temperature,
and B0 (or n).147

Table 2.4 Standard data measured at 20 MHz and 25 1C.

Acid r A
1 (mM�1 s�1) at 20 MHz and 25 1C R #

1 (s�1)
HNO3 (65%) 13.99 0.51
HCl (37%) 13.70 0.50
H2O 13.50 0.38
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(c) Preferably, the concentration of the starting solution should be
around 0.5–1.0 mM or higher, but certainly greater than 0.1 mM to
avoid inaccurate or unreliable results.

2.7.3 Metal Analysis with Plasma Techniques

The concentration of gadolinium in a sample solution can be determined
with high precision by inductively coupled plasma optical emission
spectroscopy (ICP-OES), microwave plasma atom emission spectrometry
(MP-AES), or inductively coupled plasma mass spectrometry (ICP-MS).

2.7.3.1 Methods

ICP-OES is a widely used analytical technique in which a peristaltic pump
delivers a sample into a nebulizer that produces a mist of fine droplets called
an aerosol.148,149 The fine aerosol is introduced into an argon plasma.
The temperature of argon plasma is close to 10 000 K. The atomization
process consists of several steps (e.g. desolvation, melting, and dissociation)
and results in excited atoms and ions. The emitted radiation of the plasma
is used for the analysis. The high temperature of inductively coupled
argon plasma enables use of lines emitted by the excited Gd1* ions. These
have over 400 emission lines in the plasma; however, only a few are appro-
priate for quantitative analysis (Table 2.5).150 Moreover, the presence of
interfering elements should be considered during the selection of lines for
the analysis.

Replacement of inductively coupled argon plasma with microwave-
induced nitrogen plasma was a great challenge in the field of emission
spectroscopy. The first commercially available MP-AES instrument appeared
in 2011 (MP-AES 4100).151 The technique has similar features to the ICP-OES.
Even though the temperature of microwave nitrogen plasma is lower,
gadolinium can be measured using emission lines of Gd1* ions similar to
those of ICP-OES. Nevertheless, because of the lower temperatures, the
spectral interferences are different.

The most sensitive analytical method available is ICP-MS in which the
charged ions produced by inductively coupled argon plasma are analyzed by
mass spectrometry.152 The mass spectrometer sorts the ions according to
their mass to charge ratios. Three types of mass spectrometers are normally
coupled with ICP, i.e. sector field, time-of-flight, and quadrupole, with the
latter being the most commonly used. The Gd1 ion in the ground state is
usually detected with an electron multiplier. With ICP-MS analysis of GdIII

samples, two main types of interference must be considered: (i) isobaric
interference, associated with isotopes of different elements with identical
mass (e.g. 156Gd and 156Dy; 158Gd and 158Dy; and 160Gd and 160Dy) and (ii)
polyatomic interference, due to the formation of polyatomic ions with the
same mass/charge ratio (e.g. 155Gd: 138Ba16O1H1, 137Ba18O1, 136Ba18O1H1,
139La16O1, and 138Ce16O1H1).153
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2.7.3.2 Sample Preparation

In the case of water-soluble GdIII complexes, such as those relevant as
potential MRI contrast agents, sample preparation is relatively simple.
A known amount by weight of a compound is dissolved and diluted to a
predetermined volume with double deionized water. The resulting final
concentration should have a value within the working range of the applied
method. The application of the procedure can be illustrated in the case of
the determination of the concentration of two solutions of GdIII chelates.
Aqueous solutions of GdDOTA and GdDTPA (B5 mmol L�1) were prepared
by dilution with double deionized water of the commercially available
contrast agent solutions Dotarems (Guerbet) and Magnevists (Bayer–
Schering Pharma). Because the approximate concentration of the starting
solutions (5 mmol L�1) is above the working range of the three ICP tech-
niques discussed here, a 200-fold dilution of the samples was made using
double deionized water. The concentration of Gd in the samples was de-
termined by MP-AES with the use of a 10 000 mg L�1 Gd calibration
standard solution (CPAChem). With 10 mg L�1 being the upper limit of the
linear working range of MP-AES for Gd, we prepared calibration standards
containing 2, 4, 6, 8, and 10 mg L�1 of Gd. In a first step, a 1000 mg L�1 Gd
solution was prepared by pipetting 5 mL of a 10 000 mg L�1 standard into a
50 mL volumetric flask. Then, after the addition of 1 mL of 65% (m/m)
nitric acid, the solution was adjusted to the final volume with double de-
ionized water. Calibration standards were prepared from this solution by
dilution of 0.1, 0.2, 0.3, 0.4, and 0.5 mL to 50 mL in volumetric flasks
containing 1 mL of 65% (m/m) nitric acid.

Table 2.5 Comparison of the main characteristics of the elemental analysis
techniques.

ICP-OES MP-AES ICP-MS

Sample introduction Pneumatic nebulizer
Plasma Argon Nitrogen Argon
Sample volumes 5–10 mL 5–10 mL 1–2 mL
Dissolved solids in

solution
0–20% 0–10% 0–0.4%

Concentration range 0.05–100 mg L�1 0.05–100 mg L�1 0.001–1000 mg L�1

Method
development and
operation

Skill required Easy Skill required

Operating costs Medium Low High

Wavelengths (nm)
Gd1 isotopes

(natural abundance)
342.246a 342.247a 155 (14.80%)
335.048 376.839 156 (20.47%)
336.224 385.097 157 (15.65%)a

335.863 379.637 158 (24.86%)
358.496 335.047 160 (21.86%)

aWavelengths and isotopes with minimal interferences.

178 Chapter 2

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
01

21
View Online

http://dx.doi.org/10.1039/9781788010146-00121


2.7.3.3 Measurements

Data collection is discussed using the example described above. The mea-
surements were performed on an Agilent 4100 MP-AES instrument. The in-
tensity of emission lines of Gd were measured at 335.047, 342.247, 376.839,
379.637, and 385.097 nm wavelengths. The intensity at 342.247 nm was re-
corded for the standard solutions with Gd concentrations of 2, 4, 6, 8,
and 10 mg L�1 and used for obtaining a calibration curve, as shown
Figure 2.29.

The concentration ([Gd]d) of the two diluted solutions of GdDOTA
and GdDTPA (in mg L�1) is then calculated using the following expression
(eqn (2.74)):

½Gd�d¼
Intensity þ 908:7

9910
(2:74)

where 908.7 and 9910 are the intersection and the slope of the calibration
curve, respectively. Finally, the concentration of the initial GdDOTA and
GdDTPA solutions in mmol L�1 is calculated by considering the atomic
weight of Gd (157.25) and the dilution (200-fold) of our samples
([Gd]¼ 200�[Gd]d(mg L�1)/157.25; Table 2.6).

The results of the measurements performed at different wavelength are
comparable (Table 2.6). Spectral interferences or matrix effects did not play a
role during these measurements. The sensitivity of the method allows per-
forming the analysis on highly diluted samples. Normally, the temperature
of plasma is high enough to decompose the organic matrix, which therefore
has no influence on the results. However, in the case of more complex
matrices (e.g. blood, serum, urine, or brain tissue) or when the results of the
direct measurements differ from those of the mineralized samples, sample
pretreatment becomes necessary (e.g. microwave-assisted acid digestion with

Figure 2.29 Calibration curve for determination of Gd concentration.
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concentrated nitric acid and hydrogen peroxide at 200–220 1C and 20–100
bar in closed Teflon reaction vessels).

2.7.4 High-Resolution NMR Technique: Bulk Magnetic
Susceptibility

A paramagnetic lanthanide ion interacts with the nuclei of the atoms of
a coordinated ligand and is able to cause a measurable shift (D) in the
nuclear resonance frequencies of these nuclei. This effect is referred to
as lanthanide-induced chemical shift.68,154 The overall shift is expressed
generally in terms of four additive contributions: the diamagnetic (Dd), the
contact (Dc), the pseudocontact (Dp), and the bulk magnetic susceptibility
(Dw) shifts [eqn (2.75)]:

D¼DdþDcþDpþDw (2.75)

The diamagnetic term corresponds to the coordination shift. On 1H-NMR
resonances, it is normally upfield, quite small, and negligible. The contact,
or Fermi, term depends on the delocalization of unpaired electron density
on the substrate nuclei and is therefore particularly relevant for atoms di-
rectly coordinated to the metal ion or in their close proximity. The dipolar or
pseudocontact term depends on the spatial proximity of the nucleus to the
paramagnetic ion and on the anisotropy of the magnetic susceptibility ten-
sor. The Dw shift arises from the variation in bulk magnetic susceptibility
associated with the presence of a paramagnetic ion in solution. The effect is
identical for all nuclei of the sample, and therefore it is effectively deleted
when an NMR spectrometer is frequency-locked. It is this contribution that
is measured to derive an accurate value of the concentration of a para-
magnetic species in solution.155

Bulk magnetic susceptibility shift is measured by using the well-
established Evans method in which the bulk magnetic susceptibility shift
of an inert molecule (tert-butyl alcohol, dioxane, or any other substrate that
is not involved in some type of chemical interaction with the paramagnetic
species) is measured in the presence of the paramagnetic solute on a
standard NMR spectrometer.156 In the most common experimental pro-
cedure, the measurement is carried out using a 5 mm co-axial NMR tube
containing two separate solutions. Typically, an aqueous solution con-
taining the paramagnetic species and a small amount of tert-butyl alcohol
(1 wt %) and D2O (10 wt %) is placed in the outer co-axial NMR tube, while a
corresponding diamagnetic solution (1 wt % tert-butyl alcohol and 10 wt %
D2O) is introduced in the inner co-axial tube (Figure 2.30). The difference
between the chemical shift values for the 1H-NMR peak of the inert com-
pound in the two compartments corresponds to Dw (in ppm) that, to a good
approximation, is expressed by eqn (2.76), where c is the concentration of
the paramagnetic solution in mol L�1, s is a parameter related to the shape
of the NMR tube and its position relative to the magnetic field (s¼ 1/3 for a
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cylinder parallel to the main field), T is the absolute temperature, and meff is
the effective magnetic moment in Bohr magnetons, which for GdIII as-
sumes the value of 7.94.157

Dw¼
4pcs

T
meff

2:84

� �2
�103 (2:76)

The dependence of Dw on concentration makes its value, easily measured
with good accuracy on modern NMR spectrometers, a convenient, relatively
easy, and accurate means to determine the concentration of a solution of a
GdIII complex. In turn, knowledge of concentration enables acquisition of a
precise value of relaxivity by measuring the relaxation rate R1 of the same
solution. It is worth noting that this approach is particularly sensitive for
metal ions with high effective magnetic moments, such as GdIII. Indicatively,
this procedure can be applied to solutions of GdIII complexes with concen-
trations between B0.5 and 150 mM.155 On spectrometers operating at higher
magnetic fields, more dilute solutions are measured more accurately be-
cause the greater line broadening makes the procedure less accurate for
higher concentrations.

Alternatively, the measurement of the bulk magnetic susceptibility
shift could also be carried out using two distinct NMR tubes (3 or 5 mm)
for the diamagnetic aqueous solution (1 wt % tert-butyl alcohol and
10 wt% D2O) and the solution with the paramagnetic species,
respectively.

As an example, experimental data is presented that was obtained in the
determination of the concentration of an aqueous solution at neutral pH of
[Gd(DOTA)(H2O)]�. In detail, 188 mL of the GdDOTA solution was mixed
with H2O (10 mL), D2O (20 mL), and tert-butyl alcohol (2 mL). The corres-
ponding diamagnetic solution contains H2O (198 mL), D2O (20 mL), and tert-
butyl alcohol (2 mL). The 1H-NMR spectrum is recorded at 298 K with a
spectrometer operating at 11.74 T (500 MHz). A frequency shift (Dw) of
234 Hz (0.47 ppm) is measured for the CH3 resonances of tert-butyl alcohol
in the paramagnetic solution contained in the outer tube. By applying eqn

Table 2.6 Concentrations of solutions of [GdDOTA]� and [GdDTPA]2� determined
by MP-AES at different wavelengths.a

Wavelength GdDOTA GdDTPA
(nm) (mmol/L) � SD (mmol/L) � SD
335.047 5.20 0.04 5.22 0.05
342.247 5.23 0.03 5.26 0.04
376.839 5.20 0.05 5.23 0.04
379.637 5.23 0.04 5.23 0.04
385.097 5.17 0.06 5.14 0.05
Average 5.21 0.02 5.22 0.04
aSD, standard deviation.
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(2.76) and correcting for the dilution of the starting solution, a concen-
tration of 4.9 mM is calculated for the GdDOTA solution.

2.7.5 Complexometry

The concentration of uncomplexed metal ions (Mn1) in solutions can be
determined with standard complexometric titrations by following the ML
complex formation reaction between the Mn1 ion (analyte) and the ligand
(L; titrant) described by eqn (2.77) and (2.78), where KML, [Mn1], [L], and [ML]
are the stability constant of the ML complex, the concentration of the metal
ion, the concentration of the ligand, and the concentration of the complex
ML, respectively.

Mn1þ L"ML (2.77)

KML¼
½ML�
½Mnþ�½L� (2:78)

The aim of a complexometric titration is the determination of the volume
of the titrant (L) that contains a number of moles (or equivalents) equal to
the number of moles (or equivalents) of the analyte (Mn1) in the initial so-
lution to be analyzed.

2.7.5.1 Ligand Selection

This volumetric technique of analysis is relatively simple, useful, and
accurate but has some requirements: (i) known stoichiometry of the
reaction with Mn1; (ii) fast complex formation at room temperature;

Figure 2.30 Evaluation of the bulk magnetic susceptibility shift of a paramagnetic
solution by using the Evans NMR method.
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(iii) complexation equilibrium strongly shifted towards product formation
(stable complexes characterized by high KML values); and (iv) ease of de-
tection of the equivalence point (large change in the concentration of free
Mn1 ions). These conditions are fulfilled by Na2H2EDTA and Na3H2DTPA,
whose use as titrants for GdIII ions is well established (Figure 2.31).158

2.7.5.2 Indicator Selection

Complexometric titrations can be monitored with complexometric indi-
cators, which are organic dyes able to coordinate Mn1 ions.158 The free and
complexed forms of the indicator have different colors. The color change
indicates that the indicator has been displaced by the titrant L (L¼EDTA or
DTPA) from the metal cations in solution, i.e. that the endpoint of the ti-
tration has been reached [eqn (2.79)]:

Mind þ L " ML þ Ind (2.79)

color a colorless colorless color b

Two general characteristics are important in choosing the appropriate
indicator: (i) the stability of the MInd complex must be high enough to
allow observation of the color of the MInd species even at low metal-ion
concentrations and (ii) the stability of Mind must be lower than that of
the complexes MEDTA or MDTPA to ensure complete displacement of the
metal ion from the MInd complex (e.g. logKLn(EDTA)¼ 15–19, logKLnIndr11;
logKLn(DTPA)¼ 19–23, logKLnIndr15).159 Typical complexometric indicators
for the determination of GdIII and other LnIII ions that satisfy these require-
ments are xylenol orange (logKGdL¼ 5.8),160–165 eriochrome black T
(logKGdL¼ 11.4),166,167 and arsenazo III (logbGd2L2¼ 80.5)168–170 (Figure 2.32).158

2.7.5.3 Factors Affecting the Complexometric Titration

The selectivity of the ligands EDTA or DTPA for GdIII or other LnIII ions is
influenced by a number of intrinsic and extrinsic factors. The most relevant
are the following:

(i) pH. It affects the formation of the LnInd, Ln(EDTA), and Ln(DTPA)
complexes and the hydrolysis of the metal ions (e.g. precipitation of
Ln(OH)3).158,171

Figure 2.31 The formula of Na2H2EDTA and Na2H3DTPA.
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(ii) Buffer. It might interact with the LnIII ions favoring the formation of
Ln–buffer complexes (acetic acid: logKGd¼ 2.16; citric acid:
logKGd¼ 6.87; formic acid: logKLaF¼ 1.11).172–174

(iii) Interfering metal ions. These might form complexes with the ligand L
leading to extra consumption of the titrant. The effect can be removed
by addition of an appropriate masking agent able to form a complex
with the interfering metal ions (e.g. 3,5-disulfo-pyrocatechol with AlIII,
dithiocarbamate with ZnII, and CN� with 3d cations), by changing
the oxidation state (e.g. reduction of FeIII to FeII with ascorbic acid),
and by formation of a precipitate (e.g. BaII can be precipitated
using SO4

2�).158

Therefore, careful adjustment of pH and temperature, knowledge of the
exact concentration of the background electrolyte, and correct selection of
the buffer are all required to achieve a precise complexometric determi-
nation of GdIII ions.

2.7.5.4 Experimental Procedures

According to a common experimental procedure, the complexometric ti-
tration of GdIII (or other LnIII ions) stock solutions is performed with 25 mL
of analyte ([LnIII]¼ 0.2–20 mM) in the presence of 3–4 mM urotropine
buffer (Bthree drops of a 40% solution; urotropine pKa¼ 4.89),175 and
xylenol orange indicator (Bsix drops of a 0.5% solution). As titrant, a 0.01 M
solution of Na2H2EDTA is typically used. The pH is adjusted in the range
5.8–6.0 by stepwise addition of concentrated HCl and KOH or NaOH so-
lutions. Because the complex formation reaction between the LnIII ions and
Na2H2EDTA results in the release of H1 ions, the pH of the analyte solution
must be carefully checked and corrected with the addition of two–three
drops of the urotropine solution during the experiment. The endpoint of
the titration is signaled by a color change from red to yellow (a steady
yellow color must be achieved).176 The experimental setup of the experi-
ment is illustrated in Figure 2.33. By using this procedure and a visual
detection of the endpoint, B1–100 mg of LnIII ions can be determined in
the starting solution.158

Figure 2.32 The most common complexometric metal indicators of LnIII ions.158
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2.7.5.5 Other Methods

To decrease the detection limit of the procedure, instrumental methods like
amperometric titrations,177 high-frequency titrations,178 and 1H-NMR re-
laxometric titrations179 have been proposed to follow the complexation of
LnIII cations with Na2H2EDTA (or Na3H2DTPA) as the titrant. Using a com-
plexometric indicator, the reaction of complex formation between the LnIII

ions and Na2H2EDTA (or Na3H2DTPA) can be monitored with high sensitivity
by spectrophotometry owing to the different absorption spectra and molar
absorptivity of the free indicator and the LnInd complexes. The detection
limit of the spectrophotometric titration was found to be B20 mg
Ln2O3.168,180–184

To standardize a spectrophotometric titration, a new procedure has
been developed for the determination of uncomplexed GdIII ions in solu-
tions of Gd complexes using xylenol orange as an indicator.184 Using this
method, the concentration of uncomplexed GdIII ions is directly pro-
portional to the ratio of the absorption maxima ([GdIII]p(Abs573/Abs433))
of the GdInd complex (573 nm) and of the free xylenol orange indicator
(433 nm) in 50 mM acetate buffer solution ([xylenol orange]¼ 16 mM;
pH¼ 5.8). The color of the xylenol orange indicator in the absence
and presence of GdIII ions is shown in Figure 2.34. The concentration
of uncomplexed GdIII ion has been calculated from the Abs573/Abs433

versus [GdIII] calibration curve obtained over the 0–50 mM concentration
range. The detection limit of this spectrophotometric measurement is
3 mM.184

Figure 2.33 Experimental set up of a complexometric titration.
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Figure 2.34 The colour of the xylenol orange indicator in the absence and presence
of Gd31 ions.
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2.8 Relaxometric Titrations

FABIO CARNIATO AND MAURO BOTTA*

Commercially available, GdIII-based contrast agents for MRI are low-
molecular-weight, hydrophilic complexes that, after intravenous adminis-
tration, distribute into intravascular and extracellular spaces. They are
characterized by high water solubilities, lack of tissue specificities, high
thermodynamic stabilities, and favorable safety profiles.117 However, clin-
ically used GdIII-based probes have only a moderate ability to induce contrast
because of their low relaxivity. In the search for strategies to increase their
efficiency, rotational dynamics represents a key factor determining the re-
laxivity of small GdIII complexes.61,118 Therefore, different approaches have
been devised to slow rotation (i.e. increase tR) of paramagnetic complexes
through conjugation to large substrates. Furthermore, systems have been
developed in which several GdIII chelates are linked to different macro-
molecular scaffolds or incorporated into nanoparticles. Examples of these
systems include protein-bound complexes, polymers, dendrimers, micelles,
liposomes, and a variety of inorganic nanoparticles. These nanoprobes en-
able a relatively large number of GdIII ions to accumulate in sites of interest,
thus enhancing the sensitivity of the MRI.122,185

An alternative route to increase tR has been pursued through the for-
mation of noncovalent interactions between suitably functionalized com-
plexes and slowly tumbling substrates. A clear and distinct advantage of this
approach is that the structural integrity of the complex is preserved and so it
can be excreted in the free form (as a monomer), thereby minimizing tox-
icological problems associated with the use of covalently bound conju-
gates.186 In addition, the binding constant KA can be modulated to some
extent because it depends on the physicochemical properties of the targeting
group. Human serum albumin has been the focus of most studies regarding
the formation of adducts with GdIII chelates bearing hydrophobic pendant
groups for angiographic applications.117,186 Other alternative routes to the
formation of slowly tumbling adducts have relied on host-guest interactions
between complexes with pendant hydrophobic functional groups and
cyclodextrins and polycyclodextrins (polycyclodextrins average molecular
weightE6–130 kDa).143

In all of these cases, a relevant requisite is the occurrence of a high
binding affinity because observed relaxation enhancement in blood serum
depends on the relaxivity of the free ðrf

1Þ and bound ðrb
1 Þ complexes and on

the molar fraction of the contrast agent in the supramolecular adduct.
Consequently, for preliminary in vitro evaluations, it is of considerable
interest and importance to determine binding parameters: the affinity con-
stant KA, the number of equivalent and independent binding sites n, and the
relaxivity of the supramolecular adduct rb

1 . In this chapter, an effective re-
laxometric method is described that is based on the proton relaxation en-
hancement effect.
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2.8.1 Determination of the Binding Parameters: E- and
M-titrations

The relaxivity of a paramagnetic specie changes following binding with a
substrate mainly because of the pronounced lengthening of tR as the rapidly
rotating GdIII complex (or ion) tumbles more slowly upon formation of the
supramolecular adduct. Rotational correlation time is generally the most
important factor that influences relaxivity of supramolecular complexes,
although the relaxivity enhancement of a bound complex also depends on
several other factors, including the number of bound water molecules, the
rate of water-exchange of bound water with the bulk, and the degree of ro-
tational mobility of the complex in the bound form (Section 2.1).

The proton relaxation enhancement technique is a nonseparative meth-
odology through which binding parameters can be assessed by measuring
and analyzing variations in NMR relaxation rates of water protons between
the bound and free paramagnetic substrate [eqn (2.80)].187

CþM"CM (2.80)

Assuming a reversible binding interaction between a paramagnetic com-
plex (C) and a macromolecule (M), as schematically shown in Scheme 2.1 in
the case where only a single class of equivalent binding sites is involved, the
association constant can be expressed as follows:

KA ¼
½CM�
½C�f ½M�f

¼ ½CM�
ð½C�t�½CM�Þð½nM�t�½CM�Þ (2:81)

where [C]t ([C]t¼ [C]fþ [CM]) and [nM]t represent the total molar concen-
tration of the paramagnetic species and of the equivalent and independent
binding sites on the macromolecule, respectively.

In an aqueous solution of a GdIII complex C in the presence of the
macromolecule M that interact with each other, the measured longitudinal
water proton relaxation rate ðRobs

1 Þ represents the sum of the relaxation rates
of the unbound or free complex, Rf

1; of the bound complex, Rb
1; and of the

Scheme 2.1 Binding equilibrium between a GdIII complex C and a macromolecule
M with n¼ 3.
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macromolecule (diamagnetic contribution), RM
1 . The relationship between

relaxation rate and relaxivity [eqn (2.2), Section 2.1.1] results in eqn (2.82):

Robs
1 ¼ðrf

1½C�f þ rb
1 ½CM�Þ � 1000þ RM

1 (2:82)

The combination of eqn (2.81) and (2.82) gives an expression that
correlates the experimental R1

obs data to the binding parameters KA and n:

Robs
1 ¼ ðKA½C�t þ KA½nM�t þ 1Þ � ððKA½C�t þ KA½nM�t þ 1Þ2 � 4K 2

A ½C�t½nM�tÞ
1=2

2KA

� ðrb
1 � rf

1 þ rf
1½C�tÞ � 1000þ RM

1

(2:83)

The complete experimental procedure for relating KA to Robs
1 involves two

relaxometric titrations, carried out at well-defined values of frequency and
temperature. These two titrations are commonly referred to as ‘‘E’’ (direct)
and ‘‘M’’ (reverse) titrations.187 In these experiments, the concentration of
one species (C or M) is kept constant and the concentration of the other is
changed.

E titrations consist of the addition of increasing amounts of M and
measurement of longitudinal relaxation rates, Robs

1 . During the course of the
titration, changes of Robs

1 are measured at a fixed proton Larmor frequency
and plotted as a function of the added species. Robs

1 increases with the
concentration of M (and thus of the fraction of bound complex) and ap-
proaches an asymptotic value, which depends on rb

1 , following a binding
isotherm (Figure 2.35). To ensure a high fraction of bound complex at the
end of the titration, a diluted starting solution of the paramagnetic complex
is used, typically corresponding to a [C]t value of about 0.2 mM. In addition,
using a low [C]t causes the effect of possible additional low-affinity binding
sites on the observed relaxation rate to be small.

Titration curves do not necessarily tend to asymptotic values. This ten-
dency depends on the concentration dependence of the diamagnetic term
RM

1 . In the case of the formation of inclusion complexes with cyclodextrin or
polycyclodextrins, the diamagnetic term varies only marginally with con-
centration in the range of values normally used (B0–10 mM), and this value
can be considered constant. With this value assumed to be constant, the
corresponding titration curves show well-defined asymptotic plateaus. On
the other hand, the RM

1 value of human serum albumin varies with con-
centration, and therefore this value must be taken into account. This con-
centration effect is visible in the quasi-linear increase of Robs

1 at the end of
titrations in the simulated binding curves in Figure 2.35. Thus, it is advisable
to measure the values of RM

1 of the protein solution as a function of con-
centration and subtract them from the experimental data of the E titration.
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Quantitative analysis of an E titration in terms of eqn (2.83) provides an
accurate estimation of the relaxivity of GdIII chelates ðrb

1 Þ bound to high-af-
finity sites and of the term nKA. In general, accurate and independent
evaluation of KA and n is not possible with this procedure because the
method is not sufficiently sensitive to n, particularly when KA is small. Often,
data relative to interactions with human serum albumin are fitted to a 1:1
binding isotherm (n¼ 1) despite the presence of multiple affinity sites on
human serum albumin. Although this is an approximation, it enables ac-
curate values of rb

1 to be obtained and the fraction of bound complex to be
estimated from well-defined experimental conditions.

It is worth highlighting that the same approach can be applied to in-
vestigate the formation of ternary complexes of GdIII chelates of high hy-
dration state (q41) with oxyanions (for example, oxalate, carbonate,
phosphate, fluoride, and acetate). The difference lies in the decreases in R1

with the concentration of the oxyanion because the ternary complex is
formed by displacing water molecules of the inner-coordination sphere,
therefore decreasing relaxivity.188

A better approach to independently evaluate n and KA involves the exe-
cution and data analysis of an M titration in which a solution with a given
concentration of the macromolecule is titrated with increasing amounts of
the GdIII complex. In the case where there is a single class of binding sites
with high affinity, the increase of Robs

1 following the addition of the para-
magnetic complex is almost linear up to the point where the interaction sites
are completely saturated (Figure 2.36). After this point, the concentration of
unbound complex in solution increases gradually, and therefore there is a
change in the slope of the curves as consequence of the difference of re-
laxivity between the bound and unbound forms of the complex. An

Figure 2.35 Calculated E titration curves of a 0.2 mM solution of a GdIII complex
with human serum albumin at 20 MHz and 298 K. Left: effect of
increasing binding strength on the observed longitudinal relaxation
rate [KA¼ 0.5�104 M�1 (lower curve); 2�104 M�1 (middle curve);
and 1�105 M�1 (upper curve)]. The other parameters are: n¼ 1;
rf

1¼ 6.0 mM�1 s�1; rb
1¼ 40 mM�1 s�1. Right: effect of the different

number of equivalent binding sites n on the E-titration curve
(KA¼ 2�104 M�1; rf

1¼ 6.0 mM�1 s�1; rb
1¼ 40 mM�1 s�1).
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interesting feature of this titration data is that the [C]t/[M]t ratio at the in-
flection point enables n to be approximated. The value of KA can be deter-
mined through fitting the experimental data measured at [C]t values lower
than the inflection point and by fixing n and rb

1 (obtained from an E
titration).

It can be difficult to identify the inflection point when there are binding
sites of low affinity on a macromolecule that induce changes in Robs

1 after
saturation of the high-affinity sites. A similar situation occurs when the
metal complex has a low affinity for the macromolecule (see the lower curve
of Figure 2.36, left). In these cases, it is convenient to use a graphical
method, known as a Scatchard plot, for extracting the parameters of the
binding system.189 Scatchard plots are useful for assessing the number of
binding sites on a receptor (e.g. a protein or guest molecule) and the affinity
of each site, even if more than one class of site exists. The experimental
parameters used for a Scatchard plot are the concentration of unbound
complex, [C]f, and the average number of metal complexes bound to a
receptor, r, at a given concentration of macromolecule at equilibrium. The
formal definition of r is shown in eqn (2.84):

r¼ ½C�b½M�t
¼
XJ

i¼ 1

ni½C�f KAi

1þ ½C�f KAi
(2:84)

It follows that the Scatchard plot, r/[C]f versus r, is linear for systems that
have one identical and independent set of sites. An example of a system with
two classes of binding sites on the same macromolecule is shown in
Figure 2.37.

Figure 2.36 Calculated M titration curves of a solution of human serum albumin
with a GdIII complex at 20 MHz and 298 K. Left: effect of the binding
strength [KA¼ 2�103 M�1 (lower curve); 1�104 M�1 (middle curve); and
1�105 M�1 (upper curve)]. The other parameters are: [human serum
albumin]¼ 0.2 mM; n¼ 2; rf

1¼ 6.0 mM�1 s�1; and rb
1¼ 40 mM�1 s�1.

Right: effect of different numbers of equivalent binding sites n
on M-titration curves ([human serum albumin]¼ 0.16 mM;
KA¼ 5�104 M�1; rf

1¼ 6.0 mM�1 s�1; and rb
1¼ 40 mM�1 s�1).
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To organize data in the form of a Scatchard plot, it is convenient to re-
arrange eqn (2.82) to show the dependence of the concentration of the
bound complex on Robs

1 :

½C�b¼
rf

1½C�t1000� Robs
1 þ RM

1

ðrb
1Þ1000

(2:85)

Eqn (2.85) enables calculation of the values of r and [C]f.
It is worth highlighting two issues concerning the Scatchard plot.

The Scatchard plot obtained from data of a proton relaxation enhancement
titration provides detailed information for the class of sites for which
the value of rb

1 is known. This limitation restricts analyses to high-affinity
sites because they are the only ones for which rb

1 can be accurately determined
by this procedure. In addition, a pronounced scattering of the experimental
data is observed in Scatchard plots obtained from proton relaxation en-
hancement measurements. Scattering is particularly an issue when the
concentration of an unbound complex is small, that is, for low values of r and
for complexes with high affinity for the macromolecule of interest.

2.8.2 The Enhancement Factor e*

There is another way to use the experimental data of the relaxometric ti-
trations, which is based on the definition of enhancement factor.187 Because
this method is common in the literature, a short summary is provided here.
The increase of relaxation rate observed upon addition of a macromolecule
in a solution of a GdIII complex can be expressed in terms of the enhance-
ment factor e*:

e*¼
R1p*

R1p
¼ ðR

obs
1 � R�1Þ*
ðRobs

1 � R�1Þ
(2:86)

Figure 2.37 Calculated Scatchard plot for the interaction of a complex with a
macromolecule presenting two classes of binding sites with different
affinities. Strong site (dotted blue line): n¼ 1 and KA¼ 1�104; weak site
(dotted red line): n¼ 3 and KA¼ 5�102.
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The asterisk indicates the presence of the macromolecule in the aqueous
solution of the GdIII complex. The enhancement factor can assume values
from one (absence of interactions) to the upper limit of eb¼Rb

1p/R1p when
the metal complex is completely bound (large excess of macromolecule).
Because the observed relaxation rate is a linear combination of the bound
and unbound rates [eqn (2.87)], it follows that the enhancement factor can
be described using eqn (2.88).

R1p* ¼ wf R1p þ wbRb
1p (2:87)

e*�1¼ wb(eb� 1) (2.88)

The determination of the binding parameters KA and n from the mass
action law follows:

KA ¼
½CM�
½C�f ½M�f

¼ ½CM�
ð½C�t�½CM�Þð½nM�t�½CM�Þ (2:89)

e*¼ wbeb þ ð1�wbÞ¼ ½CM�
½C�t

eb þ ½C�t�½CM�
½C�t

(2:90)

The combination of eqn (2.89) and (2.90) yields eqn (2.91), which enables
the nonlinear fitting of experimental data:

e*¼ðeb�1Þ

� ðKA½C�t þ KA½nM�t þ 1Þ � ððKA½C�t þ KA½nM�t þ 1Þ2 � 4K2
A ½C�t½nM�tÞ

1=2

2KA½C�t
þ 1

(2:91)

The experimental procedure to obtain the data necessary to use eqn (2.91)
requires measurement of the enhancement factor e* through the two distinct
E and M titrations. In the first case, a rectangular hyperbola is obtained
describing the change of e* as [M]t increases (Figure 2.38). The treatment of
the obtained binding isotherm yields the value of eb and the product nKA.

In the second titration, the behavior of e* is monitored at a fixed con-
centration of the macromolecule by changing the metal complex concen-
tration. The results can be expressed in the form of a Scatchard plot:

r
½C�f
¼ nKA � rKA (2:92)

The value of r can be calculated from the value of eb evaluated from the E
titration (eqn (2.93). In the same way, the concentration of unbound com-
plex, [C]f, can be derived from the total concentration of the complex, [C]t

(eqn (2.94)).
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r¼ ðe
*� 1Þ½C�t
ðeb � 1Þ½M�t

(2:93)

½C�f ¼ 1� e*� 1
eb � 1

� �
½C�t (2:94)

By plotting r/[M]f versus r, a straight line is obtained with an x-axis inter-
cept that is equal to n and with a slope equal to �KA.

2.8.3 Experimental Procedure

As an example, this section considers the binding interaction of a lipophilic
GdIII complex with human serum albumin. The experimental procedure
consists of carrying out E and M titrations. During the experiments, it is
important to ensure constant values of temperature (298 or 310 K) and pH.

In the first titration, human serum albumin (B1–5 mg) is added to a dilute
aqueous solution of the paramagnetic complex. A starting volume of 1 mL
containing a concentration of B0.1–0.2 mM of the GdIII chelate is recom-
mended. Before beginning the titration, the concentration of the starting
solution should be assessed by one of the procedures described in Section
2.7. After the measurement of R1 of the starting solution, the protein is
added via stepwise additions. The total amount of human serum albumin
added is often in the range of 60 to 100 mg. The observed longitudinal re-
laxation rate is plotted as a function of the protein concentration. For a good
definition of the binding isotherm, it is advisable to measure more values of
R1 in the initial part of the titration (at low protein concentrations) instead of
the asymptotic end of the curve. If the interaction of interest involves an
inclusion complex with cyclodextrin or polycyclodextrin, then stepwise
additions by weight are not viable because the small amounts added at each
interval will be associated with large error. In this case, it is convenient to

Figure 2.38 Proton relaxation enhancement E titration of a GdIII complex with
human serum albumin. From the obtained rectangular hyperbola, eb

and nKA can be obtained using eqn (2.91).
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prepare a stock solution containing the cyclodextrin with a concentration
close to its solubility value and the complex (e.g. 0.15 mM). The R1 value of
this solution corresponds to the end point of the titration. By mixing dif-
ferent volumes (decreasing) of this solution with a solution of an identical
concentration of the complex (increasing volumes), values of R1 can be
measured that correspond to decreasing concentrations of the substrate to
complete the titration curve.

In the M titration method, a solution of the protein (B0.1–0.2 mM) is ti-
trated with increasing concentrations of the paramagnetic complex (up to
about 10 times the fixed concentration of the protein). The observed relax-
ation rate is plotted as a function of the concentration of the GdIII complex.

Proton relaxation enhancement is the method of choice when the sub-
strate interacting with the macromolecule is a paramagnetic species.
Nevertheless, alternative strategies such as equilibrium dialysis, ultrafiltra-
tion, and ultracentrifugation are also available for investigating the binding
interactions of metal chelates.190–192 Equilibrium dialysis and ultrafiltration
are separative methods that make use of a membrane or a filter of suitable
size to enable the separation and subsequent quantitative analysis of the
unbound substrate. A few reports provide comparison between the results
obtained for the same systems using both equilibrium dialysis and proton
relaxation enhancement.126,191,193 In these cases, the agreement is broad
and satisfying. Furthermore, it should be noted that the proton relaxation
enhancement method enables evaluation of weak association constants that
are otherwise not detectable using the equilibrium dialysis approach.
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2.9 Computational Methods

ROSA PUJALES-PARADELA, MARTÍN REGUEIRO-FIGUEROA,
DAVID ESTEBAN-GÓMEZ AND CARLOS PLATAS-IGLESIAS*

The rational design of GdIII-based contrast agents with predetermined
properties requires relating the structural features of the complexes with the
microscopic physicochemical parameters that describe their relaxivities.
Computational methods are a powerful tool to obtain information regarding
the structure and dynamics of GdIII complexes in solution. Theoretical
studies provide insight at the molecular level for important properties of
GdIII complexes that are difficult to access with experimental techniques (i.e.
fast dynamic processes that cannot be followed by NMR spectroscopy). In
principle, the complete set of computational approaches can be applied to
investigate GdIII complexes, including: (i) molecular mechanics (MM) and
classical molecular dynamics (MD) simulations; (ii) semi-empirical calcula-
tions; and (iii) density function theory (DFT) and ab initio methods. This
section provides an overview of different computational approaches that can
be applied to the characterization of GdIII-based contrast agents. Basic
foundations and practical aspects are presented for each methodology,
which might be interesting for experimentalists that wish to employ com-
putational studies in parallel to experimental work.

2.9.1 Molecular Mechanics and Molecular Dynamics
Simulations

The use of MM methods to investigate GdIII complexes is not straightforward
owing to the lack of parametrization of high-coordination lanthanide com-
pounds in commonly available force fields. A force field is a mathematical
expression that relates the energy of the system and the coordinates of its
particles. Many force fields with different degrees of sophistication have
been reported, but a general expression of a common force field is given by
eqn (2.95):194,195

E¼
X

bonds

K rðr � reqÞ2 þ
X

angles

Kyðy�yeqÞ2

þ
X

dihedrals

V n

2
½1þcosðny� gÞ�þ

X
io j

Aij

r12
ij

�
Bij

r6
ij

þ
qiqj

erij

" # (2:95)

As observed in eqn (2.95), bond stretching and bending are represented by
harmonic potentials, where req and yeq represent the distances and angles,
respectively, at equilibrium. The torsional energy associated with changes in
dihedral angles is often expressed by cosine functions, with f being the
dihedral angle and g the phase; Vn determines the height of the potential
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energy barrier; and n is the multiplicity, which refers to the number of
minima or maxima between 0 and 2p. The last term describes the inter-
actions of nonbonded atoms, including the repulsive and Van der Waals
interactions—expressed by a 12-6 Lennard–Jones potential—and Coulombic
interactions.

The application of MM methods to GdIII complexes requires careful
parametrization of force fields. Cosentino, Villa, and co-workers developed a
parameter set within the TRIPOS force fields for GdIII complexes with cyclen-
based ligands containing amidic, alcoholic, and phosphinic oxygen
atoms.196–199 This force field was developed by fitting empirical potentials to
ab initio potential energy surfaces (PES) calculated at the Hartree–Fock level.
MM calculations employing this force field were subsequently applied to
investigate the structure and dynamics of responsive GdIII-based contrast
agents.198,200 A set of parameters consistent with the chemistry at Harvard
macromolecular mechanics (CHARMM)201 force field was also determined
for [Gd(DOTA)]–.202 The parameters for GdIII within the framework of the
assisted model building with energy refinement (AMBER)203 force field were
published and a range of macrocyclic and nonmacrocyclic complexes were
investigated using MM and classical MD simulations.204–207

Molecular dynamics simulations provide a dynamical trajectory of a
system with N particles by integration of Newton’s equations of motion
[eqn (2.96)]:

Fi¼miai¼mi
d2ri

dt2 ¼�
@

@ri
Eðr1; r2 . . . rNÞ (2:96)

where E(r1, r2. . .rN) is the potential energy of the system that depends on the
coordinates of its N particles. Thus, Newton’s equations of motion relate the
derivative of the potential energy and the changes in position as a function
of time. No analytical solution exists to the equations of motion that must be
solved using numerical integration algorithms. Thus, to perform a classical
MD simulation, one needs to choose an appropriate force field, an inte-
gration algorithm (which should conserve energy and momentum), and the
initial conditions. Often MD calculations use periodic boundary conditions,
that is, the simulation box is surrounded by an infinite number of replicas of
itself, but only N atoms inside the main box are considered explicitly.

MD simulations based on force fields have the advantage of being orders of
magnitude faster than ab initio MD simulations, thus, enabling handling of
systems composed of thousands of atoms that reach simulation times up to
the microsecond timescale. The main limitation of MD simulations is that they
do not provide information about the electronic structure of the system and
cannot model reactions involving bond formation and breaking or electron
transfer. Furthermore, the applicability of the force field is generally limited to
compounds having a similar nature to those used for parametrization.

Classical MD simulations have been shown to provide relevant infor-
mation about some of the parameters that control the 1H relaxivities of GdIII
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complexes. Radial distribution functions calculated along the MD trajec-
tories provide information on the distances between GdIII ions and the
oxygen (rGdO) and hydrogen (rGdH) atoms of coordinated water molecules,
which affect the 17O- and 1H-longitudinal relaxation times of the coordinated
water molecules. Furthermore, the residence time of second-sphere water
molecules in polyaminocarboxylate complexes was estimated to be 20–25 ps
using classical MD simulations, which also provided access to the outer-
sphere contributions to 1H relaxivity.205 Additionally, rotational correlation
times (tR) can be extracted from the time evolution of an appropriate vector,
providing that the simulation time is long enough (tR values of small GdIII

complexes are in the range of 100 ps). Other studies used classical MD tra-
jectories to calculate quadrupole coupling constants and hyperfine coupling
constants, which affect longitudinal 17O-NMR relaxation rates and trans-
verse 17O-NMR relaxation rates and chemical shifts, respectively.208 Typi-
cally, the snapshots obtained from classical MD simulations were analyzed
with DFT to obtain the target parameters and to assess dynamic effects in
aqueous solutions.15,209

2.9.2 Semi-empirical Calculations

Semi-empirical methods are the simplest class of electronic structure
(quantum chemical) methods that involve integral approximations and
parametrization to simplify calculations.210 These simplifications reduce
accuracy but make calculations suitable to treat large molecules. The most
popular semi-empirical methods are based on the modified neglect of di-
atomic overlap (MNDO) introduced at the end of the 1970s.211,212 Para-
metrization of GdIII was carried out for several of these semi-empirical
models (PM3 and RM1)213,214 and the Sparkle/AM1,215 Sparkle/PM3,216

Sparkle/PM6,217 and Sparkle/PM7218 variants, which have been imple-
mented in the molecular orbital package (MOPAC).219 The Sparkle model
considers lanthanide trications to be þ3 charged with closed-shell inert-gas
electron density, without angular steric properties. The model is justified by
the contracted nature of the 4f orbitals and the predominantly ionic char-
acter of the GdIII–ligand bonds.

Semi-empirical approaches have been used in a limited number of GdIII

systems and therefore require careful testing and evaluation by comparison
with experimental data or high-level calculations.220 However, the low
computational cost of these calculations makes them a useful tool for
handling large systems (above several hundreds of atoms) or for preliminary
investigations of the conformational space of small GdIII complexes that will
be optimized afterwards at a higher computational level.

2.9.3 Density Functional Theory and Ab Initio Methods

The description of the electronic structure of GdIII-based contrast agents for
MRI is essential to an understanding of their physicochemical properties
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and therefore to aid in developing applications in many technological fields.
The experimental work performed with potential GdIII-based contrast agents
and the analogues containing other LnIII ions provides a wide range of in-
formation on relationships between structure and the parameters governing
the relaxivity. However, theoretical investigations performed on this kind of
systems are behind experimental knowledge. The reasons for this delay are
likely related to some difficulties associated with the quantum chemical
treatment of GdIII and other LnIII ions, including: (i) the presence of un-
paired 4f electrons; (ii) the importance of relativistic effects; (iii) the multi-
configurational character of the wavefunctions of ground and excited states
of the lanthanides; and (iv) the importance of spin-orbit coupling.

Electronic structure methods rely on several approximations to simplify
the solution of the Schrödinger equation. The first of such approximations is
the Born–Oppenheimer approximation, which separates the nuclear and
electronic motions on the basis of their different masses. Even in the case of
light atoms such as the hydrogen atom, the mass of the nucleus is B1800
times greater than that of the electron so nuclei movement is slow compared
to electrons. Thus, neglecting the kinetic energy term of nuclei, the mo-
lecular electronic Hamiltonian for a system with N electrons and M nuclei
can be written as eqn (2.97) (in atomic units):

HBO¼�
1
2

XN

i¼ 1

r2
i �

XM

a

XN

i

ZA

|ri�RA |
þ
XN

i

XN

joi

1
|ri�rj |

þ
XM

A

XM

BoA

ZAZB

|RA�RB |

(2:97)

In eqn (2.97), the first term represents the electron kinetic energy and the
remaining three terms account for the nuclear–electron attraction, electron–
electron repulsion, and nuclear–nuclear repulsion, respectively. The mo-
lecular N-electron Hamiltonian can be used in the time-independent
Schrödinger equation, which describes the motion of electrons in the field of
fixed nuclei [eqn (2.98)]:

ĤBOCelecðx1; x2 . . . xN ; RA;RB . . . RMÞ¼ ECelecðx1; x2 . . . xN ; RA;RB . . . RMÞ
(2:98)

In eqn (2.98), Celec(xi;Rj) is the electronic wave function, which depends
only parametrically on the positions of the nuclei, and E is the electronic
energy. Thus, the Born–Oppenheimer approximation leads to the concept of
potential energy surface that describes the energy of the system in terms of
the nuclear positions. It is important to note that in eqn (2.98), xi denotes
both the spatial and spin degrees of freedom. Molecular orbital theory ex-
presses c as a combination of a set of normalized and orthogonal molecular
orbitals (c1, c2, . . ., cN). Because c(x1, x2, . . ., xN) must be antisymmetric, that
is, the function must change sign if two identical particles are interchanged,
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a convenient form of describing c is using a Slater determinant of the form
in eqn (2.99):

Cðx1; x2 . . . xNÞ¼
1ffiffiffiffiffiffiffi
N !
p

c1ðx1Þ c2ðx1Þ . . . cNðx1Þ
c1ðx2Þ c2ðx2Þ . . . cNðx2Þ

..

. ..
. . .

. ..
.

c1ðxNÞ c2ðxNÞ . . . cNðxNÞ

���������

���������
(2:99)

The determinant is constructed by representing all possible assignments
of electron i to all single-electron functions in each row. Hartree–Fock theory
uses the variational principle in which the energy of the exact wavefunction
serves as a lower bound to the energies calculated for a set of orthonormal
orbitals.

DFT methods are based on the Hohenberg–Kohn theorem,221 which states
that all molecular electronic properties can be calculated if the electron
density of the system is known. Although the exact form of all the com-
ponents of the functional (a function of a function) that gives the energy
from the electron density is not known, available functionals often provide
an accurate description of many chemical properties. The Kohn–Sham for-
mulation of DFT starts by considering a system of noninteracting N elec-
trons. The electron density associated with a single Slater determinant
representing a system of N noninteracting electrons is given by eqn (2.100):

rðrÞ¼
ðXN

i

|ciðxÞ|
2ds (2:100)

Here, x represents the three space variables and the spin variable, and the
integration is performed over the spin variable s. The Kohn–Sham equations
derived from the Hohenberg–Kohn theorem may be written as eqn
(2.101):222,223

�r
2

2
þ ueffðrÞ

� �
CiðxÞ¼ eiCiðxÞ (2:101)

The term ueff is an effective potential that has a functional form with re-
spect to the electron density r(r) described by eqn (2.102):

ueffðrÞ¼ �
X

A

ZA

|r � RA |
þ
ð

rðrÞ
|r � r0 |

dr0 þ uXCðrÞ (2:102)

The exchange correlation potential is defined as the functional derivative
of the exchange correlation energy with respect to the density, as shown in
eqn (2.103):

uXCðrÞ¼
dEXC½r�
drðrÞ (2:103)
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The energy in Kohn–Sham theory is expressed as the sum of five different
terms that, except for the nuclear–nuclear repulsion term VNN, are all func-
tions of the electron density r, as shown in eqn (2.104):

E[r]¼ VNNþTs[r]þ VeN[r]þ J[r]þ EXC[r] (2.104)

The noninteracting kinetic energy is obtained from the Kohn–Sham or-
bitals via eqn (2.105):

Ts½r� ¼ �
1
2

XN

i

ci |r2 |ci

� �
(2:105)

Thus, the exchange correlation functional may be redefined to cover the
part of the kinetic energy that is not included in Ts[r] in the form of eqn
(2.106):

EXC½r� ¼ E0XC½r� þ T ½r� � Ts½r� (2:106)

The Kohn–Sham equations are one-electron equations that can be solved
iteratively, just like the Hartree–Fock equations. Electron correlation is in-
corporated with the exchange correlation potential uXC(r), whose form is
unknown. Usually EXC[r] is separated in two parts, denoted as the exchange
and correlation parts, which account for the interactions between electrons
with the same spin and different spin, respectively.

The different functionals available for application to molecular systems
can be divided into six classes: (i) functionals based on the local density
approximation (LDA) that depend on the value of the electron density at any
given point in space r(r); (ii) functionals based on the generalized gradient
approximation (GGA) that depend not only on the value of the electron
density but also on its gradientrr(r); (iii) meta-GGA functionals that depend
on the electron density, its gradient, and the kinetic energy density; (iv)
hybrid functionals that can be divided into hybrid GGA and hybrid meta-
GGA functionals and include a mixture of Hartree–Fock exchange with DFT
exchange-correlation; (v) double-hybrid functionals that include nonlocal
correlation effects through second-order perturbation treatment (i.e. MP2);
and (vi) long-range corrected functionals that use a short term to include the
DFT exchange interaction and a second term to account for long-range
interactions.224 Some common density functionals are listed in Table 2.7.

In general, DFT methods provide a clear improvement over Hartree–Fock
calculations without a dramatic increase of the computational cost. Given
the broad range of functionals available in most computational packages, it
is important to search the literature and select a functional that has been
shown to perform well for similar problems and systems. Some studies have
shown that functionals using the LDA approximation often predict too short
Gd–ligand bonds and binding energies that are too high,238 and thus they
are not recommended to investigate solution structures of GdIII-based con-
trast agents. GGA functionals were also found to perform poorly compared to
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hybrid-GGA, meta-GGA, and hybrid meta-GGA functionals, and thus they
should not be used to obtain accurate geometries of GdIII complexes. The
popular B3LYP functional was also found to provide larger deviations of Gd–
N distances compared to meta-GGA (TPSS) and hybrid meta-GGA functionals
(TPSSh, M06).239

In spite of the successful application of DFT to investigate many chemical
problems, one should bear in mind the multiconfigurational character of
LnIII complexes due to the presence of quasi-degenerate ground states and
low-lying excited states. Thus, Hartree–Fock and DFT are clearly not well
suited to treat some specific chemical problems in GdIII-based complexes,
for example, magnetic properties. In such cases, multiconfigurational
methods, such as the complete active space self-consistent field (CASSCF)
and multireference configuration interaction (MRCI) methods, are neces-
sary.240 CASSCF calculations have been applied in the past to relatively small
LnIII complexes, including GdIII derivatives.241,242 However, the increasing
computational power enables application of high-level ab initio wave func-
tion techniques to systems of practical relevance.243 For instance, CASSCF
calculations have been applied to investigate the zero field splitting par-
ameters of GdIII complexes relevant as contrast agents for MRI.244 The
CASSCF method divides orbitals into three different subspaces: (i) internal
orbitals that are occupied in each Slater determinant; (ii) active orbitals that
have varying occupations and thus are described by all possible Slater de-
terminants (configuration state functions) that can be generated by

Table 2.7 Some density functionals commonly used in molecular calculations.a

Type Functional Exchange Correlation Ref.
GGA PBE PBE PBE 225

BLYP B88 LYP 226, 227
BP86 B88 P86 226, 228
mPWLYP mPW LYP 227, 229

Hybrid PBE0 (25%)a PBE PBE 230
B3LYP (20%)a B88 LYP 227, 231
B3PW91 (20%)a B88 PW91 226, 232

Meta-GGA TPSS TPSS TPSS 233
M06-L Minnesota Minnesota 234

Hybrid Meta-GGA TPSSh (10%)a TPSS TPSS 233
M06 (27%)a Minnesota Minnesota 235
M06-2X (54%)a Minnesota Minnesota 235

Long-range
corrected DFs

CAM-B3LYP B3LYP including long-range
corrections using the Coulomb
attenuating method

224

LC-oPBE Long-range corrected version of
PBE

236

DFT-D3 Conventional DFs including
Grimme’s empirical dispersion

237

aThe % of Hartree–Fock exchange is indicated within parenthesis.
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distributing N electrons in the M active orbitals; and (iii) virtual orbitals that
are empty in all Slater determinants. Thus, in the case of GdIII complexes (4f7

configuration) the active space normally includes seven electrons in seven
orbitals, which can be abbreviated as CAS(7,7). CASSCF provides qualita-
tively correct reference wavefunctions that can be employed for a subsequent
treatment of dynamic correlation using second order multiconfigurational
perturbation theory (i.e. CASPT2 or NEVPT2).245–249

2.9.4 Basis Sets and Relativistic Effects

The molecular orbitals c1, c2, . . ., cN in eqn (2.99) are normally expressed in
terms of a set of predefined functions known as basis functions wk described
by eqn (2.107):

Ci¼
X

k

ckiwk (2:107)

The coefficients of the molecular orbitals cki are determined using the self-
consistent field (SCF) method. Most computational packages perform their
calculations using Gaussian basis sets with the form described in eqn
(2.108):

wa;lxly;lz
ðz; y; zÞ¼N

Xn

i¼ 1

dikxlx yly zlz e�ar2
(2:108)

In eqn (2.108), lxþ lyþ lz¼ l determines the shape of the orbital, and a is
the exponent that controls the width of the orbital. Large a values result in
tight functions, and small a values give diffuse functions. n is the degree of
contraction of the basis function, that is, the number of primitive functions
composing the basis function. The dik coefficients are called contraction
coefficients. Some program packages, in particular the ADF code,250 use
Slater-type orbitals rather than Gaussian functions. Slater-type orbitals
present e�ar terms instead of the e�ar2

dependence of Gaussian functions.
Some programs (i.e. CPMD)251 use plane waves that depend on eikr and are
particularly useful to model periodic boundary conditions.

An important issue in the computational treatment of GdIII complexes and
other systems containing heavy elements is the inclusion of relativistic ef-
fects252 because high nuclear charges have a strong influence on the shape
and energy of the valence orbitals in heavy element systems.253 The im-
portance that relativistic effects have for heavy elements can be understood
by the following reasoning: The ground state energy of a 1s electron bound
to a nucleus of charge þZ equals �Z2/2 atomic units, which corresponds to a
kinetic energy of þZ2/2¼ 1/2mv2, where m is the electron mass and v is the
speed of the electron. The electron mass equals one atomic unit, and thus
the average electron velocity at the nonrelativistic limit would be v¼ Z
atomic units. The speed of light in atomic units is c¼ 137.036, and therefore,
for heavy nuclei, the electron velocities approach a substantial fraction of the
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speed of light. The main consequences of relativity on the atomic orbitals of
heavy elements are on radial contraction and energetic stabilization of the s
and p shells, spin-orbit splitting, and radial expansion and energetic de-
stabilization of the outer d and f shells.

Two different approaches have been developed to account for relativistic
effects in systems containing heavy elements such as GdIII complexes: (i) all-
electron relativistic approaches and (ii) relativistic effective core potentials
(RECP) that can be either pure scalar or include spin-orbital effects. The
most widely used approximation for quantum chemical treatment of GdIII

complexes (and complexes of other LnIII ions) is the RECP approach. RECP
calculations explicitly treat only the chemically relevant valence electrons,
and relativistic effects are implicitly accounted for by a proper adjustment of
free parameters in the valence model Hamiltonian.254 Besides including the
most important relativistic effects, the RECP approach also serves to de-
crease the computational cost so that calculations on relatively large GdIII

complexes become practical. Three different classes of RECPs and associated
basis sets have been proposed for GdIII and the other lanthanides: (1) the
averaged relativistic RECPs with a [Xe] core and spin-orbit operators of Ross
and co-workers;255 (2) the shape-consistent RECPs of Cundari and
Stevens;256 and (3) the energy-consistent RECPs and associated basis sets of
Dolg (Stuttgart–Cologne pseudopotentials).257–261 Two different core defin-
itions have been developed for the latter RECPs: ‘‘large-core’’ in which the 4f
electrons are included in the core and ‘‘small-core’’, which treats the four,
five, and six shell electrons explicitly. Both large-core and small-core pseu-
dopotentials were developed to be used in ab initio molecular dynamics
simulations in combination with plane wave basis sets.262

Large core RECPs take advantage of the fact that 4f orbitals do not sig-
nificantly contribute to chemical bonding due to their limited radial ex-
tension as compared to the 5d and 6s shells. As a result of including the 4f
electrons in the core, calculations of GdIII complexes are conducted in a
pseudo-singlet state, that is, as if the complex had a closed-shell configur-
ation. This treatment of the 4f electrons simplifies calculations considerably
so that geometry optimizations of relatively large systems become feasible.
Large-core calculations sometimes overestimate the bond distances of
the metal coordination environment compared to their small-core
counterparts.263–265 However, in other instances both approaches were
found to provide similar Gd–donor distances in complexes with poly-
aminocarboxylate ligands.266 Two different basis sets were derived for the
energy-consistent small-core RECPs: a (14s13p10d8f6g)/[6s6p5d4f3g] atomic
natural orbital (ANO) Gaussian valence basis set267 and a Gaussian
(14s13p10d8f6g)/[10s8p5d4f3g] valence basis set using a segmented con-
traction scheme.268 Recent computational studies of GdIII complexes found
that DFT calculations with the latter basis set converge in some cases to a
state with an unphysical electron spin density.269

The use of RECPs might not be appropriate for the treatment of some
specific problems that can be better addressed by all-electron relativistic
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approaches.270,271 The Douglas–Kroll–Hess (DKH) transformation-based
methods272–274 and zero order regular approximation (ZORA)275–277 methods
are the most widely tested and used all-electron relativistic approaches.
Different studies showed that the ZORA and DKH approaches often provide
results of similar quality.265,278 In some specific cases, relativistic all-electron
calculations provide better results than RECP calculations, for instance,
in the case of lanthanide mercaptobenzothiazolyl complexes, for which
pseudopotential calculations led to a strong overestimation of the Ln–S bond
lengths compared to all-electron relativistic calculations (up to 0.5 Å).279

Different basis sets have been proposed to be used for GdIII and other
lanthanides together with scalar relativistic Hamiltonians, including the
Slater-type scalar relativistic all-electron basis sets for ZORA calculations
included in the Amsterdam density functional code,250 the atomic natural
orbital (ANO-RCC) basis set of Roos and co-workers for use with the DKH2
Hamiltonian,280 the DKH adapted basis set of Dolg,281 and the SARC282 and
SARC2283 basis sets of Neese developed for use with both the DKH2 or ZORA
approaches.

The use of RECP methods to model GdIII complexes relevant as contrast
agents for MRI requires a basis set to describe the ligand atoms. Generally
the use of polarized valence double-x (i.e. 6-31G(d) and cc-pVDZ) or po-
larized valence triple-x (6-311G(d), 6-311G(d,p), cc-pVTZ or TZVP) basis sets
provide similar bond distances of the GdIII coordination environment.239

The use of diffuse functions generally does not significantly influence the
quality of the calculated structures, although it is advisable to test the effect
of diffuse functions when dealing with high negative charges. Non-
polarized basis sets (3-21G, 6-31G or 6-311G) were found to provide arti-
ficially short bond distances of the metal coordination environment.239

Nonrelativistic basis sets should not be used in relativistic calculations
(i.e. DKH or ZORA).

The program packages commonly used to perform quantum chemical
calculations store internally the most common basis sets that can be indi-
cated using appropriate keywords. Alternatively, basis sets can be specified
in the input file using formats that vary from one package to another. Basis
sets can be obtained from the original publications or from different data-
bases (i.e. basis set exchange),284,285 which often provide basis sets and ef-
fective core potentials using formats suitable for different program
packages. Alternatively, some groups offer their basis sets and ECPs in
personal webpages (i.e. Stuttgart/Cologne ECPs286 or Sadler’s basis sets for
calculations of NMR properties).287

2.9.5 Solvent Effects

Due to their specific application in MRI, generally computational studies of
GdIII-based contrast agents aim at obtaining information regarding the
structure and properties of the complexes in solution. Furthermore, poten-
tial candidates for GdIII-based contrast agents are often complexes with
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polyaminopolycarboxylate ligands having concentrated charge densities, so
that solvent effects often have an important impact on the properties of the
complex. Two different approaches have emerged to take into account
solvent effects in quantum chemical calculations of GdIII complexes: cluster
calculations and the continuum models of solvation. Cluster calculations are
performed using model clusters that explicitly include a second hydration
shell.288 These calculations enable optimization of the energy minima and
transition states required to study water-exchange reactions. Additionally,
cluster calculations provide information regarding the second-sphere solv-
ation shell,289 which provides an important contribution to the relaxivity of
certain GdIII complexes.26,106

The main limitation of cluster calculations is that adding extra solvent
molecules increases the computational cost and the number of minimum
energy structures. Alternatively, bulk solvent effects can be considered with
the aid of a continuum model. Two main types of continuum solvation
models are available, the conductor-like screening model (COSMO) of
Klamt and co-workers290,291 and the polarizable continuum model (PCM)
of Tomasi.292 In both variants, the cavity occupied by the solute is sur-
rounded by apparent charges that polarize it as it would do a surrounding
solvent. In the COSMO approximation the dielectric constant of the me-
dium is changed from the specific finite value characteristic of each
solvent to e¼N, which corresponds to that of a conductor. On the other
hand, the PCM approach calculates the magnitude of these apparent
charges by considering that the molecule is surrounded by a polarizable
continuum of the appropriate dielectric constant. The cavity containing the
solute is often constructed with a series of interlocking spheres with ap-
propriate radii that have to be parametrized. Thus, one should keep in
mind that the results obtained with continuum models are strongly
dependent on the model used to describe the solute cavity. Another
limitation of continuum models of solvation is that they cannot account
for specific solvent–solute interactions, which can be particularly import-
ant for charged solutes. Geometry optimizations using the PCM model
were found to provoke a significant shortening of the GdIII–N distances in
complexes with polyaminocarboxylate ligands and a slight elongation of
the GdIII–O distances.293 The structures optimized in solution generally
present a better agreement with reference crystallographic data than those
optimized in the gas phase.

A strategy to overcome the limitations of continuum models is to use
mixed cluster–continuum models that explicitly include a few second-sphere
water molecules with bulk solvent effects being considered with a con-
tinuum model. In particular, the inclusion of a few water molecules involved
in hydrogen-bonding interactions with the coordinated water molecule was
found to be crucial to an accurate calculation of GdIII–Owater distances
(Figure 2.39),16 which decrease in the presence of explicit second-sphere
water molecules while approaching the experimental GdIII–Owater distance
observed by X-ray crystallography.
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2.9.6 Practical Aspects and Selected Examples

Figure 2.40 provides a schematic representation of a typical procedure used
for the computational investigation of a GdIII complex. The application of
any computational method requires generating a collection of reasonable
starting geometries that can be subsequently optimized using a method
with a low computational cost. These methods might include MM,

Figure 2.39 Bond distance of the coordinated water molecule (Gd–Owater) and 17O
hyperfine coupling constant (Aiso) calculated for the [Gd(DOTA)-
(H2O)]� � xH2O systems using the TPSSh functional. Geometries were
obtained using a polarized continuum approach and a large-core RECP,
while Aiso values were computed using small-core (red squares) or all-
electron DKH2 calculations (blue triangles). Dashed lines represent the
experimental values.
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semi-empirical calculations, or Hartree–Fock or DFT calculations, likely
using a large-core RECP and a small basis set to describe the ligand atoms
(i.e. 3-21G or STO-3G). These geometry optimizations generate a number of
reasonable structures for the system of interest, enabling the discarding of
structures endowed with high energies. The remaining geometries (pre-
sumably local energy minima at the selected computational level) are then
optimized at a higher computational level. This preliminary conformational
screening is of critical importance to locate the global energy minima for the
system of interest and perhaps other energy minima of chemical import-
ance. At this point, it is also important to emphasize that any experimental
information available for the concerned system should be considered to aid
obtaining meaningful results (for example, structural information
from X-ray or NMR data or the number of coordinated water molecules
obtained with luminescence measurements). The investigation of con-
formational space is simpler for systems that have been extensively char-
acterized by using experimental means. This is the case for GdIII complexes
with DOTA-like ligands, which are known to exist in solution in the form of
two different diastereoisomers providing either square antiprismatic (SAP)
or twisted square antiprismatic (TSAP) coordination geometries.294

Once the conformational space of the system has been screened, the
relevant molecular geometries can be optimized using a higher computa-
tional level. The computational level selected at this stage should take into
account a number of factors and will depend on the size of the system, the

Figure 2.40 Flow chart showing a typical procedure for the characterization of a
GdIII complex using computational methods.
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computational resources available, and the precedents found in the litera-
ture. Generally DFT is the method of choice at this point because it often
provides good molecular geometries of the complexes at a reasonable
computational cost, providing that hybrid-GGA, meta-GGA, or hybrid meta-
GGA functionals are employed. The large-core approximation usually
provides reasonable results at a much smaller computational cost than
small-core calculations. The computational time required to perform a
geometry optimization depends on different factors, such as the number of
basis functions used, the time required to achieve convergence of the SCF
procedure and the number of geometries required to complete the opti-
mization.295 Nevertheless, a rough estimate is that a geometry calculation
using the small-core approach takes B15 times more computational time
than a similar optimization using the large-core approximation.239 Besides
the selection of an RECP or an all-electron basis set for the metal ion (for
DKH2 or ZORA calculations), an appropriate basis set should be selected to
describe the ligand atoms. As a general rule, the best combination of method
and basis set should be selected that considers the size of the system and the
computational resources available. Another factor that might be important
in DFT calculations is the use of an adequate (large enough) integration grid
for numerical integration.

Geometry optimizations proceed by minimizing the energy of the system
with respect to the nuclear coordinates, eventually leading to energy minima
on the potential energy surface. At energy minima, the first derivatives of the
energy and the forces are zero. However, the nature of the optimized
geometries as true local energy minima should be confirmed in a sub-
sequent frequency calculation. Molecular frequencies depend on the second
derivative of the energy with respect to the nuclear coordinates. Besides
providing the vibrational frequencies of the system, which can be compared
to those obtained from IR or Raman spectra, frequency calculations also
provide the zero point energies and thermal corrections required to obtain
entropies and enthalpies. This set of data enables a comparison of the
computational results with experimental data, for instance to analyze the
population of different isomers in solution. Frequency calculations are also
required to characterize transition states (saddle points) on the potential
energy surface, which are characterized by one imaginary frequency.

The slow electron spin relaxation of GdIII complexes often prevents the
observation of any signals in their high-resolution NMR spectra. Thus,
structural information about GdIII complexes in solution is normally ob-
tained using the NMR spectra of other LnIII ions that present similar co-
ordination properties. For instance, the conformational properties of LnIII

complexes with cyclen-based ligands have been extensively studied. In some
cases, these studies provided not only the relative populations of the SAP and
TSAP isomers, but also experimental values for the energy barriers and
mechanisms characterizing the SAP and TSAP interconversion process.296,297

This is the case of the [Ln(DTMA)(H2O)]31 complexes, for which experi-
mental and computational data are available for Ln¼Eu and Lu,
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respectively.298,299 The SAP to TSAP interconversion (Figure 2.41) might
proceed either through the inversion of the macrocyclic cyclen ring, whose
conformation changes from (dddd) to (llll), or vice versa, or by rotation of
the four pendant arms of the ligand (either in a single step or by stepwise
rotation of each pendant arm). DFT calculations performed on the
[Ln(DTMA)(H2O)]31 system using the large-core approximation provided a
number of local energy minima that corresponded to different conform-
ations of the cyclen ring (Figure 2.41). Among these local energy minima,
those with the lowest energy correspond to the expected SAP and TSAP
forms, and other minimum energy structures correspond to intermediates
responsible for the stepwise inversion of each of the four five-membered
chelate rings formed due to the coordination of the cyclen moiety. The dif-
ferent energy minima are connected by transition states in which the H2C–
CH2 cyclen groups present eclipsed conformations. Furthermore, the SAP
and TSAP isomers can be interconverted following a simultaneous rotation
of the four pendant arms of the ligand. The transition states obtained with
DFT provide activation free energies in good agreement with the experi-
mental values while providing a detailed picture of the interconversion
mechanism at the molecular level.

The molecular geometries obtained from the careful exploration of the
conformational space might be subsequently employed to calculate different
properties. These subsequent calculations might require using a different

Figure 2.41 Energy profile obtained for the ring inversion and arm rotation pro-
cesses in [Lu(DTMA)(H2O)]31 calculated with DFT (B3LYP/LCRECP/6-
31G(d)). The dashed horizontal lines represent the experimental values
determined for the EuIII analogue.
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method, basis set, or both with respect to those used in the previous opti-
mization steps. In some cases, dynamic effects might have an important role
in the property to be computed; DFT-based molecular dynamics simulations
based on the Car–Parrinello approach300 might offer a straightforward ac-
cess to dynamic processes occurring on the picosecond time-scale. Fur-
thermore, the use of metadynamics to escape free-energy minima enables
exploration of free-energy profiles along high-dimensional reaction co-
ordinates, giving access to processes occurring on the time scale of hundreds
of nanoseconds, like water-exchange reactions.301 Trajectories obtained
from molecular dynamics studies can be subsequently used to compute
different properties, such as 1H and 17O hyperfine coupling constants.302

The isotropic 17O hyperfine coupling constants A/�h¼ 2pAiso that govern
17O-NMR chemical shifts and transverse relaxation rates can be obtained
using DFT and the relationship in eqn (2.109):223

Aiso¼
4p
3S

bebNgegNra�bðRNÞ (2:109)

In eqn (2.109), bN and be are the nuclear and Bohr magnetons, respect-
ively; gN and ge are nuclear and free-electron g values, respectively; S is the
total electron spin; and ra�b(RN) represents the difference between majority
spin (a) and minority spin (b) densities at the position of the nucleus N. The
calculation of Aiso requires an explicit description of the 4f electrons of GdIII,
preventing the use of the large-core approximation. As for the Gd–Owater

distances, the explicit inclusion of a few second-sphere water molecules was
found to be crucial to obtain Aiso values in good agreement with the ex-
perimental values (see the example of [Gd(DOTA)(H2O)]� in Figure 2.39).
Furthermore, the use of the small-core approximation of relativistic DKH2
calculations gave nearly identical results.294 A similar approach provided an
Aiso value of 0.42 MHz for [Gd(HP-DO3A)(H2O)], while the average value
obtained from the analysis of a 23 ps Car–Parrinello trajectory was
0.45 MHz.303 The two approaches give calculated values in excellent agree-
ment with the experiment (0.46 MHz).53

Although DFT calculations have been successful for the investigation of
many chemical problems relevant to GdIII complexes, some studies have
revealed limitations. For instance, the calculation of zero-field splitting
parameters of GdIII complexes with DFT methods was found to be par-
ticularly problematic. The electronic 8S ground state of the GdIII ion is
characterized by an electronic spin state S¼ 7/2, which implies that the
degeneracy of the magnetic sublevels MS¼ � 7/2, � 5/2, � 3/2, and � 1

2 is
broken in the absence of any applied magnetic field due to zero-field
splitting effects.244 The phenomenological ZFS Hamiltonian contains
the nine components of the 3�3 D-tensor, and can be expressed as
eqn (2.110):303

ĤZFS¼ ŜDŜ (2:110)
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Taking a coordinate system that diagonalizes the D tensor allows writing
the ZFS Hamiltonian in terms of the usual axial and rhombic ZFS par-
ameters D and E, expressed by eqn (2.111)–(2.113):

ĤZFS¼D Ŝ2
z �

1
3

Ŝ2
� �

þ EðŜ2
x � Ŝ2

yÞ (2:111)

D¼Dzz �
1
2
ðDxx þ DyyÞ (2:112)

E¼ 1
2
ðDxx � DyyÞ (2:113)

The ZFS energy can be calculated from the values of the axial and rhombic
ZFS parameters according to eqn (2.114):

D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

D2 þ 2E2

r
(2:114)

The ZFS parameters of [Gd(HP-DO3A)(H2O)] were calculated using differ-
ent functionals along the trajectories of Car–Parrinello molecular dynamics
simulations. These studies concluded that hybrid functionals significantly
overestimate the magnitude of the splitting. Subsequent work found similar
trends for different GdIII-based model systems and complexes, such as
[Gd(DOTA)(H2O)]� and [Gd(DTPA)(H2O)]2�. Post-Hartree–Fock wave func-
tion methods based on the CASSCF approach provided more systematic and
accurate results than DFT methods, which failed to reproduce experimental
data and presented strong functional dependence. This discrepancy is il-
lustrated in Figure 2.42, which provides a comparison between the absolute
D values computed for the [GdF6]3�model system using CASSCF calculations
and the pure and hybrid PBE and PBE0 functionals.244 In this example, the

Figure 2.42 ZFS of GdF6
3� under axial distortion computed using DFT methods and

CASSCF calculations (data taken from ref. 244).
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Table 2.8 Non-exhaustive list of the major program packages used for computational studies (in alphabetical order).

Program Purpose and comments Website Ref.
ADF DFT calculations of molecules with heavy atoms using

all-electron STO basis sets
https://www.scm.com/ 250

AMBER Classical (MM) and QM/MM MD simulations http://ambermd.org/ 304
CPMD Plane wave/pseudopotential implementation of DFT

for ab initio MD
http://cpmd.org/ 305

DALTON General purpose package. Includes a linear-scaling
Hartree–Fock and DFT code suitable for large
molecular systems

http://www.daltonprogram.org/ 306

GAUSSIAN General purpose package for electronic structure
calculations

http://gaussian.com/ 307

GAMESS General ab initio quantum chemistry package http://www.msg.ameslab.gov/GAMESS/ 308
GROMACS Classical MD simulations http://www.gromacs.org/ 309
JAGUAR Ab initio quantum chemical program specialized in

molecular systems of medium and large size
(focusing on DFT and MP2)

https://www.schrodinger.com/jaguar 310

MOLCAS Multiconfigurational methods across the periodic
table

http://www.molcas.org/ 311

MOLPRO General purpose (Hartree–Fock, DFT, coupled-cluster
and multi-reference wave function methods)

http://www.molpro.net/ 312

NWChem General purpose. Supports both Gaussian and Plane
wave basis sets as well as MM and QM/MM
simulations

http://www.nwchem-sw.org/index.php/Main_Page 313

ORCA General purpose tool for quantum chemistry with
emphasis on open-shell molecules

https://orcaforum.cec.mpg.de/ 314

SPARTAN General purpose program that provides a rather wide
range of methods from MM to post- Hartree–Fock
wave function methods

https://www.wavefun.com/products/windows/Spartan16/
win_spartan.html

315

TURBOMOLE Quantum chemical calculations (DFT, MP2, coupled
cluster methods) including MD

http://turbomole.com/ 316
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PBE0 functional overestimates the magnitude of the ZFS by several orders of
magnitude, and this effect is much smaller for PBE, which predicts an op-
posite sign for the axial ZFS parameter D. This example showcases that, in
spite of the successful application of DFT to a wide variety of problems, DFT
has some limitations that might be overcome by post-Hartree–Fock
methods.244

2.9.7 Software

Enormous progress has been made on the software and hardware required
for the computational characterization of metal complexes, including clas-
sical and ab initio molecular dynamics, DFT methods and post-Hartree–Fock
ab initio methods. A wide range of computational packages is available to
perform these calculations, either commercial or free. Some of these pro-
gram packages are conceived for a general-purpose application, providing
access to a wide range of methods (Table 2.8). Other programs are special-
ized with respect to specific methods, such as molecular dynamics. Each
program has its own strengths and weaknesses, and thus it is important to
assess whether a given program is suitable to address a particular chemical
problem. Other factors that are relevant when selecting one program or
another include user friendliness, price, and availability.
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2.10 Acquiring Phantom Images

TIMOTHY J. SCHOLL

2.10.1 Image Formation in MRI

Magnetic resonance imaging is a modality that forms images of the spatial
distribution of properties related to protons within a sample. These prop-
erties include local density, mobility, or the ability of their magnetic dipole
moments to interact with the electromagnetic fields present from other
nuclei in their vicinity (i.e., T1-shortening or spin–lattice relaxation and
T2-shortening or spin–spin relaxation). This range of properties leads to a
large palette of possible contrasts for magnetic resonance images. For ex-
ample, T1-weighted MRI contrast highlights portions of the sample with
short T1 values as bright voxels and T2 weighting produces bright image
voxels corresponding to long T2 values. The type of image contrast is con-
trolled by the details of image acquisition (pulse sequence) and choice of
imaging parameters available within that sequence.

2.10.1.1 Magnetization and Relaxation

For an ensemble of protons, their magnetic dipole moments will be ran-
domly oriented in space, and such ensembles have no net magnetization.
The introduction of a static magnetic field, B0, will cause these magnetic
moments to precess around the local direction of the magnetic field at the
Larmor frequency, given by the Larmor equation:

o0¼ gB0 (2.115)

where g is a nuclear property of the proton known as the gyromagnetic ratio
(2.675�108 rad s�1 T�1 for protons) related to its magnetic dipole moment.
By convention, the z-axis of a Cartesian coordinate system is chosen to be
along B0. As the moments of the protons in the sample precess, a net
magnetization develops in the direction of B0 by longitudinal (T1) relaxation
of the protons. That is to say, after introduction of the magnetic field, the
distribution of precessing spins is slightly skewed in the direction of the
magnetic field. However, complete relaxation of the nuclear spins is im-
possible due to the thermal energy associated with the finite temperature, T,
of the sample. At thermal equilibrium, the magnitude of the longitudinal
magnetization, M0 of the sample is given by

M0ðx; y; zÞ¼
r0ðx;y;zÞg2�h2

4kT
B0 (2:116)

where r0 is the local spin (i.e., proton) density.
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The evolution of the magnetization, M, is described by the Bloch
equation:317

dM
dt
¼ gM � B0 þ

1
T1
ðM0 �MZÞẑ�

1
T2
ðMxx̂ þMyŷÞ (2:117)

(Here x̂; ŷ; and ẑ are unit vectors in the three Cartesian directions.) The first
term after the equals sign describes the Larmor precession of the magne-
tization around the magnetic field; the second term governs the relaxation of
the magnetization along B0, which recovers at a rate characterized by the
spin–lattice relaxation time constant, T1; and the term containing T2 de-
scribes the decay of the transverse components of M, Mx and My.

The time evolution of the z-component of the magnetization depends only
on T1, which governs spin–lattice relaxation. The longitudinal magneti-
zation, Mz, asymptotically approaches the thermal equilibrium magneti-
zation, M0, as:

Mz¼M0þ (Mz0�M0)e�t/T1 (2.118)

assuming the initial magnetization at t¼ 0 is given by Mz0. For the case
where the initial longitudinal magnetization is zero (i.e., after an excitation
pulse tipping all the magnetization into the transverse plane), the recovery of
magnetization is given by eqn (2.119).

Mz(t)¼M0(1� e�t/T1) (2.119)

Solutions for the transverse components of the magnetization are more
complicated because their evolution is coupled by the Bloch equation. They
are traditionally combined into a single quantity, Mxy, represented by a
complex number made up of the x- and y-components of M:

MxyðtÞ¼MxðtÞ þ iMyðtÞ¼Mxy0e�iote�t=T2 (2:120)

Here, Mxy0�Mx(t¼ 0)þ iMy(t¼ 0) defines the initial transverse magne-
tization after excitation. If the initial conditions are assumed to be
Mx(0)þ iMy(0)¼M0, then application of Euler’s formula yields:

MxyðtÞ¼M0ðcosot� i sinotÞe�t=T2 (2:121)

Therefore, the transverse magnetization is a vector rotating at the Larmor fre-
quency, o, in the xy-plane with an exponentially decreasing magnitude char-
acterized by the spin–spin T2 value. As this rotation is occurring, the longitudinal
magnetization is growing asymptotically to the thermal equilibrium.

2.10.1.2 Gradients and k-Space

In addition to the main (static) magnetic field, which produces sample
magnetization, an electromagnetic (or radiofrequency) field, B1, that
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matches the Larmor frequency is also required to produce a magnetic res-
onance image. The purpose of B1 is to perturb (excite) the longitudinal
magnetization away from the z-axis so that the resulting precession in the
transverse plane can be measured by the detection coils. For NMR experi-
ments, this perturbation is all that is required; however, to spatially encode
the location of the excited magnetization, a third hardware component is
required: the magnetic gradient fields, G.

Gradient fields are produced by an independent system of three electro-
magnets that can add a linearly varying magnetic field to modulate a spa-
tially uniform static field in one or more of three orthogonal (Cartesian)
directions. Because the uniform main magnetic field, B0¼B0ẑ, is oriented
along the axis of bore of the scanner, the total magnetic field along the z-axis
at any time, t, and position (x, y, z) is given by

Bz(x, y, z, t)¼B0þGx(t)xþGy(t)yþGz(t)z (2.122)

where Gx¼ dBz
dx ;Gy¼ dBz

dy ; and Gz ¼ dBz
dz . Under the control of the gradients,

the Larmor frequency, o¼ gBz, becomes spatially and temporally
dependent, and the equation for Mxy must be modified to include this
dependence:

MxyðtÞ¼Mxy0e�iote�t=T2 ¼Mxy0e�igB0te
�ig
Ð t

0
ðGx tð ÞxþGy tð ÞyþGz tð ÞzÞdt

e�t=T2 (2:123)

Here, the accumulated phase, f, of the transverse magnetization at time
t is the sum of phases from the main magnetic field and the gradient
fields:

f¼ g B0tþ
ðt

0
ðGxðtÞxþ GyðtÞyþ GzðtÞzÞdt

� �
(2:124)

The precessing transverse magnetization is detected as a voltage induced
in a receiving antenna, known as a radio-frequency coil. This coil is often the
same radio-frequency hardware used to excite the longitudinal magneti-
zation. The magnetic resonance signal received by the radio-frequency coil
depends on several factors, including details of the radio-frequency coil
geometry and the spatial distribution of Mxy; however, in its simplest form,
the MR signal at any time t is proportional to the integral over the entire
distribution of Mxy:

SðtÞ/ o0

ððð
Mxy ðx; y; z; tÞdx dy dz (2:125)

The factor o0 arises from induction of the voltage in the radio-frequency coil
and is often omitted. Therefore, the signal equation is equal to

SðtÞ/
ððð

Mxy0e�igB0te�ig
Ð t

0
ðGxðtÞxþGyðtÞyþGzðtÞzÞdte�t=T2 dx dy dz (2:126)

Gadolinium-based Contrast Agents 217

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
01

21
View Online

http://dx.doi.org/10.1039/9781788010146-00121


Signals acquired from MRI systems are demodulated by the resonant fre-
quency o0¼ gB0, and the exponential function e�igB0t can be dropped from
the signal equation to yield:

SðtÞ/
ððð

Mxy0e�ig
Ð t

0
ðGxðtÞxþGyðtÞyþGzðtÞzÞdte�t =T2 dx dy dz (2:127)

Likewise, the exponential function e�t/T2 governs spin–spin relaxation,
affecting only signal magnitude and not localization, can be omitted for
simplicity.

The simplest method for acquiring an MR image is to select only a finite
portion or ‘‘slice’’ of the longitudinal magnetization of the sample. This is
known as ‘‘slice selection’’. The resulting two-dimensional distribution of
precessing spins is then spatially encoded by manipulating the gradient
field. In principle, this slice can be of arbitrary thickness and location and be
in any plane. As an example, the excited transverse magnetization, Mslice(x,y)
in a slice parallel to the xy-plane centered at z0, with thickness Dz, integrated
along the z-direction is given by:

Msliceðx; yÞ¼
ðz0þDz

z

z0�Dz
z

Mxy0ðx; y; zÞdz (2:128)

The resulting signal equation can be reduced to a two-dimensional inte-
gration over x and y:

SðtÞ/
ðð

Mxy0e�ig
Ð t

0
ðGxðtÞxþGyðtÞyÞdt dx dy (2:129)

This equation is often rewritten in terms of the quantities:

kxðtÞ¼
g

2p

ðt

0
Gxdt and kyðtÞ¼

g
2p

ðt

0
Gydt (2:130)

These quantities are positional variables in a space known as k-space.
k-Space describes the spatial frequency content of the imaged object and is
related to image space via Fourier transformations. Written in terms of
k-space variables, kx and ky, the signal equation becomes:

Sðkx; kxÞ/
ðð

Msliceðx; yÞe�i2pkxðtÞxe�i2pkyðtÞydx dy (2:131)

where the time dependence is implicit in the spatial frequencies kx(t) and
ky(t). This expression can be interpreted to mean that for the implemen-
tation of linear encoding gradients, the signal S(k) represents the Fourier
transform of the magnetization and, hence, the spin density, r0. In other
words, the spin density is Fourier-encoded by the linear gradients, in this
example, along the x- and y-axes. Therefore, the distribution of spin density
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in the sample, r0(x,y,z), integrated from (z0�Dz/2) to (z0þDz/2) is obtained
by taking the inverse Fourier transform of S(k):

ðz0þDz
2

z0�Dz
2

r0ðx; y; zÞdz /
ðð

Sðkx; kxÞeþi2pkxxeþi2pkyy dkx dky (2:132)

In MRI, image reconstruction is the process of converting acquired k-space
data into image data by application of a discrete inverse Fourier transfor-
mation, in this example, a two-dimensional transformation. The center re-
gion of k-space, represented by small values of kx and ky, determines the low
spatial frequency data, overall image brightness and signal-to-noise ratio.
The exact center of k-space (kx¼ ky¼ 0) represents the total transverse
magnetization excited in the slice, and, as such, it contains the highest
signal in the entire space.

2.10.1.3 Image Formation

The process of image formation for MRI can be roughly broken down into a
number of sequential steps: longitudinal magnetization relaxation of the
sample, volume selection and excitation, transverse magnetization and re-
laxation, spatial encoding, and signal acquisition. These steps are repeated
multiple times to fill k-space. Finally, an MR image is formed or re-
constructed by inverse Fourier transformation.

2.10.1.4 Slice Selection

Spin–lattice relaxation of a sample results in the accrual of longitudinal
magnetization, as described above. For two-dimensional imaging, a slab of
this magnetization known as a slice is chosen. This selection is accom-
plished by applying a slice-selecting gradient along an axis perpendicular to
the plane of the desired slice (z-axis, for example). This produces a linear
variation of Larmor frequencies for transverse magnetization excited in that
region. Slice-only excitation is achieved by application of an appropriate
radio-frequency pulse (B1 field) with an apparent frequency content that
closely matches only the range of Larmor frequencies contained within the
slice. The frequency of the radio-frequency pulse is chosen to match the
Larmor frequency (Fz0

¼ g/2p(B0þGzz0)) of the center of the slice at z¼ z0.
Because each slice has a finite extent (Dz), the range of frequencies, DF,
within that slab is related to the slice-selective gradient by:

DF¼ g/2pGzDz (2.133)

which must be uniformly excited by the B1 field. This excitation is ideally
accomplished by application of a B1 field at the resonant frequency for the
center of the slice, which is amplitude-modulated by a sinc function:

B1ðtÞ¼ A
sinðDFptÞ

DFpt
sin Fz0 (2:134)
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where A is an amplitude determined by radio-frequency-coil parameters and
the desired excitation (flip) angle. The term DF is known as the transmit
bandwidth of the radio-frequency pulse. An ideal sinc function has uniform
frequency content over the bandwidth DF and no frequency content outside
that band. However, in practice, the sinc function undergoes apodization to
limit the number of side lobes. Thus, temporal width is reduced, reducing
spatial selectivity to a minor extent. The use of stronger slice-selective gra-
dients produces a greater range in Larmor frequencies after excitation, and
in principle, improves spatial selectivity for a given radio-frequency pulse.

2.10.1.5 Spatial Encoding

The sample is considered to be made up of a matrix of volume elements,
known as voxels, which are three-dimensional analogs of pixels in a two-
dimensional image. Spatial encoding is the process of imprinting the MR
signal with information so that the signal can be localized to individual
voxels. This localization is accomplished by application of gradients to fre-
quency encode and phase encode in the two remaining directions after slice
selection (for this example, using the Gx and Gy gradients).

The k-space variables kx and ky can be controlled within k-space because
they are the time integrals of their respective gradients to systematically
acquire k-space signal data. For typical MRI imaging sequences, k-space is
acquired in Cartesian fashion, one k-space line at a time. After slice exci-
tation using the Gz gradient and an appropriate radio-frequency pulse, the Gy

gradient is applied for a fixed time interval, Dt, which causes the transverse
magnetization to accrue a changing phase along the y-direction of the slice:

fð yÞ¼ g
ðDt

0
Gyy dt (2:135)

This accruing of a changing phase is known as phase encoding, and Gy is the
phase-encoding gradient in this example. Subsequently, the Gx gradient is
turned on during signal acquisition by the receiving coil so that the fre-
quency of the acquired signal varies linearly along the x-axis of the signal.
This is known as frequency encoding, and by analogy Gx is the frequency-
encoding gradient.

A pulse sequence is a series of instructions to the hardware controlling the
gradient and radio-frequency systems to specify the gradient axes and tem-
poral waveforms for spatial encoding and synchronize their timing with
application of radio-frequency excitation and subsequent reception. As
mentioned previously, k-space data are typically acquired as one line of
k-space at a time oriented along one of the Cartesian axes. This systematic
acquisition is accomplished by repeated application of the phase-encoding
gradient followed by the frequency-encoding gradient to control the
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sampling path through k-space after slice selection. The result is a system-
atic path for acquisition of the MR signal throughout the k-space matrix.

Before the k-space trajectories can be specified, several parameters must
be chosen by the user. This includes phase- and frequency-encode di-
rections, image field-of-view (FOV), and the desired spatial resolution. FOVx

and FOVx determine the spatial imaging extent along the x- and y-directions,
respectively. These can be different lengths, but they are practically limited
by the volume of B0 homogeneity and the extent of gradient linearity. Field-
of-view is inversely related to the sample spacing of k-space along that
direction so that:

FOVx¼
1

Dkx
and FOVy¼

1
Dky

(2:136)

For a given field-of-view, image resolution is determined by the number of
voxels, Nx and Ny, along those two directions. This collection of voxels is
known as the imaging matrix. The image resolution along the ith axis is
given by FOVi/Ni.

Therefore, the image resolution along the ith axis is calculated as:

FOVi

Ni
¼ 1

NiDki
¼ 1

2kimax
(2:137)

where 2kimax is the total extent of k-space along the ith Cartesian direction
and is sometimes known as the k-space field-of-view, kFOV. Increasing kFOVx,
kFOVy, or both decreases the image voxel size along that dimension. This
decreasing of voxel size is achieved by increasing the image matrix size in
that direction (Nx and Ny). Decreasing the sample spacing of k-space in-
creases the field-of-view in image space along that direction. The center of
k-space contains information about the gross image shape and contains the
majority of image signal-to-noise ratio and contrast. The periphery of k-space
contains information related to the finest image details and sharp edges.

After all k-space has been acquired by a pulse sequence, a two-dimensional
image can be constructed from the k-space data by a two-dimensional
inverse Fourier transformation. This process can be generalized from two-
dimensional to three-dimensional imaging. Instead of slice selection, an
extended volume is excited by a low-amplitude gradient along the z-axis, for
example. Spatial information along this axis is encoded by the addition of
another phase-encoding gradient to the pulse sequence in addition to the
two-dimensional phase- and frequency-encoding gradients. This requires a
third k-space dimension, kz, which is the time integral of the z-axis gradient:

kzðtÞ¼
g

2p

ðt

0
Gzdt (2:138)

A three-dimensional Fourier transformation is used to reconstruct the re-
sulting three-dimensional data set in image space.
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2.10.2 MRI Pulse Sequences

A pulse sequence is a set of instructions for the MRI hardware controlling
the generation and timing of the radio-frequency and gradient pulses that
are used to acquire imaging data. There are two general families of MRI
pulse sequences known as spin echo and gradient-recalled-echo se-
quences.318 Spin-echo sequences use a train of radio-frequency pulses to
create a series of signal echoes whose signal intensities can be measured.
Gradient-recalled-echo sequences use a single radio-frequency excitation
pulse followed by gradient pulse to produce signal echoes. In general, spin-
echo sequences require longer acquisition times but produce images with
better quality than gradient-recalled-echo sequences.

2.10.2.1 Spin-echo Sequences

For spin-echo sequences, the entire longitudinal magnetization is excited
into the transverse plane by a 901 radio-frequency pulse. The transverse
magnetization simultaneously begins to dephase via spin–spin interactions
(T2) and magnetic-field inhomogeneities (T2*) as the longitudinal magnet-
ization begins to recover (T1). A 1801 radio-frequency pulse is applied at a
time equal to half the echo time (TE). This 1801 pulse begins the process of
rephasing of the transverse magnetization, which is complete at the echo
time. The resulting echo, often referred to as a Hahn echo, is acquired as a
frequency-encoded signal.319 In the simplest implementation of a spin-echo
sequence, one line of k-space is acquired per Hahn echo. The sequence can
employ an echo train consisting of several 1801 refocusing pulses spaced by
the echo time for a single 901 radio-frequency excitation. This incorporation
of several pulses permits the acquisition of a larger number of k-space lines
per sequence repetition time (TR), decreasing image acquisition time, and is
known as a fast spin–echo sequence. However, dephasing of transverse
magnetization that is related to random spin–spin interactions or diffusion
is not recoverable, and each refocused echo is reduced in amplitude by an
amount governed by T2. The use of long echo train lengths with short echo
times reduces image acquisition times at the expense of image blurring and
reduced contrast. This combination has a larger effect on T1-weighted and
proton-density images, restricting long echo train lengths to fewer than eight
echoes. Fast spin-echo sequences are usually employed for rapid acquisition
of images with T2-weighting.

2.10.2.2 Gradient-Recalled-Echo Sequences

Gradient-recalled-echo sequences employ a single radio-frequency excitation
pulse and omit the formation of a Hahn echo.318 Instead, the transverse
magnetization during free induction decay is rapidly dephased by appli-
cation of a brief pulse of the frequency-encoding gradient, immediately
followed by a second pulse with opposite polarity for rephasing. Because the
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gradients cannot refocus dephasing due to field inhomogeneity or sus-
ceptibility mismatches, gradient-focused echoes have echo amplitudes gov-
erned by T2* decay. Therefore, echo times must be much shorter than for
spin-echo sequences. The ability to use short echo times is possible because
gradient pulses have shorter durations than 1801 radio-frequency pulses,
producing reduced minimum echo times for gradient-recalled-echo
sequences.

MRI acquisition consists of multiple repetitions of a pulse sequence
containing periods of longitudinal magnetization growth, radio-frequency
excitation, spatial encoding, and generation of signal echoes for acquisition.
For every pulse sequence, there are several parameters that define this in-
tricate interplay of waveforms and the acquisition of the NMR signal. These
parameters include the sequence repetition time (TR), the echo time (TE),
and radio-frequency flip angles (a). Gradient-recalled-echo imaging can
be divided into two cases depending upon the choice of sequence
repetition time.

2.10.2.2.1 Gradient-recalled-echo Imaging (TRcT2). When a gradient-
recalled-echo sequence is set up with a long repetition time compared
with the spin–spin relaxation time, the transverse magnetization will com-
pletely decay before the next radio-frequency excitation. However, the se-
quence repetition time is still typically shorter than the spin–lattice
relaxation time, T1, and as a result, longitudinal magnetization is not fully
recovered to its initial value given by thermal equilibrium, M0, prior to the
next sequence repetition. As a result, a new steady-state magnetization,
Mss, is reached after several sequence repetition times, which is given by
the Ernst Equation:

Mss¼M0
1� e�TR=T1

1� e�TR=T1 cos a
(2:139)

This new steady-state magnetization is maximized for given values of the
sequence repetition time and T1 by the Ernst angle, a¼ cos�1[exp(�TR/T1)].
Compared with spin-echo imaging using 90 and 1801 radio-frequency pulses
to achieve maximum signal intensity for Hahn echoes, the radio-frequency
excitation pulses for gradient-recalled-echo sequences are much smaller
than 901. For most imaging, the largest signal intensities are produced for
flip angles in the range of 40 to 501 that produce T1-weighting. However,
tissue contrast is often improved at larger angles. For example, the contrast
between white and gray matter is maximized for 601rar801.

2.10.2.2.2 Fast Gradient-Recalled-Echo Imaging (TRoT2). For this case,
when the sequence repetition time is shorter than T2, the transverse mag-
netization, Mxy, does not fully decay before the next radio-frequency exci-
tation pulse. As a result, both the longitudinal magnetization, Mz, and the
remaining Mxy contribute to the signal in the next sequence repetition,
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leading to a complicated steady-state magnetization. Therefore, the signal
intensity for fast gradient-recalled-echo imaging is also dependent on T2

in addition to flip angle, sequence repetition time, and T1. Gradient-
recalled-echo sequences can be classified as either coherent (refocused)
or incoherent (spoiled), depending on how they deal with the residual
transverse magnetization.

Transverse magnetization remaining from a previous sequence repetition
can interact with the next excitation radio-frequency pulse, producing Hahn
or partial echoes that add to the free-induction decay. These interactions are
known as transverse coherences. For incoherent (spoiled) gradient-recalled-
echo sequences, transverse coherences are eliminated by the application of
radio-frequency or gradient spoiling. For radio-frequency spoiling, the phase
of the radio-frequency carrier for the excitation pulse is systematically
changed from one sequence repetition to the next. Gradient spoiling is ac-
complished by pulsing the slice-select or frequency-encoding gradient before
the end of each sequence repetition with variable amplitude. Spoiling leads
to images with either T1- or proton-density-weighting. Alternatively, the se-
quence can include additional rewinding gradient pulses to completely re-
focus the transverse magnetization before the end of each sequence
repetition. In addition, the phase of each excitation pulse is alternated be-
tween 0 and 1801 for successive sequence repetition times. Variations of this
method lead to a large subfamily of refocused gradient-recalled-echo se-
quences with mixed T1- and T2-weighted contrast depending on sequence
parameters.

An important difference between spin-echo and gradient-recalled-echo
sequences is the inability of gradient refocusing to rephase transverse
magnetization affected by magnetic field inhomogeneities leading to T2*
decay of the echo amplitudes. As a result, gradient-recalled-echo sequences
are sensitive to sharp changes in magnetic susceptibility. For gradient-
recalled-echo sequences with long echo times, there can be almost complete
signal loss in vicinities such as air–tissue interfaces. Spin-echo sequences are
more immune to these artifacts. Nevertheless, the T2*-sensitivity of gradient-
recalled-echo sequences is useful for functional MRI, where T2*-weighted
contrast is sensitive to differences in blood oxygen levels for assessment
of brain activity. Other important applications of T2*-weighted gradient-
recalled-echo sequences include the detection of cerebral microbleeds in
stroke patients and perfusion mapping of cerebral blood flow and volume.

2.10.3 Effect of T1 and T2 on Image Contrast

Magnetic resonance images are regional representations of three basic
properties of protons associated with water molecules found in tissue. These
include proton density, spin–lattice or longitudinal relaxation time (T1), and
spin–spin or transverse relaxation time (T2). Different tissues have different
proton densities and exhibit different T1 and T2 relaxation. Tissues with
short T1 values such as fat, fatty bone marrow, or those enhanced by
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paramagnetic contrast agents have brighter contrast in T1-weighted images.
Fluids and tissue with high free-water content have long T2 values and ap-
pear bright in T2-weighted images. Particular combinations of signal repe-
tition times, echo times, and flip angles produce image contrast that is
largely determined by one of these three properties leading to T1-weighted,
T2-weighted, and proton-density-weighted images.

Anatomy is often best depicted using T1-weighting. The addition of
paramagnetic contrast agents that increase spin–lattice relaxation of nearby
tissues can help enhance pathologies. However, T2-weighted images typically
produce the best contrast to highlight disease because higher water content
is usually found in tissues involved with many pathological processes.
Consequently, increased brightness is produced in the vicinity of those
tissues. Proton-density weighted MR images are usually used to depict
anatomy, but can also be useful for delineation of disease.

Repetition and echo times are key parameters that influence image con-
trast for MRI. Precise values for these times depend on the choice of pulse
sequence and tissues under investigation. The use of short sequence repe-
tition times, particularly with T1-weighted images, will highlight tissues with
innate fast spin–lattice relaxation or tissues with enhanced relaxation as a
result of the presence of a contrast agent. Long repetition times enable
discrimination of tissues by their spin–lattice relaxation times. Specifying
long echo times sensitizes images to tissues or fluids with longer values of
T2, particularly for T2-weighted imaging. For a combination of long sequence
repetition time and short echo time, no distinction can be made between
longitudinal magnetization recovery and transverse magnetization decay,
and the resulting images will have contrast dominated by proton density.
Approximate values for repetition times (TR), echo times (TE), and flip angles
(a) used for achieving these image contrasts at clinical field strengths are
shown in Table 2.9 for spin-echo and gradient-recalled-echo sequences.

2.10.4 Measurement of T1 and T2 Time Constants by MRI

Quantitative MRI involves the regional measurement of tissue parameters
including relaxation time constants, T1 and T2, as well as proton density.
Disease can be characterized and segmented based on comparison with
healthy tissue. Although examination of T1- and T2-weighted imaging can
point to local pathological conditions, subtle differences between vendor
pulse sequences and hardware as well as sequence parameter prescription
can lead to variations in image contrast that cloud image interpretation,
particularly across imaging centers. The use of quantitative MRI for tissue
segmentation can reduce this problem by acquisition of physical tissue
properties that are less subject to differences in pulse sequence and hard-
ware. As acquisition strategies for quantitative MRI become more efficient,
the use of this technique has increased in both research and clinical set-
tings. For example, early tumor progression in the brain has been examined
using T1 and T2 mapping. Quantitative MRI has been used for brain tissue
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segmentation to assess neurological diseases, such as those associated with
brain atrophy. Myocardial edema can be assessed with non-contrast-
enhanced quantitative MRI following reperfusion after ischemia.

The spin–echo pulse sequence is the gold standard for T1 and T2 map-
ping.320 For T1 measurement, the spin-echo sequence is combined with in-
version recovery. A preparatory 1801 radio-frequency pulse is used to invert
the longitudinal magnetization, M0, after which it begins to relax. Later, the
spin-echo sequence, beginning with a 901 radio-frequency pulse, is used to
measure longitudinal magnetization. The interval between the 180 and 901
radio-frequency pulses is known as the inversion time, TI. Two implemen-
tations of the spin-echo with inversion recovery method are widely used in
clinical imaging. Short inversion time inversion recovery (STIR) and fluid-
attenuated inversion-recovery (FLAIR) sequences are frequently used to null
signals from fat and cerebral spinal fluid, respectively.

The spin-echo with inversion recovery sequence is repeated for a range of
inversion time values to acquire a set of images that can be analyzed to
produce inversion recovery curves that can be analyzed on a pixel-by-pixel
basis to extract regional T1 values. Signal recovery data as a function of in-
version time is fit by an exponential recovery function:

S(TI)¼ A(1�Be�t/T1) (2.140)

This formulation assumes perfect spoiling of the transverse magnetization
prior to each subsequent excitation. Although reliable, this is a time-
consuming process. The pulse sequence is repeated for a range of inversion
times, with a maximum value of three to four times the expected T1 value for
best accuracy. Furthermore, the sample needs to be fully relaxed prior to in-
version, leading to long sequence repetition times equal to approximately five
T1 times.

Impetus for clinical T1 mapping of brain tissue has led to the develop-
ment of several faster methods including the Look–Locker and variable-
flip-angle methods. The Look–Locker method321 prepares the longitudinal
magnetization with an inverse pulse, y. However, instead of acquiring a
single sample on the inversion recovery curve, a train of N regularly-spaced
(t), low-angle (a), radio-frequency pulses interspersed with rapid gradient-
recalled-echo readout are employed to sample the relaxing magnetization.

Table 2.9 Approximate values for repetition times (TR), echo times (TE), and flip
angles (a) used for achieving image contrasts at clinical field strengths.

Spin echo TR TE a Gradient echo TR TE a
Contrast (ms) (ms) (1) Contrast (ms) (ms) (1)
T1-weighted o750 o40 90 T1-weighted o50 o10 450
T2-weighted 42000 475 90 T2-weighted 4100 430 o40
Proton-density-

weighted
42000 o40 90 Proton-density-

weighted
4100 o10 o40
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The resulting signal after the nth sampling pulse is described by eqn
(2.141).320

Sn¼ sin aMne�TD=T2* (2:141)

TD is the delay between the sampling pulse, a, and the readout.
Functions, Mn and F are given by:

Mn¼M0 [Fþ (cos a E2)n�1(Q� F)] (2.142)

and:

F¼ (1� E2)/(1� cos a E2) (2.143)

where:

Q¼ F cos y cos a ErE1½1�ðcos a E2ÞN�1� þ cos y E1ð1� ErÞ � E1 þ 1

1�cos y cos a ErE1ðcos a E2ÞN�1 (2:144)

Finally:

E1¼ e�TI/T1 (2.145)

E2¼ e�t/T1 (2.146)

Er¼ e�tr/T1 (2.147)

and:

tr¼TR�TI� (N� 1)t (2.148)

The Look–Locker method is sensitive to B1 field inhomogeneities because
it assumes perfect radio-frequency pulses with negligible duration. This
sensitivity can be reduced for larger choices of t.

The variable-flip-angle method is capable of mapping spin–lattice relax-
ation in all three spatial dimensions within a clinically feasible time.322 This
method uses two or more spoiled gradient-recalled-echo scans prescribed
with the same sequence-repetition-time and echo-time parameters but with
different flip angles, an. The signal for the nth scan is given by eqn (2.149).

Sn¼
PDð1� e�TR=T1Þsin an

1�cos ane�TR=T1
(2:149)

This formulation assumes perfect spoiling of the transverse magnetization
prior to excitation for the next sequence repetition. Relative to the Look–
Locker method, the variable-flip-angle method is sensitive to B1 field
inhomogeneities, and a field map is typically acquired as well as a proton-
density-weighted image to improve accuracy.

The benchmark method for T2 mapping employs a single-echo spin-echo
pulse sequence that is repeated with a set of echo times varied from a few to
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hundreds of milliseconds. A 901 radio-frequency excitation pulse is used
with a long sequence repetition time to eliminate T1-weighting. Mapping
times can be decreased by multi-echo spin-echo imaging or the use of
T2-prepared balanced-steady-state-free-precession methods.323,324

The signal intensity of a balanced-steady-state-free-precession sequence
acquired after spin inversion and a magnetization-preparation pulse of a/2 is
well approximated by a longitudinal relaxation curve with an apparent re-
laxation time, T1*, that depends on T1, T2, and flip angle. This sequence can
be used to map both T1 and T2 by fitting T1* curves acquired at different flip
angles with theoretical response curves.

2.10.5 Field-strength Dependencies

Spin–lattice relaxation and spin–spin relaxation times are important para-
meters for MRI protocols. These parameters depend on a host of factors
such as temperature, tissue type, pH, and magnetic field strength. Because
the density of protons varies little between different tissues, in vivo imaging
derives contrast from differences in predominantly T1 and T2 values among
tissues and pathologies of tissue such as tumors and inflammation.
As clinical field strengths increase, this has an important effect on
relaxation and tissue contrast. Measurement of relaxation as a function of
magnetic field is known as nuclear magnetic relaxation dispersion (NMRD).
NMRD measurements of spin–lattice and spin–spin interactions show that
there is a larger change in relaxation for T1 of tissues than for T2, with T1

values for different tissues growing and converging as a function of field
strength.

Some of the earliest measurements of T1 relaxation of tissue were ex vivo
measurements of rodent and later human tissue samples.325–327 Early
T1-dispersion measurements were made by magnetizing samples in an NMR
magnet and then applying a 1801 inversion pulse before rapidly transporting
the sample to the fringe field for relaxation.327 The sample is then returned
to the magnet, and the remaining magnetization sampled by a 901 excitation
pulse and acquisition of the resulting free induction decay. This process is
repeated as the relaxation time is varied logarithmically from short intervals
to several expected T1 values to build up a T1 decay curve. The shuttle times
for these systems are relatively slow, and this becomes a serious systematic
error for measurements at low fields where T1 values are short. NMRD
measurements for field strengths below 1 T are typically acquired using fast
magnetic field-cycling relaxometry (Section 2.2.1).51 In this method, samples
are magnetized at a high magnetic field strength (B1 T), and then the
magnetic field is rapidly ramped down to a lower field strength for a short
duration of relaxation before the magnetic field is cycled to the acquisition
field strength, where the remaining magnetization is sampled as a free in-
duction decay after a 901 radio-frequency pulse. The magnetic field can be
ramped from full field strength (1 T) to B0.25 mT in less than 5 ms. This
ability to rapidly change field strength facilitates accurate measurement of
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samples with fast spin–lattice relaxation with the possibility of precise
temperature control because the sample remains stationary during the
measurement.

The relaxation of water protons in tissue is predominantly a result of
interactions at the interfaces of cytoplasmic proteins.328,329 It has been
shown that a small number of water-binding sites with efficient relaxation-
inducing properties comprising less than 1% of the interface area are re-
sponsible for almost all of the observed relaxation. Binding of water to
proteins reduces the molecular motion of the water molecules. A full dis-
cussion of relaxation theory applied to this situation is found in Section 2.1.
In general, for liquids, spin–lattice and spin–spin relaxation rates (1/T1 and
1/T2, respectively) vary differently with magnetic field strength. At low fields,
these rates are nearly equal. For larger field strengths, 1/T1 approaches zero
and 1/T2 approaches approximately 0.3 times the low-field value of 1/T1. This
situation holds for semi-solids such as tissues. NMRD data for rodent tissues
illustrate the field dependence of spin–lattice relaxation up to the clinical
field strength of 3 T (Figure 2.43).

Dispersion of T1 is evident for almost all tissue types. At fields greater than
3 T, spin–lattice relaxation rates for different tissues converge to zero. This
means that although high-field MRI is capable of producing images of ex-
quisite detail, particularly in the brain, image contrast between tissue types
is often limited in comparison to images acquired at lower field strengths.
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60. G. M. Nicolle, É. Tóth, K.-P. Eisenwiener, H. R. Mäcke and
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Inorg. Chim. Acta, 1995, 235, 311.

66. M. C. Alpoim, A. M. Urbano, C. F. G. C. Geraldes and J. A. Peters,
J. Chem. Soc., Dalton Trans., 1992, 463.

67. K. Djanashvili and J. A. Peters, Contrast Media Mol. Imaging, 2007, 2, 67.
68. J. A. Peters, J. Huskens and D. J. Raber, Prog. Nucl. Magn. Reson. Spec-

trosc., 1996, 28, 283.
69. E. L. Que, E. Gianolio, S. L. Baker, A. P. Wong, S. Aime and C. J. Chang,

J. Am. Chem. Soc., 2009, 131, 8527.
70. C. F. G. C. Geraldes and C. Luchinat, Met. Ions Biol. Syst., 2003, 40, 513.
71. I. Bertini and C. Luchinat, NMR of Paramagnetic Molecules in Biological

Systems, The Benjamin/Cummings Publishing Company, Inc., Menlo
Park, CA, 1986.

72. I. Bertini, C. Luchinat, G. Parigi and R. Pierattelli, ChemBioChem, 2005,
6, 1536.

73. I. Bertini, P. Turano and A. J. Vila, Chem. Rev., 1993, 93, 2833.
74. G. R. Choppin and D. R. Peterman, Coord. Chem. Rev., 1998, 174,

283.
75. W. D. Horrocks Jr. and M. Albin, Lanthanide Ion Luminescence in Co-

ordination Chemistry and Biochemistry, in Progress in Inorganic Chem-
istry, Vol. 31, ed. S. J. Lippard, Wiley, Hoboken, NJ, 1984, pp. 1–104.

76. W. D. Horrocks Jr. and D. R. Sudnick, Acc. Chem. Res., 1981, 14, 384.
77. A. Beeby, I. M. Clarkson, R. S. Dickins, S. Faulkner, D. Parker, L. Royle,

A. S. de Sousa, J. A. G. Williams and M. Woods, J. Chem. Soc., Perkin
Trans. 2, 1999, 493.

78. D. Parker, Chem. Soc. Rev., 2004, 33, 156.
79. J. R. Morrow and C. M. Andolina, Spectroscopic Investigations of Lan-

thanide Ion Binding to Nucleic Acids, in Interplay between Metal Ions and
Nucleic Acids, ed. A. Sigel, H. Sigel and R. K. O. Sigel, Metal Ions in Life
Sciences 10, Springer, Dordrecht, The Netherlands, 2012, pp. 171–199.

80. J.-C. G. Bünzli, Acc. Chem. Res., 2006, 39, 53.
81. S. V. Eliseeva and J.-C. G. Bünzli, Chem. Soc. Rev., 2010, 39, 189.
82. Luminescence of Lanthanide Ions in Coordination Compounds and Nano-

materials, ed. A. De Bettencourt-Dias, Wiley, West Sussex, U.K., 2014.
83. G. Stein and E. Würzberg, J. Chem. Phys., 1975, 62, 208.
84. D. Parker, R. S. Dickins, H. Puschmann, C. Crossland and

J. A. K. Howard, Chem Rev., 2002, 102, 1977.
85. D. Parker and J. A. G. Williams, J. Chem. Soc., Dalton Trans., 1996, 3613.
86. S. Cotton, Lanthanide and Actinide Chemistry, Wiley, West Sussex,

England, 2006, Chapter 5, pp. 61–88.
87. J.-C. G. Bünzli and G. R. Choppin, Lanthanide Probes in Life, Chemical

and Earth Sciences: Theory and Practice, Elsevier, New York, 1989.

232 Chapter 2

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
01

21
View Online

http://dx.doi.org/10.1039/9781788010146-00121


88. A. K. R. Junker, M. Tropiano, S. Faulkner and T. J. Sørensen, Inorg.
Chem., 2016, 55, 12299.

89. M. Albin and W. D. Horrocks Jr., Inorg. Chem., 1985, 24, 895.
90. S. T. Frey and W. D. Horrocks Jr., Inorg. Chim. Acta, 1995, 229, 383.
91. W. D. Horrocks Jr., G. F. Schmidt, D. R. Sudnick, C. Kittrell and

R. A. Bernheim, J. Am. Chem. Soc., 1977, 99, 2378.
92. N. Sabbatini, M. Guardigli and I. Manet, Antenna Effect in Encapsu-

lation Complexes of Lanthanide Ions, in Handbook on the Physics and
Chemistry of Rare Earths, Vol. 23, Elsevier, North Holland, Amsterdam,
1996.

93. W. D. Horrocks Jr. and D. R. Sudnick, Science, 1979, 206, 1194.
94. W. D. Horrocks Jr. and D. R. Sudnick, J. Am. Chem. Soc., 1979, 101, 334.
95. R. M. Supkowski and W. D. Horrocks Jr., Inorg. Chim. Acta, 2002,

340, 44.
96. R. S. Dickins, D. Parker, A. S. de Sousa and J. A. G. Williams, Chem.

Commun., 1996, 697.
97. S. Amin, D. A. Voss Jr., W. D. Horrocks Jr., C. H. Lake, M. R. Churchill

and J. R. Morrow, Inorg. Chem., 1995, 34, 3294.
98. C. M. Andolina, W. G. Holthoff, P. M. Page, R. A. Mathews, J. R. Morrow

and F. V. Bright, Appl. Spectrosc., 2009, 63, 483.
99. R. M. Supkowski and W. D. Horrocks Jr., Inorg. Chem., 1999, 38, 5616.

100. W. D. Horrocks Jr., V. K. Arkle, F. J. Liotta and D. R. Sudnick, J. Am.
Chem. Soc., 1983, 105, 3455.

101. I. Sánchez-Lombardo, C. M. Andolina, J. R. Morrow and
A. K. Yatsimirsky, Dalton Trans., 2010, 39, 864.

102. J. H. S. K. Monteiro, A. de Bettencourt-Dias, I. O. Mazali and F. A. Sigoli,
New J. Chem., 2015, 39, 1883.
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J. A. Peters, A. de Blas and T. Rodrı́guez-Blas, Inorg. Chem., 2006,
45, 8719.
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3.1 General Theory of CEST Agents

GIUSEPPE FERRAUTO AND SILVIO AIME*

3.1.1 General Introduction to CEST Contrast

Currently used clinical contrast agents for MRI are able to generate contrast
in MR images by inducing changes in bulk longitudinal or transverse water
relaxation times (T1 and T2), or both. The class of chemical exchange
saturation transfer (CEST) agents differs from these established agents
because CEST agents act by transferring saturated magnetization to the bulk
water signal via exchangeable protons on the agents or water molecules.
By applying a proper radiofrequency irradiation field, the resonance of
exchangeable protons is directly saturated. Through chemical exchange, the
saturated spins are transferred to the bulk water, thus causing a decrease of
the water signal intensity, which is the source of the signal in the corres-
ponding MR images.

The possibility of exploiting CEST as a new modality to generate contrast
in an MR image was demonstrated for the first time by Ward, Aletras, and
Balaban in 2000.1 In general, a CEST agent is a molecule (diamagnetic or
paramagnetic) or a macromolecular or supramolecular system (e.g. poly-
mers, dendrimers, liposomes, or cells) containing exchangeable protons
resonating at a frequency different from the bulk water protons such that
they may be properly saturated by the application of a radiofrequency field.
The resulting negative contrast arises from the transfer of the saturated
magnetization to the bulk water resonance by the underlying chemical ex-
change process (Figure 3.1A–C).2–6

The basic principles for the generation of a CEST contrast in a 1H-MR
image involve the signal of exchangeable CEST protons that resonate at a
frequency different from the bulk water protons (Figure 3.1D left). By being
directly saturated using a proper radiofrequency irradiation (Figure 3.1D
middle), the saturation can be transferred to the bulk water through the
chemical exchange of the protons (Figure 3.1D right). In this way, the signal
of the CEST exchangeable protons is totally saturated whereas the signal
from the bulk water proton is slightly attenuated (Figure 3.1D right). This
attenuation triggers a darkening of the MR image signal intensity in the
region in which the CEST agents are distributed, thus creating contrast
relative to images acquired in the absence of the saturation of the ex-
changeable protons.2–6

Notably, the concentration of the CEST mobile protons is generally low, in
the mM–mM range, and is much lower than the one of the bulk water pro-
tons, which can reach 111 M. Because the irradiation time (tsat) is longer
than the residence lifetime (tM) of the mobile protons on the CEST molecule
(i.e. tsatctM¼ 1/kex, where kex is the exchange rate), each exchanging
saturated proton is replaced by a non-saturated water proton, which is in
turn saturated. Therefore, if: (i) CEST protons have a sufficiently fast
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Figure 3.1 (A) Scheme of a generic CEST probe with protons in chemical exchange with bulk water protons. (B) Some representative CEST
molecules (red Hs are exchangeable protons). (C) 1H-NMR, Z, and saturation transfer (ST)% spectra of a specimen containing a
CEST molecule. (D) Mechanism of generation of CEST contrast. Left: two proton pools (bulk water and CEST proton pools).
Middle: radiofrequency pulse saturates CEST resonance. Right: saturated CEST protons are transferred to bulk water through
chemical exchange. The net result is a decrease of the MRI water signal intensity with consequent generation of contrast in the
MR image.
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exchange rate (tM in the millisecond range) and (ii) the saturation time is
long enough (in the order of seconds), then the saturation transfer to the
bulk water becomes sufficient to generate enough contrast in the resulting
images.2–6 Therefore, the CEST modality enables the detection of molecules
containing exchangeable protons at millimolar and even sub-millimolar
concentrations by investigating their indirect effect on the intense bulk-
water resonance via signal amplification.7,8

Another important feature of CEST agents is that the contrast they induce
can be switched on and off at will simply by changing the radiofrequency of
irradiation. Because the contrast generated by CEST agents is frequency-
encoded, CEST molecules with exchangeable groups displaying different
NMR chemical shifts can be simultaneously detected in the same MR image.
This means that if there are two or more CEST molecules present in the same
region, the radiofrequency irradiation offset can be chosen to identify
specific molecules. By assigning a given color to each contrast molecule,
multicolor 1H-MR imaging can be obtained. This feature can be attractive for
the in vivo detection of different agents co-localized in the same region. This
is particularly relevant in the field of cell tracking, where frequency coding
might offer the opportunity to aid in the development of cell-based thera-
pies.9–14 Furthermore, because a CEST agent can contain more than one pool
of exchangeable protons, responsive agents can enable ratiometric imaging
of physio-pathological parameters, such as pH, temperature, or enzyme
activity, independently from the knowledge of the actual concentration of
the probe simply by comparing the saturation transfer (ST) effect associated
to the different sets of exchanging protons.15–21

The main limitation of CEST contrast agents is their intrinsic low sensi-
tivity, which has to some extent hampered the translation of this class of
contrast agents to uses in vivo. To have a detectable CEST signal, millimolar
concentrations of equivalent exchanging protons are necessary. Many at-
tempts to overcome this limitation have been pursued to exploit the great
potential of these agents in molecular and cellular imaging experiments. In
particular, three strategies have been considered: (i) designing structures
with a high number of exchanging protons endowed with optimal kex;22–24

(ii) exploiting nano-carriers able to deliver a high number of MRI contrast
agents to biological targets;12,25–29 and (iii) using compartmentalized water
molecules in liposomes or cells as sources of CEST signal.24,30,31 An overview
of highly sensitive CEST probes—including micelles, lipoCEST, and cells as
CEST—is reported in Section 3.5.

Experimentally, the potential of a CEST agent is commonly assessed by
recording their Z- and ST-spectra (Section 3.2).2–6,25 The Z-spectrum reports
on how the 1H water MR signal intensity decreases upon changing the offset
of the irradiation frequency (Figure 3.1C upper right). The signal intensity of
the 1H of water reaches zero when the offset is set at the absorption of 1H
water resonance (direct saturation). As described above, the exchanging
CEST protons also decrease the water signal because of the transfer of sat-
urated magnetization. When the chemical shift of the exchanging proton
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pool is close to that of bulk water, the CEST effect creates an asymmetry of
the absorption centered at 0 ppm (bulk water is usually defined as 0 ppm in
CEST experiments). In such a case, a quantitative CEST study is typically
carried out by acquiring two images, one with irradiation at the CEST offset
(Do) and one at the opposite offset (�Do). Comparison of the two images
yields the percentage CEST effect, as determined in eqn (3.1):

Saturation Transfer ST %ð Þ¼ 1� MSðDoÞ
MSð�DoÞ

� �
�100 (3:1)

where MS(Do) and MS(�Do) are the magnetic resonance (MR) signal
intensity of the bulk water protons upon applying the saturation radio-
frequency field at Do and �Do, respectively. The ST-spectrum reports the
ST% values versus the irradiation frequency (Figure 3.1C bottom).

Endogenously occurring CEST contrast can arise from amide function-
alities; this is called amide proton transfer.6,32 In amide proton transfer
imaging, endogenous mobile proteins and peptides in tissues can be
detected via saturation of all the amide protons present in peptides.6,32 This
imaging technique gives information about the soluble protein content, an
important biomarker of many diseases, such as cancer.33 Other endogenous
CEST reporters include glycosaminoglycans34 and glucose.35,36

Endogenous CEST is analogous to magnetization transfer contrast, a
contrast that is based on the irradiation of resonances of protons belonging
to immobilized, semi-solid macromolecules, such as bound proteins and
membranes, and to water molecules that are tightly bound to macro-
molecules and that they are not normally visible by MRI because of their
short T2 relaxation times (bandwidth410 kHz, Figure 3.2A). Upon appli-
cation of the radiofrequency irradiation at a chemical shift far from the bulk
water resonance, the saturated protons may enter the free bulk water proton
pool (bandwidtho20 Hz), thus transferring their saturated magnetization to
the free water protons (Figure 3.2A). The net effect is a decrease in the MR
visible signal and consequently the generation of contrast in regions in
which immobilized water molecules or proteins are present (Figure 3.2B–D).37,38

Magnetization transfer contrast implies that proton saturation occurs over a large
bandwidth (e.g. 50 kHz), whereas in conventional CEST detection, only one
specific resonance is saturated.

3.1.2 Theoretical and Practical Considerations about CEST
Agents

The contrast in a CEST experiment is the result of a complex interplay of
many parameters. It relies on the application of a proper radiofrequency
field on-resonance with the exchangeable protons to saturate the NMR sig-
nal of the CEST molecule. If this field is sufficiently strong and applied for a
sufficiently long time to allow multiple exchange events, partial saturation of
the bulk water proton signal is expected, thereby generating contrast.
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Different mathematical models have been developed to describe the
dynamic process of CEST and to help in the proper setting of the experiment.
Among these models, the two-pool model based on a series of Bloch–
McConnell–Thompson equations is the simplest.3,4,39 The first pool is
represented by the bulk water protons spins (water) and the second one by a
small exchangeable pool of protons on the contrast molecule (CEST). The
basic condition that must be satisfied for CEST to avoid coalescence of the
two NMR peaks is that the shift difference between the two protons pools
(Do) must be higher than their exchange rate (kex), (i.e. DoZkex). The relative
concentration of the two pools is vastly different (up to B111 M for water
protons versus millimolar for the CEST exchangeable protons). The exchange
between those two pools enables the transfer of null magnetization from the
saturated CEST protons to the detected water protons, thus yielding a net
signal decrease at the resonance of the latter. In other words, by applying a
radiofrequency pulse at the Do frequency offset corresponding to the
resonance of the mobile protons of the CEST agent, the longitudinal
magnetization (MCEST

z ) of these protons is saturated. Because of the chemical
exchange with water protons, the bulk water signal (Mwater

z ) also becomes
partially saturated. The decrease of the water signal intensity during the
irradiation time is given by eqn (3.2), in which Mwater

0 is the equilibrium
longitudinal magnetization of bulk water protons at t¼ 0, Rwater

1 is the water–
proton longitudinal relaxation rate, and kwater is the chemical exchange rate.

Mwater
zðtÞ ¼Mwater

0
Rwater

1

Rwater
1 þ kwater þ

kwater

Rwater
1 þ kwater e�ðR

water
1 þkwaterÞt

� �
(3:2)

After the application of the radiofrequency pulse, the magnetization
decreases reaching a steady-state value at t¼N according to eqn (3.3).

Mwater
zð1Þ ¼Mwater

0
Rwater

1

Rwater
1 þ kwater

� �
(3:3)

Figure 3.2 Magnetization transfer contrast effect. (A) Two water pools are present in
tissue, namely free bulk water and water molecules bound to macro-
molecules. The two pools are in an exchanging regime. (B)
Representative Z-spectrum of tissue showing the presence of the two
water components. The free water (long T2) has a narrow dip in
the Z-spectrum (a few ppm), whereas the bound water has a broad dip
(hundreds of ppm). Both signals are centered at the same frequency
(0 ppm). (C) In the magnetization transfer contrast experiment, the
radiofrequency field of saturation is set to a chemical shift far from
the bulk water resonance. (D) The bound water resonance is directly
saturated whereas, through chemical exchange, the bulk water reson-
ance is saturated. This saturation generates contrast in the MR image.
Note: the signal of bound water is normally not detectable in the NMR
spectrum because it is broad.
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Therefore, under steady-state conditions, the saturation transfer (STN)
follows eqn (3.4):

ST1¼
Mwater

0 �Mwater
zð1Þ

Mwater
0

¼ kwater

Rwater
1 þ kwater (3:4)

The ST value ranges between 0 and 1 depending on the relative values of
Rwater

1 and kwater. Note that because the ST% effect is linear with the bulk
water longitudinal relaxation time (T1¼ 1/R1), ST% is expected to strongly
decrease in the presence of a paramagnetic complex.

The exchange rate kwater is related to the kCEST and the molar fraction of
the CEST proton spins. The latter is given by the product of the concen-
tration of the CEST agent and the number of its magnetically equivalent
mobile protons (n), which in dilute aqueous solutions can be represented by
eqn (3.5).

kwater¼ kCEST ½CEST spins�
½Water spins� ¼ kCEST n½CEST agent�

111:2
(3:5)

The number n is different for the various classes of CEST agents. For
paramagnetic CEST complexes or diamagnetic molecules such as sugars, n is
usually small. Conversely, it is substantially greater for nano-sized systems,
such as liposomes.

From eqn (3.4), it is apparent that STN can be increased by increasing the
exchange rate between the two proton pools up to their coalescence
(DoEkwater). Because Do depends on the magnetic field, greater contrast
can be obtained at higher B0. Two assumptions have been made in the above
model, (i) no direct saturation effect on bulk water is considered (i.e. no
spillover effect) and (ii) the magnetization of the mobile protons of the CEST
probe is completely saturated by the B1 field. These assumptions are usually
satisfied for paramagnetic CEST agents where Do is large. On the other
hand, for diamagnetic CEST agents, where Do is small, both spillover and
incomplete saturation are usually observed.

A more accurate quantification of the CEST effect has been recently
developed by Sun and co-workers.32 In this model, the spillover effect (s) and
the saturation efficiency (a) are included as fundamental parameters to be
considered for the quantification of the CEST effect. According to this
model, STN can be calculated by applying eqn (3.6)–(3.9), where a is the
saturation efficiency and s is the spillover factor.

ST1¼
akwater½1� ðs=smaxÞ�

Rwater
1 þ kwater (3:6)

a¼ o2
2

o2
2 þ pq

where o2
2¼ 2pB1; (3:7)
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p¼RCEST
2 � kwater � kCEST

Rwater
2

� �
(3:8)

q¼RCEST
1 � kwater � kCEST

Rwater
2

� �
(3:9)

The maximum saturation efficiency of the CEST exchangeable protons
(a¼ 1) is reached when pq{o2

2. The maximum value of the spillover factor for
specific parameters involved in the ST experiment is smax. In the absence of
spillover the term 1� s/smax¼ 1; in presence of the maximum spillover, it is
equal to 0, and the ST effect is completely eliminated. Consequently, a more
accurate equation describing the ST time evolution is given by eqn (3.10):

STðtÞ ¼
akwater½1� ðs=smaxÞ�

Rwater
1 þ kwater � ð1� e�ðR

water
1 þkwaterÞ tÞ (3:10)

3.1.3 Practical Considerations for CEST Experiments

CEST MRI contrast agents have several advantages over conventional T1- and
T2-shortening probes. First, with CEST contrast agents, the contrast can be
switched on or off by applying the radiofrequency irradiation field. As
opposed to relaxation-based MR image acquisition, in CEST MRI, the
acquisition of pre-contrast images before injection of contrast agent is not
necessary because such an image can be acquired either with no irradiation
or with the radiofrequency irradiation field set at a frequency not corres-
ponding to the absorption of the exchanging protons. Furthermore, it is
possible to design contrast agents with distinct sets of exchanging protons to
visualize multiple agents simultaneously. This task is not possible using T1-
or T2-shortening probes because they act directly on the relaxation times of
bulk water and the effects of different relaxation agents are additive, making
it impossible to distinguish between the contribution of the different con-
trast agents. Finally, CEST agents can be employed in ratiometric protocols
to quantify parameters of interest in the microenvironment of the CEST
agents without knowing the actual concentration of the probe.

The main limitation of CEST contrast agents is their low sensitivity, which
is lower than those of T1- and T2-shortening probes. This issue has been ex-
tensively studied, and several solutions have been proposed. Briefly, because
ST% is proportional to the kex and the number of exchangeable protons, the
proposed solutions rely on the manipulation of these two parameters.

3.1.3.1 Parameters Affecting the ST% Effect

The main parameters influencing the ST% appear in eqn (3.11) and (3.12).

ST% ¼ 1� Mz

M0
¼ kex � fCEST

Rw
1 þ kex � fCEST

ð1� e�tsatðRw
1þkex�fCESTÞÞ (3:11)
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fCEST¼
n½CA�

2 ½H2Obulk�
; i:e: the molar fraction of CEST protons (3:12)

(1) Exchange Rate. CEST efficiency is directly proportional to kex. The
higher the value of kex, the higher ST%. However, the exchange rate
cannot be increased indefinitely because it will eventually lead to co-
alescence between the CEST and bulk water signals. The condition
Dd4kex must be maintained at all times. Furthermore, the maximum
ST% effect is achieved when kex¼ 2pB1 (Figure 3.3A), which means
that fast exchanging systems require high-intensity saturation fields
(B1). Higher B1 values correspond to (i) a higher specific absorption

Figure 3.3 (A) kex dependence of ST% calculated at the B1 amplitudes reported in
the figure (from 1 to 20 mT). In systems with faster kex, it is necessary to
use higher B1 fields to reach the maximum ST% effect. (B) Simulated
ST% dependence on the duration of the saturation B1 field at the
different R1 (of bulk water) values reported in the plot. The ST% effect
(at steady-state) is directly proportional to bulk-water T1. Steady-state is
reached faster when bulk water T1 is short. (C) Simulated ST% depend-
ence on the molar concentration of the CEST agent calculated using an
increasing number (from 1 to 16) of magnetically equivalent mobile
protons. A higher number of equivalent mobile protons equates to a
lower concentration of the agent needed to have a detectable ST% signal.3

Adapted with permission from E. Terreno, D. D. Castelli and S. Aime,
Contrast Media Mol. Imaging, 2010, 5, 78. Copyright r 2010 John Wiley &
Sons, Ltd.
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rate, i.e. tissue heating, and (ii) a strong direct saturation of water
signal with less CEST effect.

(2) Longitudinal Relaxation Rate of the Bulk Water Protons. The ST% is
directly proportional to the T1 of bulk water protons: longer T1 times
correspond to higher ST% in the steady state (Figure 3.3B). From eqn
(3.11), the steady-state condition is met when both bulk water R1 and
kex are fast [eqn (3.13)].

e�tsatðRbw
1 þkCEST

ex fCESTÞ ¼ 0 (3:13)

(3) Number of Equivalent CEST Protons. The attainable ST% is directly
proportional to the molar fraction of CEST protons. This number is
determined from the concentration of the CEST contrast agent and the
number of equivalent protons present in the CEST probe (Figure 3.3C).
It has been shown that increasing the number of exchanging protons
is the most effective way to increase the sensitivity of CEST agents. The
number of mobile protons present in different classes of CEST agents
and their relative sensitivity threshold are reported in Table 3.1.

(4) Experimental Parameters of Irradiation Time, Power, Sequence and
Magnetic Strength. Experimental parameters strongly affect the ST%
effect. The analysis of sequences normally employed for CEST-MRI
acquisition is presented in Sections 3.2 and 3.4.

3.1.4 Classification of CEST Agents

Different ways of classifying CEST agents have been proposed. In one
classification based on the magnetic properties of the agent, CEST agents are
divided into either diamagnetic CEST (diaCEST) and paramagnetic CEST
(paraCEST) agents (Figure 3.4A).2,3,5,6 DiaCEST agents are molecules and
supramolecular adducts (e.g. sugars and polypeptides) characterized by
relatively small Do values. Conversely, paraCEST agents are molecules
and supramolecular adducts containing a paramagnetic ion that endows
the systems with large Do terms. The paramagnetic metal ion is either a
lanthanide (e.g. TmIII, YbIII, and EuIII) or a transition metal (e.g. FeII and
CoIII). In general, the chemical shifts of the exchanging protons of diaCEST
compounds, such as hydroxyl, amine, amide, and imino groups, are not
farther than 10 ppm from water. Conversely, paraCEST agents can show

Table 3.1 Relationship between the number of mobile protons and
the relative sensitivity of various classes of CEST agents.

Mobile protons Sensitivity Chemical system

o10 mM Low MW molecules
103 mM Macromolecules
106 nM Nanoparticles
106–109 nM–pM Liposomes
1012 opM Cells
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Figure 3.4 Two classifications of CEST agents based (A) on the magnetic properties and (B) on the exchange mechanism.

254
C

hapter
3

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
02

43

View Online

http://dx.doi.org/10.1039/9781788010146-00243


larger shifts, up to hundreds of ppm, with the advantages of (i) eliminating
any interference with the background signal eventually present in vivo and
(ii) exploiting much larger kex values before reaching coalescence.

The members of both classes can be further classified into subsets,
mainly on the basis of molecular size, physicochemical characteristics,
endogenous occurrence, and type of molecular constructs. For example,
diaCEST agents can be divided into three groups, namely (i) low molecular
weight agents, (ii) macromolecular agents, and (iii) endogenous agents
(endoCEST).

Low-molecular-weight CEST agents include small molecules containing
mobile protons, such as sugars, amino acids, small peptides, nucleosides,
purine and pyrimidine bases, barbituric acid and derivatives, imino acids,
and imidazoles. As exogenous agents, some iodinated X-ray contrast media
with exchangeable amide protons such as Iopamidol, Iopromide, and
Iodixanol have also been shown to act as CEST MRI contrast agents.40,41

In general, the chemical shift of mobile protons of this class ranges from
B0.8 ppm (OH groups of sugars) to B6–7 ppm (some NH groups in
heterocyclic compounds). Recently, McMahon and co-workers reported
systems based on anthranilic acid analogs as diamagnetic CEST contrast
agents.42,43 Such systems have shifts up to B11 ppm because of
intramolecular H-bonding in the plane of the aromatic ring. For diamagnetic
systems, low-intensity (B1o3 mT) and long irradiation time (42 s) saturation
fields are required for an efficient ST effect to occur.

Macromolecular diaCEST agents include macromolecules endowed with
pseudo-equivalent mobile protons, such as polyaminoacids (e.g. poly-lysine
or poly-glutamate), poly-uridilic acid, and dendrimers. The chemical shifts
and exchanging properties of such groups are similar to those reported
above for the monomeric species. Consequently, low-intensity radio-
frequency fields and long saturation times are required for imaging with
these agents. Finally, endoCEST agents are diamagnetic molecules naturally
occurring in living organisms and include glucose, glycogen, glycosamino-
glycans, proteoglycans, and proteins. Specific names have often been
proposed, such as glucoCEST for glucose,35,36 glycoCEST for glycogen,44

gagCEST for glycosaminoglycans,34 and amide proton transfer for pro-
teins.37 Similar properties to diaCEST agents are observed with this class of
compounds, and the in vivo abundance of such molecules necessary to
determine the relative sensitivity threshold is noteworthy.

Analogous to diaCEST agents, paramagnetic CEST agents can also be
classified in four sub-sets, namely (i) low–medium molecular weight
paraCEST agents, (ii) supraCEST, (iii) lipoCEST, and (iv) cell-CEST agents.
ParaCEST agents consist of small-to-medium sized coordination complexes
containing a paramagnetic metal center, such as a lanthanide or a transition
metal ion, in which the metal ion is chelated by a linear or a macrocyclic
ligand. The mobile CEST protons belong either to the ligands (OH or NH
groups) or to water molecules coordinated to the metal ions. The first
example of this class of CEST agents was reported by Sherry and co-workers
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in 2001. It was the tri-positively charged EuIII macrocyclic complex
[Eu-DOTA-4AmCE]31, which has a metal-bound water molecule that ex-
changes slowly with bulk water on the NMR timescale.45

A large number of paraCEST agents have been developed for different
applications.5,6,45 Many are macrocyclic tetra-amide derivatives of DOTA.
Such coordination cages ensure a high kinetic inertness of the metal com-
plexes, whereas the presence of a tri-positively charged lanthanide ion yields
sufficiently slow water exchange rates. Furthermore, the overall geometry of
the metal complex leads to large chemical shifts of the coordinated water
protons, up to hundreds of ppm depending on the metal ion. As opposed to
diaCEST molecules, paraCEST complexes provide good ST% in the presence
of high-intensity (B146 mT, up to 10 s of mT) and short saturation times
(o2 s).

The intensity of the presaturation field is strongly related to the exchange
rate of the mobile protons (kex). For example, for the protons of amide
groups that exchange relatively slowly (kex of about 200 Hz at physiological
pH), medium intensity saturation fields are enough to obtain optimal CEST
signal. On the contrary, in the fast-exchanging Ln(III)-bound water protons
(kex up to 2�105 Hz), intense presaturation fields are necessary. Therefore,
paraCEST agents with a fast kex are not the preferred systems because their
efficient saturation requires the application of saturation fields that are not
compatible with in vivo experiments (high saturation fields lead to high
specific absorption rate effects).

As for diaCEST agents, the sensitivity of paraCEST agents can be signifi-
cantly enhanced with polymeric systems containing a large numbers of
equivalent paraCEST units. Representative examples are micelles or den-
drimers. A more detailed discussion of such agents is given later in this
section. Another sub-set of paramagnetic CEST agents includes non-covalent
supramolecular adducts between a paramagnetic shift reagent and a dia-
magnetic macromolecular substrate (supraCEST agents) that acts as source
of mobile protons. The first reported example of such an agent was the
adduct of [Tm-HDOTP]4� (a shift reagent) with cationic poly-arginine
oligomers, the latter being the source of the exchanging protons. The large
number of equivalent protons present in such structures lead to their high
sensitivity (visualization of CEST contrast with micromolar concentration of
[Tm-HDOTP]4�).3,5,25

The third and fourth sub-sets of paramagnetic CEST agents are the lipo-
and cell-CEST agents.25,26,30,31 These two classes are strongly related. Both
liposomes and cells are constituted of phospholipidic bilayers that separate
inner and outer water compartments. When a paramagnetic shift reagent is
loaded inside the inner compartment, the resonance of intra-liposomal or
intra-cellular water protons is shifted with respect to the extra-liposomal
or extra-cellular resonance. The inner-water resonance can be saturated
and, because intra- and extra-compartmental water pools are in slow-to-
intermediate exchange with each other, the saturation can be transferred to
the bulk (extra-compartmental) water pool, thereby generating CEST
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contrast. The advantage of both of these classes of paraCEST agents is that a
large amount of equivalent proton scans be selectively saturated: 106–109 for
liposomes, depending on the size, and, in principle, B1012 for red blood
cells. The resulting CEST systems are thus highly sensitive (picomolar range
for lipoCEST and the sub-picomolar range for cell-CEST). Because of the
intermediate-to-slow exchange of protons, an efficient Z-spectrum acqui-
sition requires low-to-medium intensity (e.g. B1¼ 3 mT) and short (irradiation
time¼ 2 s) saturation pulses. A detailed description of nano- and micro-sized
CEST systems (e.g. lipo- and cell-CEST) is presented later in Section 3.5.

Van Zijl and co-workers proposed another classification of CEST agents
based instead on the exchange mechanism.2 This classification includes
three main classes: atom (proton)-, molecular-, and compartmental
exchange-based CEST molecules (Figure 3.4B). In systems belonging to
the first group (proton-exchange-based), a single proton of the molecule is
involved in the chemical exchange with bulk water protons. Most of the
diaCEST compounds (e.g. glucose), as well as several paraCEST probes (e.g.
Yb-HPDO3A) belong to this class, as do supraCEST agents. The second
group, molecular-exchange-based CEST agents, includes systems where an
entire molecule is involved in the chemical exchange with bulk water. In
these paraCEST complexes, such as [Eu-DOTA(Gly)4]�, the coordinated water
molecules exchange with bulk water to provide the CEST effect. In these
agents, the molecular exchange rate is generally faster than the proton ex-
change rate. The last group, compartment-exchange-based CEST agents,
includes those systems in which the chemical exchange of water protons
occurs through a membrane, either artificial or natural. LipoCEST and cell-
CEST agents are part of this group because the membranes modulate the
intra-compartmental exchange.

3.1.5 Selected Applications of CEST and PARACEST Agents

A number of CEST agents and their in vivo applications have been reported.
CEST agents have been shown to be particularly useful for as responsive
agents, i.e. as probes that report on changes of a given parameter of the
environment in which they distribute, such as pH, temperature, enzymatic
activity, or concentration of metabolites;15,46,47 and as multi-tasking agents
by exploiting frequency-encoding specificity as in the case of multicolor cell
labeling.9,10 In vivo applications of responsive agents need to address the
lack of knowledge of the concentration of the agent in the body. This issue
can be addressed either by using molecules containing two or more sets of
exchangeable proton pools or by using two or more CEST agents displaying
the same biodistribution. In both cases, the ST% effect generated by
the different proton pools has to be affected to a different extent by the
parameter of interest (e.g. a different pH-responsiveness).

One of the most investigated families of paraCEST agents incorporates
LnIII complexes of HPDO3A (where Ln is different from GdIII, LaIII, PmIII, or
LuIII). These molecules are analogous to Gd-HPDO3A, a clinically approved
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MRI contrast agent. Such complexes have been demonstrated to be well-
tolerated by cells, even at high intracellular concentrations.30,48,49

3.1.5.1 Use of Ln-HPDO3A Probes as Responsive CEST Agents

In solution, these complexes are present as a pair of diastereoisomers, one
with square antiprismatic (SAP) and one with twisted square antiprismatic
(TSAP) geometry (Figure 3.5A).50 The chemical shift of the resonances of the
exchangeable OH protons of SAP and TSAP isomers is often quite different.
In the case of the YbIII complexes, the chemical shifts of OH protons are 71
and 99 ppm at 20 1C (Figure 3.5B). The chemical shifts of the hydroxyl
protons of Yb-HPDO3A are sensitive to temperature. In fact, between 20 and
37 1C, the resonance frequencies switch from 99 to 88 ppm and from 72 to
64.3 ppm for the two isomers. Because the chemical shift does not depend
on concentration, the exact temperature of the microenvironment of the
agent can be determined by the Z-spectra.

The exchange rates of the two OH protons also have different pH de-
pendencies and, consequently, different ST% (Figure 3.5C). The two dia-
stereoisomers have the same in vivo biodistribution and thus maintain their
relative concentration ratio. On this basis, the two OH proton resonances
can be used to determine pH ratiometrically. From eqn (3.14), the pH can be
calculated from the ratio of the relative SAP and TSAP ST% values
(Figure 3.5D). Accordingly, the chemical shift can be used to determine
temperature whereas ratiometric measurement of ST% provides the pH.
Importantly, both parameters are determined without knowing the con-
centration of the probe.

Ratio¼
ðSTÞpoolAð1� ðSTÞpoolBÞ
ðSTÞpoolBð1� ðSTÞpoolAÞ

(3:14)

Yb-HPDO3A has been used to measure extravascular and extracellular pH
in mice bearing subcutaneous melanoma tumors.15 This probe enabled
mapping of the pH of the tumor with high spatial resolution. Maps of pH
have been obtained for tumors at different development stages. These
studies demonstrated that during tumor progression, there is an increase in
pH heterogeneity rather than an overall pH change (Figure 3.6).15 Unfortu-
nately, the potential clinical translation of Yb-HPDO3A has been questioned
because the proton exchange rate of the complex is too fast and requires too
high B1 intensities, resulting in high specific absorption rate effects.51

3.1.5.2 Use of Ln-HPDO3A Probes as Labeling CEST Agents for
Multicolor MR Imaging

Ln-HPDO3A complexes have also been investigated for cell labeling experi-
ments. Such complexes can be efficiently loaded inside cells via different
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Figure 3.5 (A, top) Chemical structure of Yb-HPDO3A (two isomers, SAP and TSAP). (A, bottom) 1H-NMR spectrum of Yb-HPDO3A,
showing the presence of the two isomers. (B) Z-spectrum of Yb-HPDO3A (pH 7.4, 20 1C, B0¼ 7 T, B1¼ 24 mT) showing the
presence of two exchangeable hydroxyl groups (SAP in red and TSAP in blue). (C) ST% versus pH for the hydroxyl protons of the
two isomers. (D) Ratiometric curve.
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techniques, such as electroporation, macropinocytosis, and hypotonic
swelling, without affecting cell morphology or physiology.48,49,52,53 In this
way, labeled cells can be administered and detected in vivo using MRI. By
changing the metal center, it is possible to change both the resonance of the
hydroxyl protons of the Ln-HPDO3A probe and the magnetic and thus
contrastographic properties of such molecules. The entire family of
paramagnetic Ln-HPDO3A molecules has been investigated, and Eu- and
Yb-HPDO3A are often selected for simultaneous application.

In the Z-spectrum, Yb-HPDO3A contains two CEST signals at 72 and 99
ppm (Figure 3.7A). Eu-HPDO3A has only one signal at 20 ppm (Figure 3.7B).
This signal is the contribution of both SAP and TSAP isomers with reson-
ances that are not separable from each other. Ex vivo labeling of two cell
types, macrophages and melanoma cells, with the two probes enables
visualization of the distribution of each cell type in vivo.9 The use of false
colors makes it possible to detect regions in which cells are located, high-
lighting the regions in which both cell types are simultaneously present
(Figure 3.7C and D). Such an approach has been applied for the labeling and
visualization of neural stem cells and endothelial cells implanted in the
brain of a rat after a stroke,10 thus providing a tool for understanding the
dynamics of cellular interactions leading to the formation of de novo tissue
(Figure 3.7E). Eu-HPDO3A has also been used for ex vivo labeling of
immortalized mouse skeletal myoblasts and tracking the cells after
implantation in a cardiac region.13,53 CEST contrast generated by

Figure 3.6 Representative pH maps of melanoma tumors at (A) early, (B) middle,
and (C) late development stages. (D) Voxel-by-voxel pH distribution in
the tumor region of early and late tumors.15

Adapted with permission from D. Delli Castelli, G. Ferrauto, J. C. Cutrin,
E. Terreno and S. Aime, Magn. Reson. Med., 2014, 71, 326. r 2013 Wiley
Periodicals, Inc.
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Figure 3.7 (A) Chemical structure and Z-spectrum of Eu-HPDO3A. (B) Chemical
structure and Z-spectrum of Yb-HPDO3A. (C) False color map of a
phantom containing glass capillaries loaded with Eu-labeled melanoma
cells (red), Yb-labeled-macrophages (green), or a mixture of the two cell
populations (yellow). Two capillaries loaded with non-labeled melanoma
cells or macrophages have been added (uncolored). (D) Eu-labeled
melanoma cells (red) and Yb-labeled-macrophages (green) localize
after subcutaneous implantation in mice. (E) Eu-HPDO3A-labeled neural
stem cells (blue) and Yb-HPDO3A-labeled endothelial cells (red) im-
planted in the brain of a rat after a stroke. (F) Eu-HPDO3A-labeled
mouse skeletal myoblasts implanted in a murine cardiac region.
Adapted with permission from the following sources: G. Ferrauto,
D. Delli Castelli, E. Terreno and S. Aime, Magn. Reson. Med., 2013, 69,
1703. r 2012 Wiley Periodicals, Inc.;9 F. J. Nicholls, W. Ling, G. Ferrauto,
S. Aime and M. Modo, Sci. Rep., 2015, 5, 14597. Copyright r 2015, Rights
Managed by Nature Publishing Group;10 and A. Pumphrey, Z. Yang,
S. Ye, D. K. Powell, S. Thalman, D. S. Watt, A. Abdel-Latif, J. Unrine,
K. Thompson, B. Fornwalt, G. Ferrauto and M. Vandsburger, NMR
Biomed., 2016, 29, 74. Copyright r 2015 John Wiley & Sons, Ltd.13
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paramagnetic Eu-labeled cells has been demonstrated to be preserved in
surviving cell grafts and eliminated in instances of cell rejection.54

3.1.5.3 Use of Iodinated CT-contrast Agents as CEST Probes

Iodinated contrast media already commonly used in CT exams was also
considered as CEST agents. The iodinated compounds are administrated at
high doses and display good safety profiles. Importantly, the compounds
contain several exchangeable protons per molecule, which have been ex-
ploited for the acquisition of CEST MR images. Most attention has been
devoted to Iopamidol17,55 and Iopromide,40,56 which contain two types of
amide protons that are useful for ratiometric assessment of pH (Figure 3.8A).
These agents have been extensively tested on animal models for assessing
the pH of extracellular space in tumors56 as well as pH changes in the case of
acute kidney injury (Figure 3.8B and C).17,55

Figure 3.8 (A) Chemical structures of Iopamidol and Iopromide, showing exchange-
able protons in red circles. (B) ST maps obtained after the intravenous
injection of an Iopamidol (0.75 mg I g�1 by weight) bolus by irradiating
the amide proton pools at 4.2 (left) and at 5.5 ppm (right). (C) pH map of
kidney region obtained by applying the ratiometric method.55

Adapted with permission from D. L. Longo, W. Dastrù, G. Digilio,
J. Keupp, S. Langereis, S. Lanzardo, S. Prestigio, O. Steinbach, E. Terreno,
F. Uggeri and S. Aime, Magn. Reson. Med., 2011, 65, 202. r 2010 Wiley-
Liss, Inc.
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3.2 Acquisition of CEST Spectra

MICHAEL T. MCMAHON

3.2.1 Instrumentation and Sample Conditions for
Collecting Z-Spectra to Characterize CEST Contrast

To determine if a compound has favorable properties for detection via CEST
imaging, the amount of signal loss must be quantified as a function of
saturation frequency at an appropriate saturation field strength and set of
offsets. This process is known as collecting a Z-spectrum. More precisely,
the Z-spectrum is a plot of relative water saturation SDo/S0 as a function of
saturation frequency offset with respect to water (Do). If other nuclei are
used, the offset is set with respect to the bulk species of the nuclei, for ex-
ample, xenon. This section describes the general procedure for determining
if a compound is promising as a CEST agent, describes what to look for
in Z-spectra, and provides some insights into common problems associated
with this type of data collection.

Either an NMR spectrometer or an MRI scanner can be used to
collect Z-spectra, with the scanner field strength being at least 1 T for
paramagnetic agents and at least 3 T for diamagnetic, hyperpolarized, or
liposomal agents. Traditionally, compounds are characterized at concen-
trations in the range of 10–100 mM at neutral pH and 37 1C in 10 mM
phosphate-buffered saline. If an NMR spectrometer is used, B350 mL of
solution is required; however, if an MRI scanner is used, volumes as low as
40 mL will provide a reliable measurement of the Z-spectra in capillary tubes
with diameters of 1–1.8 mm. Besides enabling the use of smaller volumes of
sample, another advantage of MRI scanners over NMR spectrometers is that
a wide number of samples or sample conditions can be screened at once.
Because CEST contrast is sensitive to pH changes, it is often important to
measure Z-spectra over a range of pH values to assess if a compound has
potential to serve as a contrast agent. For hyperpolarized agents, screening is
performed a little differently and is beyond the scope of this chapter. For
more information on collecting Z-spectra of hyperpolarized agents, inter-
ested readers are referred to other sources.57–60

3.2.2 Pulse Sequences Utilized for Collecting Z-Spectra

Either NMR or MRI pulse sequences can be used for collecting Z-spectra. The
NMR sequence shown in Figure 3.9 is the simplest version, whereby a long
(typically 1–3 s) continuous wave saturation pulse is inserted in front of a
relatively short excitation pulse with the offsets of these pulses at different
frequencies. For MRI scanners, which allow the use of multiple tube phan-
toms, multi-slice imaging sequences based on either gradient echoes or fast-
spin echoes can be used.
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Fast spin-echo sequences have the advantage of having low sensitivity to
magnetic susceptibility gradients that are present with multiple-tube
phantoms due to the interfaces between the tubes. These field gradients
induce magnetic field (B0) inhomogeneities that should be minimized by
shimming. Generally for phantoms, the B0 should be such that the range of
frequencies encompassing the water signal should not vary by more than
�600 Hz across an imaging slice and preferably varies by less than �100 Hz.
To determine this range for a new agent, either an NMR spectra without
saturation pulses or a point-resolved spectroscopy dataset is collected with a
voxel geometry approximating the area of interest for the phantoms. Typical
parameters for point-resolved spectroscopy are TR/TE¼ 2000/20, acquisition
size¼ 8192, sweep width¼ 10 080 Hz, and number of acquisitions¼ 1. The
width of the water peak after fast Fourier transformation and baseline
correction is used to determine the range of B0 inhomogeneities.

To collect Z-spectra using an NMR spectrometer, the frequency of the
saturation pulse is incremented while the excitation pulse is fixed on the
water frequency. The recycle delay after the p/2 excitation pulse should be in
the range of 6–10 s as mentioned previously.61 As described in Figure 3.9, the
range of frequencies depends on the type of CEST agent that is being
screened. Diamagnetic agents typically have labile protons resonating
between 0.1 and 6 ppm from water unless they have an intramolecular
hydrogen bond.14,42,43,62 Diamagnetic agents with intramolecular-bond-shifted
protons have labile protons that resonate as far as 12 ppm from water.14

Figure 3.9 Pulse sequences and general acquisition strategy for collecting Z-spectra.
For all sequences, saturation pulses: o1B1–12 mT (diaCEST or lipoCEST)
and 5–25 mT (paraCEST). Saturation pulse offset is incremented from
0.1–15 ppm from water (diaCEST) 0.1–30 ppm from water (lipoCEST)
or 1–720 ppm from water (paraCEST). Excitation pulses have an offset
centered on water.
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For diamagnetic agents, contrast is typically expected to appear using a
saturation pulse of 3 s and either 2 or 4 mT. If other parameters are used, the
exchange is often too fast for detection. Liposomal agents have labile protons
that resonate a little farther from water, but the same saturation conditions as
used for diamagnetic agents should produce contrast with liposomal agents.
Paramagnetic agents require large ranges of frequencies depending on the
metal ion in the complex and the type of exchanging proton, for example,
protons of coordinated water molecules or labile protons in NH, NH2, or OH
moieties. An example of the range of frequencies covered in paramagnetic
samples can be found in the tabulation of the proton frequencies of water
bound to a series of [Ln-DOTA(Gly)4]� complexes.63 For paramagnetic CEST
agents, contrast is typically expected to appear using a saturation pulse of 3 s
and either 14 or 25 mT. These saturation parameters also will hold for the MRI
experiments mentioned next.

For MRI-based data, it is necessary to correct Z-spectra for B0 in-
homogeneities. This correction process requires mapping the B0 for each
pixel. The method typically employed is termed water saturation shift
reference (WASSR) mapping and involves collecting a set of images using
one of the sequences in Figure 3.9 with a short (B200–500 ms), low-power
(B1E0.5 mT) saturation pulse incremented over the entire range of B0 in-
homogeneities found in the phantom, typically from �1 to 1 ppm from
water.64 Parameters that are typically used for collecting fast spin-echo water
saturation shift reference images on a single slice are acquisition
bandwidth¼ 50 kHz, slice thickness¼ 1 mm, TE¼ 6 ms, TR/TE¼ 1500/6,
echo train length¼ 16, field of view¼ 20 mm�20 mm, and matrix
size¼ 128�64. The signal is interpolated across the frequencies in the im-
ages to determine the water saturation shift reference absolute frequency
maps and the error in these maps is typicallyo1 Hz for each pixel.65 After
collecting the water saturation shift reference maps, the CEST contrast im-
ages are collected using the same MRI sequence as for the water saturation
shift reference images, and the same saturation conditions mentioned for
NMR experiments. Using a 3 s saturation pulse, TR¼ 6 s should produce nice
contrast maps.

3.2.3 Data Post-processing and Analysis

To generate B0 maps from the MRI datasets, the set of water saturation shift
reference maps is pooled with the signal fit pixel-wise using Matlab, Inter-
active Data Language, or some other software. To fit the signal intensity
(Sexp(x,y)) for each voxel, eqn (3.15) can be used.65

Sexpðx; yÞ¼ Z2 þ M0ðx; yÞ

1þ o1ðx; yÞ
Doðx; yÞ � do0ðx; yÞ

� �2 T1ðx; yÞ
T2ðx; yÞ

2
6664

3
7775

28>>><
>>>:

9>>>=
>>>;

1=2

(3:15)
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where Z is the experimental noise; T1 and T2 are the longitudinal and
transverse, respectively, relaxation times for water; M0 is the normalized
signal for the voxel; o1 is the saturation field strength; and do is the B0 shift
for the voxel.

Typically non-linear fitting functions are used (for example, lsqcurvefit) in

Matlab with M0, do0, and
T1

T2
o2

1

� �
as free parameters. To save computa-

tional time, images can be masked using a signal-to-noise threshold prior to
this fitting. This masking is done by estimating the experimental noise (Z) by
calculating the mean signal in a noise-only region of the images and re-
taining pixels with signal 430 Z. A B0 map is then prepared by plotting
do0(x,y) for each pixel. This step is unnecessary when using NMR spec-
trometers because the field should be sufficiently homogeneous for a single
NMR tube to enable data processing.

The next step is to process the raw CEST images for calculation of CEST
contrast and B0 corrections. As was the case for water saturation shift ref-
erence images, the set of CEST images as a function of saturation frequency
is pooled for each saturation field strength, and the signal is interpolated
using a cubic-spline fitting to generate signal for intermediate frequencies.
Saturation-transfer images are then corrected pixel-wise using the water
saturation shift reference B0 map using the expression in eqn (3.16).

Do(x,y)corrected¼Do(x,y)� do0(x,y) (3.16)

The Z-spectra from individual tubes can be plotted using region-of-interest
analyses with region-of-interest masks drawn and the mean intensity of the
region-of-interest plotted as a function of corrected Do. To quantify CEST
contrast, the asymmetry in the magnetization transfer ratio (MTRasym) is
calculated using eqn (3.17):

MTRasym¼
ðS�Do � SþDoÞ

S�Do
(3:17)

where S1Do and S�Do are the signal intensities with saturation at frequencies
Do downfield and Do upfield, respectively, from the water-proton resonance
frequency. These MTRasym spectra are calculated to remove direct saturation
of water, and they can be plotted for each tube using region-of-interest
analysis.
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3.3 Determining q for CEST Complexes

JANET R. MORROW* AND ERIC M. SNYDER

3.3.1 Oxygen-17 NMR Spectroscopy for CEST Agents

Unlike the GdIII-based contrast agents for T1-weighted MRI discussed in
Chapter 2, CEST agents do not require a water ligand for optimal contrast
properties. All CEST agents must have a ligand proton that is in chemical
exchange with protons in bulk water, but this exchangeable proton does not
need to be on a water molecule directly coordinated to a metal ion. As dis-
cussed in Chapter 3.1, exchangeable protons for LnIII 3,66–69 or transition
metal ion-based70–78 paraCEST agents include amide NH, alcohol OH, het-
erocyclic NH protons, and water (Figure 3.10). Regardless of the class of
CEST agent, it is necessary that the resonances of these exchangeable pro-
tons are shifted away from the resonance of bulk water by the paramagnetic
center and the exchange rate constants must be in a suitable range for CEST.
In particular, rate constants for proton exchange must be no larger than the
frequency difference between the proton resonance of the CEST agent and bulk
water.79 Rate constants for proton or water exchange on paraCEST agents ty-
pically are in the range of 102 to 104 s–1.66,70 Thus, for water ligands to give rise
to the CEST effect, exchange must be orders of magnitude slower than that of
GdIII-based T1-shortening contrast agents. Such slow water-exchange rate
constants have been reported for LnIII complexes that contain a macrocycle
with neutral pendent groups, such as [Eu(DOTAM)]31 (Figure 3.10).80,81

Figure 3.10 Selected transition-metal- and lanthanide-based paraCEST agents.
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The [Eu-DOTAM]31 complex in Figure 3.10 has a single bound water lig-
and, as evidenced by luminescence spectroscopy studies (see Chapter 2.4.3
for a discussion on how to determine q by luminescence lifetimes of EuIII

and TbIII complexes).82 There are two isomers, the twisted square antipris-
matic and square antiprismatic forms, which coexist in solution for the EuIII

complex of DOTAM, as shown by 1H-NMR spectroscopy80 and by excitation
of the 7Fo-

5Do transition of EuIII with luminescence spectroscopy.82 Many
derivatives of the DOTAM ligand have been prepared and their LnIII com-
plexes have been studied as paraCEST agents.66,83–85

For lanthanide-based complexes, and in the case of rapidly exchanging
water, 17O-NMR studies of DyIII complexes might be used to determine q (see
Chapter 2.4.2).86,87 However, for slowly exchanging systems, the situation is
more complex. For [Eu-DOTAM]31, 17O-NMR studies indicate that each of
the two isomers produce distinct 17O-NMR resonances.88 This observation
suggests that there is a distinct bound-water 17O-resonance, consistent with
a slow rate of water exchange. It is not feasible to count bound water mol-
ecules in this experiment, in part because studies were carried out in acet-
onitrile. In any case, measurement of the number of bound waters by
integration would be challenging owing to the low intensity of the bound-
water resonance in comparison to that of bulk water. Subsequent studies of
an EuIII complex of a DOTAM derivative by variable-temperature 17O-NMR
were used to measure the rate constant for water exchange (Figure 3.11).89

Figure 3.11 17O-NMR spectrum of [Eu-DOTAM(Gly)4(H2O)]� in aqueous solution
(10% 17O-enriched) at 25 1C, EuIII concentrationE0.1 M. The bulk water
was used as the reference at 0 ppm.
Adapted with permission from S. Zhang, K. Wu, M. C. Biewer and
A. D. Sherry, Inorg. Chem., 2001, 40, 4284 (ref. 89). Copyright 2001
American Chemical Society.
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Only certain types of LnIII complexes with a single bound water are known
to give rise to the CEST effect through water exchange, and few transition
metal complexes give rise to the CEST effect through water exchange.66 This
is attributed to the necessity of water ligand exchange being sufficiently slow
to observe the CEST effect and the special characteristics of the water cavity
in [Ln-DOTAM]31 complexes. To determine the number of water ligands for
LnIII-based paraCEST agents that have other types of ligand protons that
produce a CEST effect, methods discussed in Chapter 2.4 might also be used.

Most reported transition metal-based paraCEST agents contain exchange-
able protons on ligand donor groups, but not water (Figure 3.10).70,90 There is
a single reported example of an FeII-based complex that has an exchangeable
water ligand that gives rise to a CEST peak [Fe(L1) in Figure 3.10].78 Structural
studies of this complex demonstrate that there is a single water in the solid
state, but no data is provided to determine the number of bound waters in
solution. For transition-metal-based paraCEST agents, the study of q has
similar considerations to those discussed for LnIII complexes. Slowly ex-
changing water ligands should give rise to 17O-NMR resonances that are
distinct from bulk water, as observed for [Ln-DOTAM]31.89 If the paraCEST
agent is extremely soluble so that very high concentrations of complex
(4100 mM) can be used, it might be feasible to integrate the peak from bound
water and compare the integration to that of the peak from bulk water to
estimate the number of bound water ligands. Such classic studies have been
reported for the determination of the number of bound waters in simple
metal salts under conditions where water exchange is slow.91,92

Rapidly exchanging water ligands on paramagnetic complexes of transi-
tion metal ions produce a single 17O-NMR resonance that is the weighted
average of bulk and bound water. Under these conditions, variable-
temperature 17O-NMR measurements are useful for estimation of both the
number of bound waters and the rate constant for exchange, as discussed in
Chapters 2.4.2 and 2.6.2. Early variable-temperature 17O-NMR studies of the
CoII aquo ion in solution were consistent with the presence of six coordin-
ated waters with lifetime of 4.2�10–7 s.93 Similar 17O-NMR studies were also
used to estimate numbers of water ligands and exchange rate of FeII and NiII

aquo complexes.94,95 Studies on polyaminocarboxylate-based complexes of
FeII gave detailed information regarding the rate constant and speciation for
seven-coordinate complexes with a single coordinated water.96 However,
17O-NMR studies of NiII, CoII, and FeII complexes with different ligands,
geometries, and numbers of bound water molecules are lacking in the
literature. These NMR spectroscopy studies remain to be further explored to
characterize transition-metal-based paraCEST agents.

3.3.2 Other Techniques for Gadolinium-based Complexes
That Also Apply to CEST Agents

Luminescence spectroscopy is perhaps the most useful tool for the
determination of q in solution for LnIII-based paraCEST agents.97–99 As
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described in Chapter 2.4.3, excitation spectroscopy and luminescence
lifetimes of EuIII complexes are powerful tools for the study of solution
chemistry and the determination of q.100–103 These methods have been used
to show that the paraCEST agent, [Eu-DOTAM]31, has two isomers in
solution and with a single coordinated water.82 However, even with lumi-
nescence methods, measurement of q is made challenging by poorly
understood outer-sphere contributions to the quenching of luminescence.
A particularly interesting example that shows the effect of both inner- and
outer-sphere contributions to q was reported in the study of EuIII-based
paraCEST agents that contain alcohol pendant groups in complexes such as
[Eu-STHP]31 (Figure 3.10).104–106 The [Eu-STHP(OH2)]31 complex cation
contains a nine-coordinate EuIII ion in the solid state with all four alcohol
pendent groups bound to EuIII and a water ligand capping the twisted square
prism formed by the macrocycle. In solution, however, the coordination
chemistry is more complicated, as shown by direct-excitation luminescence
studies. At neutral pH, luminescence lifetime data is consistent with a single
bound water and four bound alcohol groups. In this analysis, alcohol OH
oscillators are considered to be half as efficient in quenching luminescence
as water, which contains two OH oscillators. A single excitation peak
(7F0-

5D0) is observed at pH 6.3 (579.32 nm), suggesting that there is only a
single species in solution under these conditions. However, at the more
basic pH of 8.6, the complex ionizes by either deprotonation of the water
ligand or one of the alcohols.107 Consistent with the formation of a new
ionized species, a second excitation peak is observed at 577.51 nm.
Curiously, luminescence-lifetime studies show increased quenching;
whereas, the expectation is that deprotonation should remove one of the OH
oscillators and decrease the quenching of luminescence. Instead, q increases
from 1.2 to 2.2 upon deprotonation of the complex, as if an additional water
ligand was added to the coordination sphere. Most likely, there is an
additional quenching contribution from second-sphere hydration that is
promoted by deprotonation and the formation of new hydrogen bonding
interactions. This data highlights the complexity of the interactions of the
metal-ion coordination sphere in water.

The number of bound waters in LnIII-based paraCEST agents is often
modulated in the presence of biologically relevant anions that bind to the
complexes. For example, addition of phosphate, carbonate, or citrate to
[Eu-STHP]31 reduces q, as shown by luminescence-lifetime data, consistent
with replacement of the water ligand with the anion (Table 3.2).105 Anion
binding can also be monitored by following changes in excitation or emis-
sion peaks because displacement of water ligands changes the coordination
sphere. Changes in excitation or emission peaks as a function of the con-
centration of ligand are used to generate binding curves for anionic ligands.
All of the anionic ligands in Table 3.2 are completely bound at the concen-
trations shown. Yet, q for [Eu(STHP)]31 when fully bound to an anion is not
close to zero, with the exception of citrate. The fact that q is not close to zero
suggests that second-sphere contributions are not accurately counted.
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Alternatively, it is possible that the bound water is not completely displaced,
and the anionic ligands bind in an outer-sphere mode.

This latter alternative is the case for binding of phosphate diesters to
[Eu-STHP]31. The addition of phosphate esters such as diethylphosphate or
bis-4-nitrophenylphosphate produces no change in the appearance of
the 7F0-

5D0 excitation band nor of the lifetime of luminescence. However,
binding of diethylphosphate is observed through a change in the pH
dependence of the production of the 578 nm species in excitation lumi-
nescence studies (Figure 3.12) and also through a change in the pH
dependence of the CEST spectrum.104,106 The dissociation constant for the
outer-sphere diethylphosphate complex is 1.9 mM.104 Similarly, there is

Table 3.2 Luminescence lifetimes and q for a EuIII paraCEST agent. All samples
contain NaCl (0.100 M) and HEPES (0.100 M) at pH 7.2. Adapted with
permission from J. Hammell, L. Buttarazzi, C.-H. Huang and J. R.
Morrow, Inorg. Chem., 2011, 50, 4857 (ref. 105). Copyright 2011 American
Chemical Society.

Complex
Excitation
wavelength (nm) Anion

[Anion]
(mM)

tH2O
(ms)

tD2O
(ms) q

Eu-STHP 579.36 Phosphatea 20 0.310 1.12 0.34
Eu-STHP 579.36 Monomethylphosphatea 20 0.298 1.03 0.41
Eu-STHP 579.36 Carbonateb 40 0.267 0.856 0.64
Eu-STHP 579.36 Acetateb 40 0.280 0.911 0.50
Eu-STHP 579.36 L-Lactateb 40 0.271 0.860 0.56
Eu-STHP 579.54 Citratec 1.0 0.333 1.10 0.070
aEu-STHP concentration 0.100 mM;
bEu-STHP concentration 1.00 mM;
cEu-STHP concentration 25 mM.

Figure 3.12 7Fo-
5Do excitation spectra (5D0-

7F2 emission) of [Eu-STHP]31 (10.0 mM),
buffer (20 mM), and NaCl (100 mM) with diethylphosphate [(K) 0 mM,
(n) 10 mM, (m) 20.0 mM, or (J) 30 mM] at pH 8.0 and 22 1C.104

Adapted with permission from C.-H. Huang, J. Hammell, S. J.
Ratnakar, A. D. Sherry and J. R. Morrow, Inorg. Chem., 2010, 49,
5963. Copyright 2010 American Chemical Society.
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evidence of an outer-sphere interaction with the YbIII analog.104

[Yb-STHP]31 produces a CEST peak only at an acidic pH value of 3
(Figure 3.14). In the presence of two equivalents of diethylphosphate, the
complex produces a CEST peak at pH 7.104 The suppression of ionization is
promoted by outer-sphere interactions. The crystal structure of the com-
plex features the phosphate diester forming hydrogen bonds as a second-
sphere ligand to the alcohols of [Eu-STHP]31 (Figure 3.13). Thus all three
methods—X-ray diffraction, luminescence spectroscopy, and CEST
imaging—are required to define the inner- and outer-sphere interactions
of this paraCEST agent. This complexity in defining the coordination
sphere would be difficult to resolve using a single technique (Figure 3.14).

An additional method for the determination of q for paraCEST agents is
crystallography. This is discussed in greater detail in Chapter 2.4.5. For
example, crystallographic studies of [Ln-DOTAM]31 complexes that are para-
CEST agents showed that the series of complexes containing lanthanide ions

Figure 3.13 Ortep diagram (50% ellipsoids) of [Eu-STHP(OH2)][(O2NPhO)2PO2]2-
[CF3SO�3] � 2H2O � i-PrOH.104

Adapted with permission from C.-H. Huang, J. Hammell, S. J. Ratnakar,
A. D. Sherry and J. R. Morrow, Inorg. Chem., 2010, 49, 5963. Copyright
2010 American Chemical Society.
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from EuIII to LuIII have a single bound water;108 whereas the [La-DOTAM]31

complex has two bound waters,109 as anticipated based on the larger ionic
radius of LaIII. Crystallographic studies to date have shown that transition
metal-ion-based paraCEST agents, with one exception,78 have no inner-sphere
water.74,76

Figure 3.14 Hydrogen bonding of phosphate diester blocks ionization of
[Ln-STHP(OH2]31.104

Adapted with permission from C.-H. Huang, J. Hammell, S. J. Ratnakar,
A. D. Sherry and J. R. Morrow, Inorg. Chem., 2010, 49, 5963. Copyright
2010 American Chemical Society.
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3.4 Determining Proton Exchange Rates (kex)

MICHAEL T. MCMAHON

3.4.1 Introduction to Proton Exchange

Chemical exchange saturation transfer (CEST) MRI is a contrast mechanism
that enables the amplified detection of low concentration solutes based on the
exchange of their labile protons with water. To optimize pulse sequences and
post-processing strategies for CEST imaging, it is important to quantitatively
determine the exchange rates of protons associated with CEST contrast agents.

CEST has the requirement that proton exchange must occur with water or
xenon exchange must occur with bulk xenon gas. These exchanges result in
MRI contrast enhancement depending on several parameters, including
concentration, T1 and T2 time constants, saturation time, saturation field
strength, and the rate of exchange. Exchange rate is sensitive to changes in
environment, such as temperature, pH, and ion concentration, and optimal
exchange rates depend on the chemical shift with respect to water (Do).
Consequently, as described in Sections 3.1 and 3.2, CEST agents with large
shifts have different rates for optimal contrast production to CEST agents
with small shifts. The critical parameter of exchange rate can be measured
using NMR spectroscopy or MRI. This section presents NMR- and MRI-
compatible methods for measuring exchange rates to enable evaluation of
prospective CEST agents. Notably, the methods discussed in Chapter 2.6 to
determine the water residence time for GdIII-based contrast agents can also
be used for those paraCEST agents for which the CEST signal arises from a
slowly exchanging coordinated water molecule.

3.4.2 Linewidth Measurement for Assessing Exchange Rate

The simplest method to measure exchange rates is by measuring the line-
width of the exchangeable solute protons (LWs) because this parameter is
known to be related to exchange rate from solute to water (ksw) and T2

relaxation through the following expression:110,111

ksw¼ p �LWs� 1/T2s (3.18)

To measure these linewidths, excite–detect NMR experiments can be
performed, and linewidths can be determined through mixed Gaussian–
Lorentzian deconvolution. This deconvolution is readily available on Top-
Spin and other NMR software, starting with 100% Lorentzian and adding
Gaussian character to determine if the fit is improved. Typically, data is
collected over a few pH values to determine the T2s term, which dominates
the expression for the slowest rates. This method is suitable for measuring
solutes at high concentration (50–100 mM) with exchange rates with slow-to-
moderate values (kswo1200 s–1), conditions which are often too stringent to
be practical.
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3.4.3 WEX Experiments for Assessing Exchange Rate

Another NMR-based method that can be employed for measurement of
exchange is the water-exchange (WEX) family of experiments.112–114 These
sequences measure the magnetization transferred from water to solute, with
the WEXII sequence shown in Figure 3.15.

By measuring magnetization transfer of the labile protons as a
function of mixing time, the exchange rate to water (ksw) can be quantified
with the solute signal intensity (Ss) as a function of tm given by eqn (3.19):112,115

SsðtmÞ¼
kswS0s

ksw þ R1s � R1w
½e�R1wtm � e�ðkswþR1sÞtm � (3:19)

In eqn (3.19), S0s is the equilibrium magnetization. This equation can
be used provided the longitudinal relaxation rates (1/T1) for water (R1wB0.248
s–1) and the agent (R1sB0.71 s–1) are known at the particular field strength
(11.7 T). Typically water-exchange data are fit to eqn (3.19) using a Levenburg–
Marquardt routine. The expression is normalized by setting S0¼ 1 to remove
S0 from the fitting. One of the challenges with this method, similar to the
linewidth-based method, is sensitivity because exchangeable peaks are ex-
pected to be at low concentration. Additionally, peaks are broad for kswo400
s–1. Furthermore, small changes in signal build-up tend to be difficult to de-
tect for such ksw, and the signal of the peak is also reduced owing to exchange
with suppressed water protons. Therefore, the water-exchange family of se-
quences is applied over a narrow range of rates.

3.4.4 QUEST and QUESP Experiments for Assessing
Exchange Rate

Unlike the previously mentioned NMR-based methods, saturation-transfer
experiments can be used to assess exchange rates on a pixel-by-pixel basis in

Figure 3.15 WEX II sequence for measuring exchange, including water selection,
mixing, and 3-9-19 water suppression.
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MR images. For two spins, water and a solute-labile proton, the transfer of
signal loss from labile protons to water can be modeled using the Bloch
equations, as described previously (Section 3.1.2):115

dMxs

dt
¼�DosMys � R2sMxs � kswMxs þ kwsMxw (3:20)

dMys

dt
¼DosMxs þ o1Mzs � R2sMys � kswMys þ kwsMyw (3:21)

dMzs

dt
¼�o1Mys � R1sðMzs �M0sÞ � kswMzs þ kwsMzw (3:22)

dMxw

dt
¼�DowMyw � R2wMxw þ kswMxs � kwsMxw (3:23)

dMyw

dt
¼DowMxw þ o1Mzw � R2wMyw þ kswMys � kwsMyw (3:24)

dMzw

dt
¼�o1Myw � R1wðMzw �M0wÞ þ kswMzs � kwsMzw (3:25)

In eqn (3.20)–(3.25), o0¼ gB0 and o1¼ gB1; Dos and Dow are the chemical
shift differences between the saturation pulse and the solute and water
resonance frequencies, respectively; M0 is the equilibrium magnetization;
proton exchange between the two pools occurs with rates ksw (solute to
water) and kws (water to solute); and kswMos¼ kwsMow at equilibrium. With
the assumption that solute protons instantaneously reach steady-state sat-
uration, CEST contrast can be described as a function of saturation time (tsat)
and saturation field strength (o1) [eqn (3.26)].115

PTR¼ S0w � Swðtsat; aÞ
S0w

¼ ksw � a � xCA

R1w þ ksw � xCA
½1� e�ðR1wþksw �xCAÞtsat � (3:26)

In eqn (3.26), xCA is the fractional concentration of exchangeable protons
of the contrast agent, tsat is the saturation time, a is the saturation efficiency,
and the term kswxCA accounts for back-exchange of saturated water protons
to the solute. This back-exchange occurs when the exchange rate is fast, the
concentration of exchangeable protons for the CEST agent is high, or both.
Additionally, the water signal intensity depends on the pulse power
(o1¼ gB1) via eqn (3.27):115

a¼ o2
1

o2
1 þ pq

; (3:27)

in which

p¼R2sþ ksw� k2
sw � xCA/(R2wþ ksw � xCA) (3.28)
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and

q¼R1sþ ksw� k2
sw � xCA/(R1wþ ksw � xCA) (3.29)

In addition to the MTRasym metric used for determining CEST contrast
which was mentioned in Section 3.2, another important metric is the drop in
water intensity due to direct saturation. This can be measured by applying a
saturation pulse at the same frequency difference as water as the labile
protons, but on the opposite side (�Dosw) of water (Section 3.1):

Direct saturation¼ S0w � S�Dosw
w ðtsat; aÞ
S0w

(3:30)

In eqn (3.30), S0 and S�Dosw
w are the water signals without and with,

respectively, saturation at �Dosw. This metric of direct saturation impacts
whether or not the Dixon analytical expressions can be used to fit the
saturation transfer data. The analytical expression developed by Dixon and

co-workers to model the signal intensity as a function of
1
o2

1
during on-

resonance saturation when ksw is fast relative to the relaxation rates is given
by eqn (3.31).116

Mss
z

M0 �Mss
z
¼ kswR1w

xCA

1
k2

sw
þ 1
o2

1

� �
(3:31)

Eqn (3.31) can also be rearranged to a form that is convenient for
plotting:117

o2
1Mss

z

M0 �Mss
z
¼ o2

1R1w

xCAksw
þ kswR1w

xCA
(3:32)

One MRI-based method to determine ksw involves collecting the water
signal as a function of saturation time at a single saturation field strength
(quantification of exchange using saturation time, QUEST) and then fitting
this MTRasym data to the exponential term in eqn (3.26) or to the numerical
solutions to eqn (3.20)–(3.25) if the direct saturation is too strong or if the
exchange rate is faster than B500 s–1.61 Data can be fit using a least squares
nonlinear fitting routine. Numerical solutions to eqn (3.20)–(3.25) can be
performed, for instance using the Matlab expm function,23 and are typically
solved using the initial conditions of [0, 0, M0s/M0w , 0, 0, 1] for [Mxs, Mys, Mzs,
Mxw, Myw, Mzw], respectively. Pulse sequences for the QUEST experiment are
shown in Figure 3.9 (Section 3.2). Typical lengths of saturation pulses are
0.5–10 s, with a 6 s recycle delay after the saturation pulse. Data are usually
collected at a sufficiently strong saturation field strength (o1B3.6 mT for
diamagnetic CEST agents) and at two frequencies [one on resonance with the
exchangeable protons (þDosw) and a second on the opposite side (�Dosw) of
the water line]. This method requires precise knowledge of xCA to obtain
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reliable measurements of ksw. Acquisition of this knowledge can be chal-
lenging for some samples and, as a result, can represent a problematic
limitation. Consequently, this method is not widely used.

Another MRI-based method that is commonly used involves collecting the
water signal as a function of saturation power at a single saturation length
(quantification of exchange using saturation power, QUESP) and then fitting
this data to eqn (3.26), (3.31), and (3.32) or to numerical solutions to eqn
(3.20)–(3.25). Typical lengths of saturation pulses are 3–10 s, with a 3–6 s
recycle delay after the saturation pulse. Data are often collected at two fre-
quencies, one on resonance with the exchangeable protons (þDosw), and a
second on the opposite side (�Dosw) of the water line. For diamagnetic CEST
agents, o1 is varied from B1.2 to 12 mT generally, and for paramagnetic
CEST agents, o1 is usually varied up to 20 mT or higher. The simplest
approach to acquiring exchange rates from the resulting data involves

plotting
1

MTRasym
versus

1
o2

1
and fitting the plot to eqn (3.31). This plot should

be linear provided there is negligible direct water saturation. This strategy is
referred to as Omega-plot fitting116 or LB-QUESP fitting.117 The x-axis

intercepts in these plots are � 1
k2

sw
and enable determination of ksw without

knowledge of either the solute concentration or relaxation rates, making
this method relatively straightforward. Unfortunately, the x-axis intercepts
can be sensitive to small errors in measurements, particularly for faster
ksw (41000 s–1).117 Therefore, caution should be applied when interpreting

the results. For faster ksw, it is better to plot
o2

1

MTRasym
versus o2

1 and use

eqn (3.32) (HW QUESP fitting),117 then the ratio of the y-intercept and slope
can be used to calculate ksw. HW QUESP fitting does not work as well as LB
QUESP for kswo300 s�1

, and this fitting method is challenged if there is non-
negligible direct water saturation, as is often the case for measurements on
diamagnetic CEST agents. As a result, for diamagnetic CEST agents, it is best
to plot MTRasym versus o2

1 and fit the data using a least squares nonlinear
fitting routine to numerical solutions for eqn (3.20)–(3.25).61 This plot will
produce the most precise results for diamagnetic CEST agents. There are six
parameters to determine: ksw, xCA, R1s, R2s, R1w, and R2w. R1w is typically
allowed to be between 0.248 and 0.33 s–1 during the fitting. R2w and R2s are
estimated by comparing the widths between simulations and experiment of
the direct saturation and CEST contrast peaks in the Z-spectra at a single o1

and are typically B0.6 s–1 and 39 s–1, respectively. xCA is known from the
sample preparation, although this can also be measured using NMR and
excite–detect measurements, as described in Section 3.4.2. Exchange rates in
more complex spin systems can also be measured, although in these cases it
is necessary to collect more frequency points to include all the labile proton
frequencies and fit the data to three or larger pool Bloch equations.14,118
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Overall, QUESP-based methods have been the most applied techniques for
measuring exchange rates for CEST agents and are recommended because
of the broad range of rates that can be reliably determined using this
method.
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3.5 Preparation and Characterization of
Paramagnetic Micelles and Liposomes

GIUSEPPE FERRAUTO AND SILVIO AIME*

3.5.1 Routes to Enhance the Sensitivity of CEST Agents

Since the development of the first CEST agents in 2000,1 it was evident that
the intrinsic low sensitivity of this class of probe could hinder translation to
uses in vivo. To observe a detectable CEST signal, millimolar concentrations
of equivalent exchanging protons are needed. In the last decade, a number
of paraCEST agents have been synthetized, characterized, and applied to
in cellulo and in vivo preclinical studies.2–6,24–26,119,120 These small molecules
incorporate either a lanthanide or a paramagnetic transition metal ion.
Optimizing the exchange rate and the chemical shift of the exchangeable
protons of these paraCEST agents led to increased sensitivity. Nonetheless,
because they contain only one or a few equivalent exchanging protons, de-
tection thresholds did not decrease below the millimolar range.2–6,24–26,119,120

Multimeric assemblies of these complexes, such as dimers and tetramers, did
not significantly improve the detection threshold of these agents on a per
metal basis. In this context, enhancing the sensitivity of CEST probes required
new systems with (i) optimum exchange rate of the protons responsible for the
CEST signal and (ii) increased number of equivalent exchanging protons.

Sherry and co-workers investigated how kex can be optimized so as to in-
crease the paraCEST effect.22,27,121 Generally, the CEST effect is larger for
complexes with more rapid proton exchange, up until the point that in-
creased kex leads to coalescence. Innovative chemical structures led to
paraCEST agents with optimal proton-exchange rates. In these systems, the
largest saturation transfer effects are reached using high B1 presaturation
power pulses. Unfortunately, high B1 values correspond to large tissue
energy deposition, which leads to undesired heating. This problem is called
the specific absorption rate issue. It follows that the advantages of fast kex as
a key factor to increase CEST sensitivity are intrinsically limited. Moreover,
to maintain Dd4kex, which is necessary to observe CEST contrast, the
frequency of the exchanging proton pool of fast-exchanging systems must be
far from that of the protons of bulk water. Given these intrinsic limitations
associated with kex, greater success in increasing the sensitivity of CEST
has been reached with systems containing a large number of equivalent
exchangeable protons. These include both nano-2–6,24–26,119,120,122,123 and
micro-sized systems, such as (i) micelles,28,124,125 (ii) liposomes,24–26,29,126–130

(iii) dendrimers,118,131,132 (iv) silica nanoparticles,12,133 (v) viral capsides,134

(vi) apoferritin,135,136 and (vii) cells.25,30,31

Incorporating paramagnetic shift reagents into nanosystems is a powerful
way to increase CEST sensitivity because the resulting agents have a large
number of properly shifted exchangeable protons. Such nanosystems can be
achieved either by encapsulation of small molecules in their cavity, via
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surface conjugation, or both. The advantages of these systems are that (i)
they are generally bio-compatible and cause limited side effects during
in vivo application, (ii) their composition can be readily modified to modu-
late their biodistribution, and (iii) they can be synthesized with a variety of
LnIII- or transition-metal-based complexes as needed to tailor their CEST
properties. A comparison of different nanosized CEST probes (in terms of
size and sensitivity) is shown in Figure 3.16.

The sensitivity of a paraCEST agent is the minimum concentration of
metal complex needed to obtain a detectable saturation transfer effect
(ST%45%). Importantly, the number of exchangeable protons interacting
with the metal center is substantially higher for mesoporous silica nano-
particle (MSN)-based agents, lipoCEST agents, and cell-as-CEST agents than
for molecular paraCEST agents. It is this increase in the number of ex-
changeable protons that leads to the increased sensitivity of these nano- and
micro-sized systems. In terms of targeted imaging, the structures of these
agents enable them to carry a large number of paraCEST molecules and their
associated mobile proton pools to sites of interest. They also lead to new
exchangeable proton pools that can also act as CEST agent themselves, as in
the case of lipoCEST, cell-as-CEST, MSN-CEST (see Section 3.1.4 for classi-
fication of CEST agents). In the following section, the preparation, charac-
terization, and application of these systems are described.

3.5.2 Preparation and Characterization of Paramagnetic
CEST Micelles

Paramagnetic CEST micelles are a relatively simple nanosized CEST system
composed of micelles containing amphiphilic paraCEST agents.28,124 Typi-
cally, micelles are supramolecular assemblies of surfactant molecules in
aqueous solution, in which the hydrophilic head region is in contact with the

Figure 3.16 Sensitivity range of different nano- and micro-sized CEST probes.
Sensitivity is in terms of [LnIII].
Adapted ref. 12 with permission from The Royal Society of Chemistry.
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aqueous solvent and the hydrophobic tail fills the system core. CEST mi-
celles can consist of either 100% paramagnetic LnIII complexes (with
LnIIIaLaIII, PmIII, LuIII, or GdIII) endowed with a hydrophobic (C12–C18) tail
or a mixture of paramagnetic amphiphilic complexes with other phospho-
lipidic components containing polyethylene glycol (PEG) moieties, such as
DSPE-PEG2000-methoxy (Figure 3.17A). The phospholipid stabilizes the
structure of the micelle by limiting the exchange of surfactants from micelles

Figure 3.17 (A) Representative scheme of (mixed) micelles. (B) Schemes of micelle
preparation. (C) Assessment of critical micelle concentration using
relaxometry. (D) Z- and (E) ST-spectra of Yb-HPDO3A-C16-micelles.
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to cells. In such mixed micelles, other phospholipidic components can be
added, including fluorescent phospholipids for optical imaging or phos-
pholipids functionalized for targeting. The preparation of paramagnetic
micelles is relatively straightforward.137 The assembly of amphiphilic LnIII

complexes into micelles in aqueous media is thermodynamically driven.
LnIII complexes functionalized with a single alkyl chain (C12–C20) added to a
buffered aqueous solution result in micelles with an LnIII concentration in
the millimolar range. Vigorous stirring and sonication enhance the for-
mation of micelles.

Another approach usually followed for the preparation of mixed micelles
incorporating more than one component involves hydration of a thin lipid
film composed of the components of the micelles (Figure 3.17B). This ap-
proach was followed for the synthesis of micelles incorporating amphiphilic
LnIII complexes and DSPE-PEG2000-methoxy polymer. Briefly, in the first
step, defined amounts of the micelle components are dissolved in an organic
solvent, most often chloroform or methanol, in a glass flask. The LnIII

complexes and PEG-containing phospholipids are generally used in an ap-
proximately 2 : 1–1 : 1 molar ratio. In the second step, the organic solvent is
gently evaporated using a rotary evaporator. This results in the formation of
a thin lipid film at the bottom of the flask. Next, the lipid film is hydrated
with an aqueous buffer by gently heating and vortexing the resulting sus-
pension. Typically, the buffer used is NaCl (0.15 M) and 4-(2-hydroxyethyl)-1-
peperazineethanesulfonic acid (HEPES, 0.0038 M), at pH 7.4. In the last step,
the micelle suspension is sonicated (for example, using a 20 kHz sonicator
for three cycles of 1 min at 80% power) to facilitate the formation of
nearly homogeneous micelles. Characterization of the resulting para-
magnetic micelles include the determination of their structure, size, surface
z-potential, and CEST properties. The hydrodynamic radius, polydispersity,
and z-potential are typically measured by dynamic light scattering. The
z-potential of micelles is used to predict their stability in suspension and
propensity for coagulation, flocculation, or both.

The size of micelles strongly depends on its amphiphilic components. In
general, longer alkyl chains result in larger micelles, with hydrodynamic
radii ranging between 3 and 15 nm, as measured by dynamic light scattering.
The z-potential also depends on the amphiphilic components, as well as on
pH, temperature, and the medium used in the formation of the micelles. The
presence of charged groups, either positive or negative, increases z-potential
and, consequently, micelle stability. Alternatively, in the absence of charged
groups, the ability to for suspensions of micelles and the stability of micelles
can be increased via hydrogen bonding between PEG chains and water.
Furthermore, the presence of PEG moieties on the outer surface of micelles
prevents their uptake by macrophages, thereby increasing their half-lives in
blood. It is worth noting that PEG generally increases the hydrodynamic
radii of micelles.

The aggregation number of each micelle can be estimated from their
hydrodynamic radius. For mono-component micelles, the number of
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amphiphilic complexes (Nc) that form a micelle can be determined from
eqn (3.33):28

Nc¼
4pR3

3 27:4þ 26:9 nð Þ � 10�3 nm3 (3:33)

In eqn (3.33), R is the radius of the micelle, and n is the number of carbons
in the aliphatic chain. The total number of exchanging groups present in the
micelle, and thus the sensitivity of the CEST agent, can be calculated from Nc

and the molar percentage of LnIII complexes used for the preparation of
micelles. Whereas the sensitivity of molecular paraCEST agents is in the
millimolar range, that of micelle-based CEST agents is in the millimolar to
micromolar range.

An important characteristic of micelles is their critical micellar concen-
tration (CMC), which is the minimum concentration of surfactant needed to
generate micelles. With paramagnetic systems, the critical micellar con-
centration can be assessed by relaxometric titrations, provided that the
formation of micelles is accompanied by a change in the relaxation
times.138,139 Because the amphiphilic LnIII complexes used to form CEST
micelles are often not sensitive enough for this measurement, micelles
synthesized with the analogous GdIII complexes should be used instead. In
this experiment, longitudinal relaxation rates (R1) at a fixed field are meas-
ured as a function of the concentration of the amphiphilic GdIII complex.
Because of the lengthening of tR, the relaxivity (r1p) of the free complex is
lower than that of the complex aggregated in micelles (Chapter 2.1.2). In a
plot of R1 versus [Gd], this results in a break point, or two intersecting lines
whose slopes are r1p of the free and aggregated GdIII complexes.138 The
critical micellar concentration corresponds to the intersection point of these
two lines (Figure 3.17C). Note that if the critical micellar concentration is too
low, the line corresponding to the free complex can be difficult, if not
impossible, to observe. The critical micellar concentration can be similarly
determined with 8-anilino-1-naphthalensulfonic acid, an anionic dye that has
weak fluorescence in water but a strong one when embedded in the hydro-
phobic environments of the interior of the micelles. The formation of micelles
leads to an increase in fluorescence intensity and a blue shift in the emission.28

High-resolution 1H-NMR can be used to obtain information about: (i) the
coordination geometry and structural characteristics of complexes, (ii) the
occurrence of more than one isomer of the LnIII-complex and the relative
abundances of each isomer, and (iii) the chemical shift of the exchangeable
protons. The chemical structure and isomer ratios are usually assessed in
D2O. The chemical shift of the exchangeable protons is instead determined
in H2O.

The CEST properties of the micelles are primary investigated by acquiring
their Z-spectra (see Section 3.2).28 These spectra report the percentage of
saturation of the solvent water protons (y-axis) upon moving the off-set of the
irradiating radiofrequency field (Figure 3.17D). Z-spectra can be acquired on
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either high-resolution NMR spectrometers or MRI scanners. The magnetic
field of the spectrometer plays a central role because it determines the fre-
quency separation between the exchanging resonances. Generally, Z-spectra
are recorded at high field (for example, 1–7 T). Different CEST sequences
have been developed and optimized for this purpose; the most widely used
being the rapid acquisition with relaxation enhancement (RARE) spin–echo
sequence. The MRI sequence—in which the RARE factor, echo time, and
repetition time are determined based on the T2 of the sample—is preceded
by a saturation scheme whose shape, amplitude, and duration are previously
determined based on the sample to be analyzed. More detailed information
about the proper choice of experimental parameters and fitting analysis tool
are reported in Section 3.2. The extent of the CEST effect is calculated as:

ST% ¼ 1�MS

M0

� �
�100% (3:34)

where MS is the intensity of the bulk-water signal after the irradiation at
resonance (Do) of the mobile proton pool and M0 is the intensity of the bulk-
water signal when the radiofrequency irradiation field is �Do (Figure 3.17D).
Based on the Z-spectra, the kex of mobile protons can be calculated using the
omega-plot method as reported by Sherry and co-workers (Section 3.4).116

Thus, by acquiring Z-spectra with variable presaturation pulse powers (6–48 mT),
the CEST efficiency of micelles and the detection threshold can be assessed by
measuring ST% at variable concentrations of micelles.

The toxicity of micelles is often evaluated in vitro with cell culture
(see Chapter 7.1.2), as is the uptake of micelles by cells (see Chapter 7.1.4).
Micelles are known to cause hemolysis of red blood cells (RBCs) when
administrated in vivo by intravenous injection. The extent of hemolysis caused
by micelles can also be assessed in vitro. RBCs isolated from health donors’
blood are diluted in buffer medium (PBS) and incubated in presence of mi-
celles at variable concentration and incubation time. Upon centrifugation
(2300 rpm for 8 min, room temperature) RBCs are pelleted and the amount of
hemoglobin released in the supernatant is assessed by the spectrophoto-
metric measurement at 413 nm, the Soret band of hemoglobin.49 The number
of lysed RBCs is assessed via the amount of released hemoglobin.

3.5.2.1 Example of Preparation of paraCEST-containing Micelles

Micelles are prepared by mixing Ln-HPDO3A-C16 (Ln¼Yb or Gd) and DSPE-
PEG2000-methoxy phospholipid at a 70/30 mol/mol ratio. The two
components Ln-HPDO3A-C16 (7.2 mg, MW 680.6 g mol�1) and DSPE-PEG-
2000-methoxy (13 mg, MW 2805.54 g mol�1)] are dissolved in chloroform
(3 mL), then transferred to a glass flask. Solvent is removed using a rotary
evaporator (B2 h with rotation). The resulting lipid film is hydrated by using
phosphate-buffered saline (PBS, 1 mL) while heating at 50 1C with either
mechanical stirring or vortexing. The sample is then sonicated by using a
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20 kHz sonicator (three cycles of 1 min, 80% power). The micelles are
characterized using dynamic light scattering to determine hydrodynamic
radius and z-potential. The critical micellar concentration is assessed as
described above using the analogous complex Gd-HPDO3A-C16 by measur-
ing the longitudinal relaxivity (r1p) at 20 MHz and 25 1C in PBS as a function
of Gd complex concentration. Standard characteristics of such CEST
micelles are reported in Table 3.3.

3.5.3 Preparation and Characterization of Paramagnetic
CEST Liposomes

The sensitivity of lipoCEST agents is in the picomolar range, a dramatic
improvement over the millimolar sensitivity of molecular paraCEST.3,25,26,29

Liposomes are spherical vesicles composed of an aqueous core surrounded
by a lipid bilayer membrane. The breakthrough in sensitivity of liposome-
based CEST agents relies on the use of water molecules in the inner aqueous
core of the liposome as the pool of exchangeable protons. The number of
equivalent water protons for lipoCEST agents ranges from 106 (50 nm
vesicles) to 109 (500 nm vesicles). Liposomes are highly biocompatible and
extremely versatile vesicles; the external surface can be functionalized with a
wide variety of chemicals, including targeting vectors or PEG chains for
prolonging their blood half lifetime (PEGylated liposomes are sometimes
referred to as stealth liposomes). As waters inside and outside the liposomal
membrane are not monochromic, a paramagnetic lanthanide-based shift
reagent must be entrapped in the cavity of the vesicle during liposome
preparation.3,25,26,29 Different kinds of LnIII complexes have been tested for
this purpose. The most important characteristic of such complexes is the
presence of one or more water molecules in the coordination sphere that are
in rapid exchange with bulk intraliposomal water. The NMR resonance of
the coordinated water molecule pool is highly shifted and, through the

Table 3.3 Representative characteristics of Ln-HPDO3A-C16-micelles.

Membrane formulation 70% Yb-HPDO3A-C16
30% DSPE-PEG 2000-methoxy

Hydrodynamic radius 11.1� 0.5 (polydispersity index of 0.2) nm
Number of complexes (NC) per

micelle
B200 Yb complexes/micelle

Critical micellar concentration
in PBS, 25 1C

0.08 mM (as assessed by R1 relaxometric titration
at 20 MHz, 25 1C, of Gd-HPDO3A-C16-micelles)

CEST peak(s) chemical shift 84 and 111 ppm
The CEST detection threshold

for Yb-micelles
5 mM in terms of [Yb-micelles] (irradiation time

2 s, B1¼ 48 mT)
Cell viability B60% (in murine macrophages, incubated for

18 h with 30 mM Yb-micelles)
Hemolysis B20% (in RBCs incubated for 15 min with 30 mM

Yb-micelles)
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occurring fast chemical exchange, all intraliposomal water molecules are
affected, thus generating a shifted pool of water protons. This shifted pool is
in slow-to-intermediate chemical exchange with extra-liposomal water, thus
it can be exploited as a highly populated proton pool to be saturated and
detected via a CEST response. The simplest route to entrap shift reagents in
the liposome is to add them to the hydration solution during liposome
preparation.3,25,26,29,128 Shift reagents entrapped inside of liposomes, or
lipoCEST agents, can be prepared using different approaches.

The most common approach involves hydration of thin lipid films, fol-
lowed by extrusion (Figure 3.18A).25,140 Briefly, in a first step, the membrane
components, including the phospholipids and other surfactants, are
dissolved in an organic solvent, usually chloroform, inside a flask. In the
second step, the lipid film formation step, the organic solvent is evaporated
with a rotary evaporator, resulting in the formation of a thin, homogenous
layer of surfactants on the bottom of the flask. The third step is the hydra-
tion step. In this step, a buffered aqueous solution containing the para-
magnetic shift reagent, such as Tm-HPDO3A, is poured into the flask to
promote the self-assembly of the surfactants in a mixture of vesicles with
different lamellarity. The fourth step is the extrusion step. Multilamellar
large vesicles are extruded by passing through filters with decreasing pore
size to yield small unilamellar vesicles. In the fifth and final dialysis step,
small unilamellar vesicles are dialyzed against a buffer solution (typically
NaCl 0.15 M, HEPES 3.8 mM, at pH 7.4) to remove the molecules that are not
internalized inside the liposomes. Liposome hydrodynamic size and poly-
dispersity are typically determined by dynamic light scattering. The
particular characteristics, and thus the efficiency, of lipoCEST agents depend
only on the properties of the paramagnetic shift reagent and the properties
of the lipidic vesicles.

The first class of lipoCEST agents include spherical liposome with
Ln-based shift reagents (Figure 3.18B) encapsulated inside the aqueous cavity
(Figure 3.18C).25,29,126,128 The best shift reagents for water are paramagnetic
lanthanide complexes with at least one coordinated water molecule, prefer-
ably placed along the main paramagnetic axis of the metal complex
(Figure 3.18B). The chemical shift (d) of the water protons in the presence of
the paramagnetic shift reagent is the sum of three contributions:25,29,141

d¼ dDIAþ dHYPþ dBMS (3.35)

where dDIA is the diamagnetic shift, which is often negligible, and dHYP is the
hyperfine contribution to the shift. The hyperfine contribution requires a
chemical interaction between the paramagnetic LnIII ion and the water
molecule. Such interactions can be through bonds (contact shifts) or
through space (pseudocontact shifts). The term dBMS is the bulk magnetic
susceptibility contribution to the shift; it does not require a chemical
interaction. In spherical compartments, this contribution is nil (dBMS¼ 0).
Therefore, if kex between coordinated and liposomal water is fast enough
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Figure 3.18 (A) Liposome preparation by using method of thin lipidic film hydra-
tion followed by extrusion; (B) representative paramagnetic Ln-based
shift reagent (SR); (C) different generations of lipoCEST probes; (D)
representative NMR spectrum of lipoCEST; (E) representative Z-spectrum
of lipoCEST; (F) group of lipoCEST agents as multicolor CEST agents; and
(G) example of detection threshold for spherical lipoCEST.
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(kex4 or cDd), the chemical shift of the intraliposomal-water and bound-
water resonances are given by the following equations:

dintralipo
water

¼ ½H2O�bound to SR

½H2O�total
� dbound

water
(3:36)

dbound
water

¼ dHYP¼ dpseudo
contact

/ Dw� G (3:37)

In eqn (3.36) and (3.37), Dw is the magnetic anisotropy of the lanthanide
complex and it is equal to

Dw¼CJ�A2
0 hr2i (3.38)

G is a geometrical property of the Ln-complex and it is equal to:

G¼ 3 cos2 y� 1
r3 (3:39)

The term Dw is the product of A2
0hr2i; it depends on the crystal field and

Bleaney’s coefficient, CJ. Therefore, for isostructural LnIII complexes, the
shift of the coordinated water protons is dependent on Bleaney’s coefficient.
This term may be positive or negative, thus generating either up- or down-
field shifts, and is a function of the lanthanide ion. For example, in the class
of Ln-HPDO3A complexes, TmIII has a positive value of CJ, thus Tm-lipoCEST
yields a positive shift; conversely, DyIII has a negative value of CJ, thus
Dy-lipoCEST generates a negative shift (Table 3.4). Importantly, because
Bleaney’s coefficient of GdIII is zero, GdIII-containing liposomes cannot act as
CEST agents. In principle, transition metal complexes, such as FeII or CoII

complexes, can be used for lipoCEST agents provided that the exchange rate
of the coordinated water is fast enough.

Examples of a 1H-NMR spectrum and a Z-spectrum of the first class of
lipoCEST agents are shown in Figure 3.18D and E, respectively. For such
systems, the detection threshold (ST45%) is reached when the concen-
tration of the lipoCEST agent is in the high picomolar range (Figure 3.18G).
Importantly, the exchange regime of lipoCEST water protons allows the use
of B1 values that are within the clinically safe specific absorption rate levels.

The choice of the shift reagent has been largely limited to DyIII or TmIII

complexes of macrocyclic ligands, such as those shown in Figure 3.18B.
These complexes often display an axial symmetry in addition to high
thermodynamic stability and kinetic inertness, low cell toxicity, and high

Table 3.4 Effective magnetic moments (meff) and Bleaney’s constants (CJ) for
paramagnetic LnIII ions.

Ln Pr Nd Eu Gd Tb Dy Ho Er Tm Yb

meff 3.62 3.68 3.4–3.6 7.9 9.7 10.6 10.6 9.6 7.6 4.5
CJ �11 �42 4 0 �86 �100 �39 33 53 22
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stability upon internalization inside cell endosomes.48 Representative
examples include complexes of the ligands DOTA, DOTMA, and HPDO3A
(see Figure 1.36 in Chapter 1.4.4 for structures). Shift differences are also due
to the geometric differences among the complexes, G, and in particular the
angle between the LnIII–1H vector and the main paramagnetic axis of the
lanthanide. [Ln-DOTMA]� is more efficient than [Ln-DOTA]� and Ln-HPDO3A
as a shift reagent.

As reported above, the efficiency of the CEST effect arises not only from the
magnetic properties of the shift reagent but also from the characteristics of
the liposome membrane. The saturation transfer effect, ST%, is influenced
both by the number of exchanging equivalent protons and by their exchange
rate, kex.3,25,26,29 In lipoCEST agents, kex can be modulated either by the
liposome membrane permeability and by the size of the liposome [eqn (3.40)
and Figure 3.19].

kex¼ P�S/V¼ P�3/r (3.40)

where P is the permeability of the liposome, S is the surface area of
the liposome, V is the volume of the liposome, and r is the radius of the
liposome.

The formulation of the phospholipidic membrane influences the effi-
ciency of the lipoCEST agent. As a rule, saturated phospholipids generate
tightly packed membranes with consequently slow water exchange and thus
low CEST effects. Conversely, unsaturated phospholipids yield less tightly
packed membranes with consequent faster water exchange (and thus large
CEST effects). Cholesterol, which stiffens the membrane, can also modulate
membrane rigidity and water exchange. The size of the vesicle also affects
lipoCEST efficiency. Large lipoCEST contrast agents contain a larger number
of water molecules and display a large saturation transfer effect compared to
smaller vesicles. However, small lipoCEST contrast agents often also display
a large CEST effect because of the large surface-to-volume ratios that result
from the curvature of the liposome membrane, which results in an increased
water-exchange rate. Hence, for a set fraction of intraliposomal water,
smaller liposomes perform better, but for a fixed number of vesicles, larger
liposomes might be more efficient.

One way to increase the sensitivity of spherical lipoCEST is to use neutral
shift reagents with two water molecules coordinated to the metal center.142

This causes a large intraliposomal water chemical shift, and thus a highly
efficient resulting lipoCEST agent. However, the thermodynamic stability of
the complexes has to be considered as the release of metal ions might
hamper their in vivo application.

The main limitation for in vivo applications of the first generation of li-
poCEST agents, spherical lipoCEST agents, lies in the fact that the chemical
shift of the intraliposomal water signal ranges from 4 to �4 ppm from the
bulk water. This small shift is the consequence of the maximum concen-
tration of shift reagent that can be loaded in the inner cavity of a vesicle as
dictated by its osmolarity limits. At the maximum allowed concentration,
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Figure 3.19 Main routes to enhance lipoCEST sensitivity by increasing kex, the number of mobile protons, or both.
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TmIII and DyIII complexes of DOTA and DOTA-like ligands only yield 4 and
�4 ppm shifts, respectively (Figure 3.18F). Thus, in a biological environ-
ment, such relatively small shift may lead to unwanted interferences with
endogenous species that contain exchangeable protons.2,4,5

To overcome this limitation, a second generation of lipoCEST agents has
been developed (Figure 3.18C).3,5,25,26,29 In this second approach, the
chemical shift of the intraliposomal water is moved farther away from the
diamagnetic region by modifying the spherical shape of the liposomes.
When shift reagents are entrapped in aspherical compartments, an add-
itional contribution to the chemical shift of the water protons comes from
the bulk magnetic susceptibility [BMS, eqn (3.35)]. BMS contributions to
chemical shift may be larger than hyperfine contributions.

One way to generate aspherical vesicles involves modification of liposome
shape by placing vesicles into a hypo-osmolar media.3,5,25,26,29 The effect of
osmotic-driven changes of liposome shapes is reflected in the chemical
shifts of the intravesicular protons. Upon increasing the osmotic pressure in
the outer compartment, liposomes release water from the inner cavity until a
new iso-osmolar condition between the two compartments is reached. The
release of water causes the liposomes to lose their spherical shape and be-
come discoidal, osmotically shrunken liposomes. As a result, the exchange
rate of water across the liposomal membrane increases owing to the increase
of the surface/volume ratio. Aspherical lipoCEST agents orient themselves in
a magnetic field and the orientation is dependent on the magnetic an-
isotropy of the liposome membrane. The BMS shift is dependent on the
concentration of the shift reagent in the liposomes ([SR]) and on the effective
magnetic moment of the lanthanide ions:25,29,141

BMS / ½SR�ðmeffÞ
2 (3:41)

The meff values for lanthanides are reported in Table 3.4. Noticeably, GdIII,
TbIII, DyIII, HoIII, ErIII, and TmIII possess the highest meff values. With
lanthanide ions in osmotically shrunken liposomes, CEST signals from the
intraliposomal water protons have been obtained with 15 ppm shifts.

Even more efficient third generation lipoCEST agents incorporate
amphiphilic shift reagents in the liposome bilayer, for example with
paramagnetic surfactants with polar head groups that contain metal
complexes and apolar tails composed of two palmitic or stearic chains
(Figure 3.18B).25,29 The orientation of such lipoCEST agents within a mag-
netic field, and thus the sign of the chemical shift, depends on the magnetic
anisotropy induced by the incorporated shift reagents. In addition, the
presence of shift reagents in the membrane increases the intraliposomal
chemical shift values either from the hyperfine contribution or from the
BMS effect. With these agents, chemical shifts up to 22 ppm have been
reached. Finally, a further increase in the shift of intraliposomal water res-
onance can be achieved by increasing the concentration of the shift reagent
in the liposomes. This task can be achieved through the encapsulation of
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polymetallic, neutral complexes that increase the concentration of shift re-
agent units without affecting osmolarity.127

With the strategies described above, it is possible to generate a large
number of lipoCEST agents with unique encoded frequencies (Figure 3.18F).
A group of agents with different frequencies enables multicolor CEST-MR
imaging,3,9,10,12,25,26 which in turn enables the simultaneously detection of
more than one epitope of interest in vivo. The first in vivo imaging with
lipoCEST agents involved directly injecting the vesicles into different
anatomical regions of healthy mice.25,29,143 By assigning a specific color to each
lipoCEST agent via the irradiated frequency offsets, it was possible to assess
their localization and the persistence of the contrast relative to wash-out. In
addition, several in vitro applications of lipoCEST agents have been reported,
demonstrating the suitability of lipoCEST agents: (i) as responsive agents
sensitive to pH and ultrasound stimuli, (ii) as multimodal 1H-MRI contrast
agents, (iii) as multiparametric (T1- and T2-shortening, susceptibility, and
CEST) agents when loaded with GdIII complexes, and (iv) as targeting agents.

3.5.4 Preparation and Characterization of Other
Paramagnetic CEST Nanosystems

In addition to liposomes and micelles, other nanosystems have been
considered for the design of CEST-MRI contrast agents, namely: (i) silica
nanoparticles,12,133 (ii) dendrimers,118,131,132 (iii) viral capsides,134 (iv) apo-
ferritin,135,136 (v) albumin-binding paraCEST agents,144 and (vi) supramole-
cular assemblies based on paraCEST agents and polypeptide association.145

Mesoporous silica nanoparticles (MSNs), including MCM-41 and SBA-15
silicas, are solid materials with mesoporous channels of pores sizes ranging
between 2 and 10 nm that can be filled with drugs, bioactive molecules, or
contrast agents.146 The distinct properties of MSNs are their tunable meso-
porosity, high surface areas (4900 m2 g�1), large pore volumes (40.9 cm3 g�1),
and high thermal stabilities. The chemical versatility and biocompatibility of
MSNs have drawn attention from the scientific community for drug delivery
and catalysis. They have also been evaluated as CEST probes by functiona-
lizing MSNs with paramagnetic Ln-DO3A-like complexes (Figure 3.20A).12

Ln-DO3A complexes possess two water molecules in their inner-
coordination sphere that, upon interacting with the silica surface, can be
replaced by proximate silica OH groups. The result is a structure that mimics
the CEST properties of Ln-HPDO3A complexes where the coordinating OH
functionalities are the source of exchangeable protons. For this reason, a
complex that normally does not display a CEST effect in solution, such as the
fast water-exchanging Ln-DO3A becomes a CEST agent when bound to MSNs
(Figure 3.20C). Interestingly, Ln-DO3A-MCM-41 systems display a CEST
sensitivity in the micromolar range that is higher than that of LnHPDO3A
molecules but with a smaller dipolar shift of the OH moieties. The properties
of these CEST agents result from multiple, reversible interactions between
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the paramagnetic metal ion and several silanol groups near the anchoring
sites on the surface of MSNs. Furthermore, the fast prototropic exchange
rates and weak binding interactions of the silanol groups might also con-
tribute to the increased sensitivity of the lanthanide complex upon conju-
gation to MSNs.

MSNs are typically prepared by sol–gel procedures using block-copolymers
according to the surfactant-assisted co-assembly method.147 Tetraethoxysilane
is used as a silicon precursor for nucleation. The first step of the synthesis
involves aqueous acidic hydrolysis. It is in the second step, condensation, that
the material forms with its unique structure. The sol–gel process is performed
in the presence of the tensioactive hexadecyltrimethylammonium chloride
with Pluronic F127 as a co-template. The interaction of the cationic micelles

Figure 3.20 (A) Structure of MSNs functionalized with paramagnetic Ln-DO3A-like
complexes. (B) STmap at 5.5 ppm (left) at 7.5 ppm (middle) and at 15 ppm
(right) of a phantom composed by glass capillaries filled with:
(1) Gd-DO3A–MCM-41, (2) Eu-DO3A–MCM-41, (3) Tm-DO3A–MCM-41,
(4) Tb-DO3A–MCM-41, (5) non-labeled MCM-41. (C) ST-spectra of differ-
ent Ln-DO3A–MCM-41 nanoparticles.
Adapted from ref. 12 with permission from The Royal Society of
Chemistry.
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with the negatively charged tetraethoxysilane triggers the formation of pores
within the silica structure. After 3 h, the pH of the reaction mixture is in-
creased to 9 so as to slow the condensation and polymerization of silica.
Pluronic F127 slows the condensation process, thereby yielding spherical
nanoparticles with diameters of B20–50 nm. In the last step, the material is
calcinated at 600 1C to remove organic components. The silica surface is
functionalized with amino groups by reaction with 3-aminopropyltriethox-
ysilane.12 Then, neutral LnIII complexes (where LnIII¼EuIII, TmIII, TbIII, or
GdIII) of a DO3A derivative bearing a hexanoic acid pendant group are an-
chored to the MCM-41 silica surface by standard amide coupling. The phy-
sicochemical properties of the labeled silica nanoparticles, including their
size, hydrodynamic radius, z-potential, and pore structure, can be determined
using high-resolution transition electron microscopy, IR spectroscopy, dy-
namic light scattering, thermogravimetric analyses, and N2 physisorption
measurements. For CEST experiments, xanthan gum can be added to aqueous
suspensions of Ln-DO3A-MCM-41 to stabilize the suspensions. The suspen-
sions can be sonicated to prevent nanoparticle aggregation.

The saturation transfer spectra of four Ln-DO3A-MCM-41 materials
(LnIII¼EuIII, GdIII, TbIII, and TmIII) and the control silica without anchored
complexes (Figure 3.20B and C) showed that the chemical shift of the ex-
changing proton pool varies with the magnetic properties of the lanthanide
ion. The signals arising from mobile proton pools of the EuIII-, TmIII-, and
TbIII-labeled silicas are 5.5, 7.5, and 15 ppm away, respectively, from the
signal from bulk water.12 The control silica containing no lanthanide com-
plexes does not yield a CEST effect. Conversely, when Gd-DO3A was conju-
gated to silica particles, no CEST effect was observed because the GdIII ion
does not shift the OH proton signal through dipolar interaction (CJ¼ 0 for
GdIII). The sensitivity threshold of CEST MSNs is lower than that of the
corresponding monomeric Ln-HPDO3A complexes. It is also better than
other paramagnetic nanosystems, such as dendrimers and micelles.12,25,28

The sensitivity of CEST MSN is comparable to that of Ln complexes en-
capsulated in the inner core of small liposomes. The main characteristics of
CEST MSNs are reported in Table 3.5.

Table 3.5 Representative characteristics of Tb-DO3A-MCM-41 MSNs.

Ln complex anchored to MSNs
Tb-DO3A derivative bearing a
hexanoic acid pendant group

Size (transition electron microscopy) 20–50 nm
Hydrodynamic radius (dynamic light scattering) 80–100 nm
Pore diameter 2–3 nm
Number of Si-OH groups present on the surface of the

functionalized silica (thermogravimetric analysis)
B2 Si–OH nm�2

LnIII concentration 0.05 mmol g�1

Number of LnIII chelates per particle 350
Saturation offset 15 ppm
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Other nanosized systems have been investigated as CEST probes. These
include dendrimers, viral capsids, apoferritin, perfluorocarbon droplets,
albumin-binding paraCEST agents, and paraCEST agents in association with
charged polypeptides. The sensitivity of these agents is not better than the
corresponding monomeric Ln complexes. Therefore, these systems act only
as carriers of paraCEST agents with sensitivity that is proportional to their
number of Ln complexes.

3.5.5 Preparation and Characterization of Cell-based
Paramagnetic CEST Agents

The high sensitivity of lipoCEST agents suggests that cells can also behave
as containers for shift reagents. The membranes of both systems consist
of semipermeable phospholipid bilayers that separate water into two
compartments. In the case of red blood cells (RBC), the amount of water
entrapped inside the cell is B4 orders of magnitude greater than that
contained inside a 100–150 nm wide liposome. Thus, RBC-based CEST are
expected to be more sensitive than lipoCEST agents.25 Furthermore, the
anisotropic shape of biconcave RBCs renders them analogous to osmotically
shrunken lipoCEST agents (Section 3.5.3).30,31 The two main features
determining the sensitivity of lipoCEST agents are: (i) the dipolar shift of the
intraliposomal water proton, which is in turn determined by the shift
reagents, and (ii) the asymmetry of the liposomes. The latter also shifts the
intraliposomal water protons by introducing a bulk magnetic susceptibility
effect that is not present in spherical liposomes. Cell-CEST agents, RBCs
labeled with paramagnetic shift reagents, exploits both of these effects.
Consequently, the sensitivity of these CEST agents is extremely low (o1 pM).

To develop cell-CEST agents, paramagnetic shift reagents, usually lan-
thanide complexes, must be loaded inside cells.30,31 The internalization of
the shift reagents depends on: (i) the charge, hydrophilicity/hydrophobicity
ratio, and molecular weight of the shift reagent, (ii) the ability of the
cells to internalize exogenous compounds by macropinocytosis or other
mechanisms, and (iii) the cellular toxicity of the shift reagent. Ln-HPDO3A
complexes (where Ln¼EuIII, GdIII, DyIII, TmIII, or YbIII) have been suggested
as efficient shift reagents because they are small, hydrophilic, kinetically
inert and thermodynamically stable. Moreover, they are well tolerated by
cells even at high intracellular concentrations when distributed in the cell
cytoplasm or entrapped in endosomes.9,48

Shift reagents can be efficiently encapsulated inside RBCs following the
hypotonic swelling procedure (Figure 3.21A).25,30,31,49 This labeling pro-
cedure can also be applied to other cell types that either grow in suspension
or are adherant.10,13,53 It is based on the transient increase of cell permea-
bility upon application of an osmotic shock. Briefly, cells are placed in a
hypotonic medium that contains the shift reagent at as high a concentration
as possible. Typically the osmolarity of the hypotonic medium is maintained
at 160 mOsm L-1 by addition of the corresponding amount of NaCl. RBCs are
suspended and incubated in this medium for 30 min at 4 1C with gentle
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stirring. The osmolarity of the medium is then increased by slow addition
over B15 min at 4 1C of enough NaCl to increase the osmolarity of the
medium to the physiological relevant 280 mOsm L-1. Non-internalized shift
reagent molecules are eliminated by washing of the suspension of RBCs
using fresh PBS. This labeling procedure enables internalization of large
amounts of LnIII complexes inside RBCs (B3�108 complexes/RBC, corres-
ponding to an intracellular concentration of 4–5 mM).30,31,49 The number of
internalized complexes can be determined by digesting the RBCs in con-
centrated nitric acid under microwave irradiation and determining the
concentration of the lanthanide ion by ICP-MS (Chapter 2.7.3).

Different biological assays have been performed to verify potential
deleterious effects on the morphology and physiology of RBCs. Typically,
hemocromocytometric analysis can be used to assess mean corpuscular
volume, red blood cell distribution width, mean hemoglobin content, mean
corpuscular hemoglobin content, and hematocrit. Maintenance of the
RBC biconcave morphology can be determined by optical and electron
microscopy. Finally, functional assays can be performed to assess the RBCs’:
(i) deformability (by assessing the capability of RBCs to warp by passing
through a 1–3 mm pore), (ii) osmotic fragility (by changing the osmolarity of
the extracellular medium), and (iii) oxygen-binding capability (by acquiring
O2 saturation curves).

The Z-spectra of labeled and non-labeled RBCs in PBS
(hematocrito55%) are shown in Figure 3.21B. For Dy-HPDO3A-loaded
RBCs, an asymmetry centered at 6.5 ppm with a corresponding ST% value
of B65% is observed (Figure 3.21C). The Z-spectrum of non-labeled RBCs
only has a small right-hand asymmetry 2–3 ppm downfield of the water
resonance peak (Figure 3.21B). This peak is caused by the presence of a
pool of exchanging protons, which are naturally present in erythrocytes. In
the labeled RBCs, the large chemical shift of the intracellular water NMR
signal observed is the result of both the asymmetric shape of the cell and of
the presence of the paramagnetic shift reagent inside the cell. From a
practical point of view, the best cell-CEST agents are obtained under the
following conditions.

� The best hypotonic condition is at 160 mOsm L�1. The efficiency of
swelling decreases at higher osmolarity between 160–300 mOsm L�1.
This results in lower loadings of the shift reagents. Lower osmolarities
(o140–160 mOsm L�1) result in cell lysis.

� Neutral Ln complexes lead to higher concentrations of the shift reagent
in the hypotonic swelling medium.

� Paramagnetic shift reagents with higher meff values, such as DyIII, HoIII,
and TmIII complexes, create greater shifts (Figure 3.21D and Table 3.4
for the meff of LnIII ions).

� The incubation time and temperature must be optimized. A good
compromise between cell viability and uptake efficiency is often 30 min
of incubation at 4 1C followed by 15 min of re-incubation in isotonic
medium at 4 1C.
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The above conditions have been used to load RBCs with up to 3�108

Dy-HPDO3A/RBC, which corresponds to an intracellular concentration
of 4–5 mM.30 This system is highly sensitive with a detection threshold
of B2.5�105 cells mm�3. In a mouse, this value corresponds to B5% of
physiologically circulating RBCs (Figure 3.21E). The non-labeled RBCs did
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not show a significant saturation transfer effect (ST%o5%) at the specific
frequency of the intracellular shifted water.

RBCs are fully retained in the vascular space and do not escape into the
extravascular compartment. They can therefore be used to assess tumor
vascular volume by CEST-MRI in a manner analogous to that reported for
RBCs labeled with GdIII complexes.30,49,148 A representative MR image of a
mouse bearing a transplantable breast cancer tumor using a cell-CEST agent
is shown in Figure 3.21G. The Z-spectrum of the tumor region shows
the presence of a ST% maximum at 4 ppm upon the administration of
DyIII-loaded RBCs. The saturation transfer is not homogeneous in the tumor
region, indicating heterogeneity in the distribution of blood vessels in the
tumor (Figure 3.21F).

Further development of cell-CEST agents led to the design of lipoCEST–
RBC aggregates that show promise as theranostic agents.25,31 The intracel-
lular water signals can also be shifted by highly paramagnetic liposomes that
bind tightly to cell surfaces (Figure 3.22A left). For instance, Dy-HPDO3A-
containing cationic liposomes can be electrostatically anchored to the
negatively charged membrane of RBCs. The DyIII-loaded liposomes present
on the cell surface trigger a shift of the intracellular water resonance by
inducing BMS effects from the external side of the RBCs (Figure 3.22A right).

To yield a large BMS effect on the water signal of RBCs, careful design of
the characteristics of the paramagnetic liposomes is important. Key factors
to generate a large BMS effect are: (i) the use of large liposomes, (ii) the
loading of a large content of paramagnetic complexes inside the liposomes,
(iii) the choice of shift reagents endowed with high effective magnetic mo-
ments (DyIII, for example), and (iv) the maximization of the number of
liposomes anchored to the surface of RBCs (Figure 3.22B).31 Anchoring DyIII-
containing liposomes to the surface of RBCs results in two CEST signals.31

One arises from the protons of liposomal water (lipoCEST), and the other

Figure 3.21 (A) Scheme of labeling of RBCs by applying the hypotonic swelling
procedure. RBCs are placed in a hypotonic solution in the presence of
Ln-HPDO3A allowing internalization of the shift reagent (step 1). In the
second step, the external medium is brought to an isotonic osmolarity,
and the morphology of the cells is restored (resealing of the RBC, step 2).
Finally, the lanthanide-loaded cells are washed with PBS to eliminate
shift reagents that have not been internalized (step 3). (B) Z- and (C) ST-
spectra of non-labeled (red) and Dy-HPDO3A-labeled (black) RBCs. (D)
Relationship between meff of the lanthanide and the chemical shift of
CEST absorption. (E) Correlation between number of RBCs per mm3

and ST% for Dy-HPDO3A-labeled (black) and non-labeled (red) cells. (F)
ST-spectra of tumor region of interest before (red) and after intravenous
administration of DyIII-containing RBCs. (G) A saturation transfer map
of a tumor region of interest after injection of DyIII-containing RBCs.30

Adapted with permission from G. Ferrauto, D. Delli Castelli, E. Di
Gregorio, S. Langereis, D. Burdinski, H. Grüll, E. Terreno and S. Aime,
J. Am. Chem. Soc., 2014, 136, 638. Copyright (2014) American Chemical
Society.
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Figure 3.22 (A left): Scheme of interaction between RBCs and positively charged
DyIII-containing liposomes. (A right) Z-spectra of the assembly of DyIII-
containing liposomes and RBCs. (B) Variation of chemical shift as
function of the number of liposomes anchored onto the surface of
RBCs for small and big DyIII-containing liposomes. (C) CEST% map of
tumor region upon administration of aggregates of DyIII-containing
liposomes and RBCs with radiofrequency irradiation offset at 3.2 ppm at
t¼ 0 (left top) and t¼ 1 h (right top). CEST% map with radiofrequency
irradiation offset at �4.2 ppm signal at t¼ 0 (left bottom) and t¼ 1 h
(right bottom). The region of interest is circled with a white line.31

Adapted with permission from G. Ferrauto, E. Di Gregorio, S. Baroni and
S. Aime, Nano Lett., 2014, 14, 6857. Copyright 2014 American Chemical
Society.

300 Chapter 3

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
02

43
View Online

http://dx.doi.org/10.1039/9781788010146-00243


from the shifted cytoplasmatic water protons of the RBC (cell-CEST). The
lipoCEST signal has a negative chemical shift because it arises from the
dipolar contribution of DyIII-HPDO3A inside the spherical phospholipidic
cavity. Conversely, the cell-CEST signal has a positive chemical shift because
of the BMS effect induced by the DyIII-containing liposomes anchored on the
external surface of the RBCs. The positive cell-CEST-MRI effect of the Dy-
liposome/RBC aggregates can be used to evaluate the vascular volume of the
tumor because the aggregates are confined in the intravascular space. At the
same time, the negative lipoCEST signal can be used to quantify the lipo-
somes that are released in the tumor region. Immediately after in vivo ad-
ministration of DyIII-liposome/RBC aggregates, both the positive cellCEST
and the negative lipoCEST effects are observed. Over time, the positive
cellCEST signal decreases whereas the negative lipoCEST signal remains
mostly constant. Thus, the vascular volume and the amount of liposomes
that have detached from the RBCs and likely extravasated in the tumor
extracellular matrix can be imaged simultaneously. The first is imaged from
the positive CEST signal, the second from the negative signal. Furthermore,
aggregation of lipoCEST to RBCs might also improve the circulation lifetime
of liposomes.31

RBCs are not the only type of cell that can be used as cell-CEST agents.
A wide variety of cells can be loaded with suitable shift reagents via different
labeling techniques, such as electroporation, hypotonic swelling, macro-
pinocytosis, phagocytosis, or receptor-mediated endocytosis. The choice of
the labeling procedure depends on the biological application and on the
complexes that are being internalized. Importantly, cytoplasmatic com-
partmentalization is strongly related to the labeling procedure.52,53 For this
reason, hypotonic swelling and electroporation are preferred when en-
dosomal compartmentalization is to be avoided. The localization of para-
magnetic complexes in endosomes might induce unwanted signal
broadening due to T2-shortening effects.

In conclusion, cell-CEST can be considered for a large portfolio of appli-
cations, including cell tracking and homing experiments. RBC-based cell-
CEST can be used to report vascular volume and potentially for theranostic
applications. As demonstrated with the lipoCEST/RBC aggregates, lipoCEST
agents functionalized with a proper targeting vector might enable imaging of
molecular targets on cellular membranes. Other cells can be also be labeled
and used for cell tracking experiments, to localize the distribution of cells
in vivo, and to monitor cells implanted ex vivo. The change in the chemical
shift of the intracellular water signal can also be a marker of cell prolifer-
ation. Water chemical shift is a function of both the effective magnetic
moment of the shift reagent and its intracellular concentration. Upon pro-
liferation, as the cells divide, the intracellular concentration of the shift
reagent decreases. This results in a decrease of intracellular water chemical
shift and hence a shift in the CEST signal. CEST chemical shift can thus how
many cell divisions have occurred post labeling. Finally, because the CEST
effect is sensitive to the exchange rate of water across cellular membranes,

Chemical Exchange Saturation Transfer (CEST) Contrast Agents 301

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
02

43
View Online

http://dx.doi.org/10.1039/9781788010146-00243


cell-CEST can also determine changes to membrane permeability and its
relationship with pathological states.

3.5.6 CEST Readout of Binding Interactions

As discussed in Section 3.4.3, the performance of lipoCEST agents is a
function of two parameters: (i) the absorption frequency of the water protons
in the intraliposomal cavity and (ii) the exchange rate of water molecules
across the liposomal membrane. Both parameters can be affected by the
microenvironments in which lipoCEST agents are distributed. In particular,
upon binding to a cell membrane, the shape of a lipoCEST agent is expected
to change. In the presence of an ensemble of differently shaped liposomes,
there will therefore be a dispersion of chemical shift values of the in-
travesicular water signal. This most often results in a broad band that de-
creases detection sensitivity. As a result, although lipoCEST agents display
outstanding sensitivity in vitro, numerous in vivo targeting experiments have
been unsuccessful. In vitro studies of the binding interactions of macro-
molecules with lipoCEST agents can give some insights into similar mech-
anisms occurring in vivo.25 Such an example is shown in Figure 3.23.

Spherical lipoCEST agents can be functionalized with biotin moieties by
introducing 2% biotinilated-PEG2000 in the phospholipid mixture. Such
lipoCEST agents incorporating Tm-HPDO3A as the shift reagent display a

Figure 3.23 (A) Z- and (B) ST-spectra of biotin-containing lipoCEST agents with
variable concentrations of streptavidin. (C) Variation of ST and (B)
chemical shift of intracellular water as a function of the concentration
of streptavidin.
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water resonance at 4 ppm and a large CEST effect. Addition of streptavidin to
the liposome suspension results in a change in the Z-spectrum, with a shift
in the intraliposomal water chemical shift from 4 to 12 ppm. Further add-
ition of streptavidin brought back the water chemical shift to 4 ppm.
Changes in the water chemical shift arise from the bulk magnetic sus-
ceptibility (BMS) contribution. The change in the Z-spectrum observed
suggests that initially, upon binding to the surface of the lipoCEST, strep-
tavidin alters the architecture of the agent, creating an asymmetric
liposome–streptavidin supramolecular system.25 Further addition of strep-
tavidin saturates all biotin receptors, the liposome returns to its spherical
isotropic shape, and thus the chemical shift reverts back to 4 ppm
(Figure 3.23). These results highlight the complexity of translating in vitro
experiments with lipoCEST agents to in vivo targeted imaging.
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3.6 Acquiring CEST MR Phantom Images

ALEX LI AND ROBERT BARTHA*

3.6.1 B0 Field Correction

Following the synthesis of a new agent for chemical exchange saturation
transfer,1,45,79,149,150 the agent is normally tested in phantoms to determine
its behavior and properties with respect to imaging. Phantoms can be cre-
ated in many sizes and shapes, depending on the goal of the study. NMR
tubes are often chosen for testing in NMR spectrometers or imaging systems.
When used in imaging systems, it is possible to reduce the amount of
sample to 100–150 mL because it is only necessary to have enough sample in
the tube that a cross-sectional image can be acquired. Larger phantoms can
be used in imaging systems, to mimic the anatomy of a subject (for example,
a mouse or a human), although the use of larger phantoms has the limi-
tation that proportionally larger amounts of agent are required, increasing
overall cost. The goals of testing CEST agents in vitro are: (1) to determine the
chemical shifts of the exchangeable protons in the molecule, (2) to deter-
mine the magnitude of the CEST effect under specific conditions for each
exchangeable proton, (3) to calibrate the effect of temperature, pH, or other
external factors on the measured CEST effect, and (4) to determine the
potential efficacy of the agent in biological systems. The last point is critical
to evaluate the potential for translation of agents to animal models of dis-
ease, and ultimately to humans.

Accurate measurement of the CEST effect to evaluate various agents re-
quires a homogeneous B0 field within a sample. Homogeneity is relatively
easily achieved in NMR spectrometers by shimming the magnetic field prior
to acquisition of CEST spectra. A homogeneous B0 across a phantom ensures
that the CEST saturation pulses are affecting all isochromats within the
sample as intended. When performing phantom experiments in high-field
imaging systems with large samples, it is sometimes more difficult to ensure
B0 homogeneity across the entire sample. However, when using small sam-
ples combined with higher-order shimming, B0 fields can be made highly
uniform. Figure 3.24A shows an image of an NMR-tube phantom containing
Tm-DOTAM-gly-lys-OH (10 mM, produced by Dr Robert Hudson and
Dr Mojmı́r Suchý, Western University) obtained using an Agilent 9.4 Tesla
30 cm bore small animal MRI system with a 30 mm Agilent millipede radio
frequency coil. The corresponding B0 map is provided in Figure 3.24B. The
image shows a homogeneous B0 field across the phantom.

Similarly, Figure 3.25A shows the B0 field acquired during a single
acquisition of five different NMR test tube phantoms. In this example, sig-
nificant variation in B0 can be observed across the phantoms and within
individual phantoms. Such variation requires the pixel-by-pixel correction of
B0 inhomogeneities using techniques that map B0. One such technique is
water saturation shift referencing (WASSR),64 which has been used for both
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in vitro and in vivo studies. With the water saturation shift referencing
technique, the B0 field is mapped using the same imaging sequence used to
acquire CEST images but with a lower power and with shorter saturation
pulses (a 0.2 mT and 2 s pulse was used to produce the images in Figure 3.25).
By applying the saturation pulse at frequencies around water, a CEST

Figure 3.24 (A) T2-weighted magnetic resonance image of the cross section of an
NMR tube containing Tm-DOTAM-gly-lys-OH (10 mM, produced by
Dr Robert H. E. Hudson and Dr Mojmı́r Suchý, Western University).151

Images were acquired using a fast spin echo sequence (TR¼ 7 s,
TE¼ 7 ms, echo train length¼ 32, field of view¼ 12.8 mm�12.8 mm,
matrix¼ 64�64). (B) Corresponding B1 map obtained using the actual
flip angle imaging gradient echo sequence (TR¼ 20 ms, TE¼ 3.72 and
5.24 ms, field of view¼ 12.8 mm�12.8 mm, matrix¼ 128�128).

Figure 3.25 (A) A B0 map obtained for a group of NMR tubes containing solutions of
contrast agent. Variations in B0 of up to 100 Hz are observed within and
between phantoms. The B0 map was obtained with the water saturation
shift referencing technique (saturation power¼ 0.2 mT, saturation pulse
duration¼ 2 s, frequency range¼�1.5 to 1.5 ppm, step¼ 0.1 ppm).
(B) A B1 map obtained with the actual flip angle sequence described
in Figure 3.24 shows little variation in B1 across the same phantoms
using the volume millipede coil. No correction for B1 variation is
required under these circumstances.

Chemical Exchange Saturation Transfer (CEST) Contrast Agents 305

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
02

43
View Online

http://dx.doi.org/10.1039/9781788010146-00243


spectrum is created that can be used to pinpoint the water frequency within
each pixel. Using this information, a frequency shift can be applied to cor-
rect B0 variation in the CEST maps.

3.6.2 B1 Field Corrections

The CEST effect is dependent on the amplitude of the B1 field used for
saturation. It is possible to maximize the CEST effect for a particular pool of
exchangeable spins based on their exchange rate using a specific amplitude
of B1 saturation.152,153 For this reason, it is critical to correct for or minimize
B1 inhomogeneities in phantom data prior to interpreting CEST spectra.
CEST spectra can be corrected for B1 inhomogeneities by calibrating the B1

effect. However, in phantom studies and in studies of small regions of tis-
sue,154 calibrations are usually not required because variations in B1 amp-
litude are relatively small. Therefore, it can be assumed that B1 amplitude is
constant throughout the phantom (Figure 3.25).

3.6.3 Continuous Wave Saturation

The use of continuous-wave radio-frequency saturation represents the most
efficient means of generating CEST contrast (Figure 3.26). In phantoms, con-
tinuous-wave saturation is preferred over other saturation methods because
issues related to power deposition are not normally limiting like they might be
in animal models or humans. Continuous-wave saturation also produces a
narrow excitation bandwidth that aids in frequency selection and reduces
direct saturation of bulk water when applying saturation pulses near the fre-
quency of bulk water. Saturation of bulk water is an important consideration
for CEST agents with exchangeable protons that resonate within a few ppm of
water, but less important for agents that have exchangeable protons with
chemical shifts far from bulk water. Most high-field spectrometers and im-
aging systems are capable of continuous-wave saturation on the order of sec-
onds. However, clinical MRI scanners are often restricted to pulse durations of
hundreds of milliseconds, requiring the use of a pulsed saturation scheme.

A number of pulsed-saturation pulse sequences have been published for
the generation of CEST contrast in images acquired on clinical MRI sys-
tems.152,155–162 Phantom requirements are the same for the testing of con-
tinuous-wave and pulsed-saturation imaging methods.

3.6.4 Practical Considerations

Temperature and pH are the most important variables that must be con-
trolled during phantom measurements because these factors can greatly
influence chemical-exchange rates and, as a result, contrast from
CEST.149,154,159,163–166 Evaluation of CEST agents can be performed at room
temperature, but if agents are being developed for use in vivo, the agents
should be evaluated at 37 1C. Most NMR systems have built-in temperature
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control. MRI systems often have integrated temperature control systems,
although the effectiveness of these systems must be carefully monitored
during each experiment. For example, the use of a hot-water blanket or
blowing of warm air over a sample can be effective, but these methods of
regulating temperature should be monitored closely to ensure temperature
stability throughout an experiment. Similarly, the pH of the sample must
also be controlled during imaging (Figure 3.27). Adjustments to pH can be
made using standard techniques or by dissolving an agent in buffer. Care
must be taken to ensure that the pH of a sample does not change over time.

Another critical consideration in assessing the efficacy of CEST agents for
use in vivo is the influence of the macromolecule baseline on the observed
contrast.153 The macromolecule effect has been known for decades,167 and
this effect becomes important at the power levels required for some
agents.153 Large chemical shifts of exchanging protons from the bulk-water
frequency are useful with respect to this consideration. Large frequency
differences permit faster exchange rates to satisfy the slow-exchange limit,

Figure 3.26 CEST continuous wave saturation in a sample of TM-DOTAM-lys-OH
(15 mM and pH 7). Images were acquired using the same fast spin echo
sequence described in Figure 3.24 with saturation frequencies ranging
from �100 to 100 ppm in steps of 5 ppm, except between �40
and �70 ppm, where steps of 1 ppm were used. (A) Image acquired at a
saturation frequency of 53 ppm. (B) Image acquired at a saturation
frequency of �53 ppm. (C) The difference image obtained by sub-
tracting the image in (B) from the image in (A). (D) The average CEST
spectrum obtained for this sample showing two exchangeable protons
at �53 and �63 ppm.

Chemical Exchange Saturation Transfer (CEST) Contrast Agents 307

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
02

43
View Online

http://dx.doi.org/10.1039/9781788010146-00243


ensuring that agents remain effective at influencing CEST (Section 3.1.1).
However, the use of fast-exchange systems also requires higher saturation
power. The use of high levels of saturation power has two important con-
sequences: high levels of saturation power lead to large power deposition,
and the high levels of saturation power cause saturation of exchangeable
protons in endogenous macromolecules in tissues. Saturation of exchange-
able spins in endogenous macromolecules leads to transfer of magnet-
ization to the bulk water, essentially reducing the net magnetization of
the bulk water available for the CEST agent to influence. The net result is a
decrease in the detection sensitivity of the CEST agent.153 Therefore, proper
evaluation of the potential contrast from CEST agents should be made in
phantoms that mimic in vivo macromolecule signals. Several macromolecule
mimics have been reported, including bovine serum albumin,165,168 egg

Figure 3.27 The effect of pH on the CEST effect. (A) Fast spin echo image (TR¼ 7 s,
TE¼ 7 ms, echo train length¼ 32, field of view¼ 25.6 mm�25.6 mm,
matrix¼ 128�128, saturation frequency¼ 53 ppm) of a series of NMR-
tube phantoms containing Tm-DOTAM-lys-OH (15 mM at 37 1C). The
solutions were adjusted to the pH value provided beside the phantom.
(B) Fast spin echo image of the same phantoms acquired using a
saturation frequency of �53 ppm. (C) The difference [between (A) and
(B)] image shows greater signal change associated with the highest pH
(8.0) compared to the lowest pH (5.5). (D) CEST spectra acquired as a
function of pH. Spectra were obtained by selecting a region of interest
within each vial and plotting the average CEST spectra for all pixels
within that region.
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white,169,170 and tissue;67 the preferred mimic depends on the conditions
being studied. Figure 3.28 shows the result of combining a solution of Eu-
DOTAM-gly-phe (10 mM) with bovine serum albumin (5%). The CEST peak
visible at 42 ppm (Figure 3.28A) is not visible when combined with bovine
serum albumin (Figure 3.28B) owing to the saturation from exchangeable
protons on albumin.

3.6.5 Field-strength Dependencies

The CEST effect is field-strength dependent. Higher B0 field strengths pro-
vide an advantage for CEST because they provide a greater separation be-
tween the chemical shift of the exchanging protons on the CEST agent and
the protons of bulk water. Therefore, it is critical to test agents at field
strengths that are the same as where they might be used. NMR spec-
trometers are commonly found with field strengths ranging from 9.4 T
(400 MHz for proton) to 11.7 T (600 MHz for proton). Imaging systems for
humans commonly range from 0.5 to 7 T, and animal imaging systems are
typically 7 or 9.4 T. Development of CEST agents for animal use at 7 or 9.4 T
should be evaluated using the same field strength. Similarly, agents de-
signed for human use should be evaluated on lower-field-strength human
imaging systems. Such systems are not typically designed to study samples
as small as NMR tubes and therefore proper evaluation on such systems
might require development of dedicated radio-frequency coils, pulse se-
quences, and the use of large phantoms to obtain optimal results.

References
1. K. M. Ward, A. H. Aletras and R. S. Balaban, J. Magn. Reson., 2000,

143, 79.
2. P. C. M. van Zijl and N. N. Yadav, Magn. Reson. Med., 2011, 65, 927.

Figure 3.28 (A) CEST spectrum acquired from a phantom containing Eu-DOTAM-
Gly-Phe (10 mM, pH 7, 37 1C).151 (B) CEST spectrum acquired from a
phantom containing Eu-DOTAM-Gly-Phe (10 mM) and bovine serum
albumin (5%) at pH 7 and 37 1C.

Chemical Exchange Saturation Transfer (CEST) Contrast Agents 309

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
02

43
View Online

http://dx.doi.org/10.1039/9781788010146-00243


3. E. Terreno, D. D. Castelli and S. Aime, Contrast Media Mol. Imaging,
2010, 5, 78.

4. M. Zaiss and P. Bachert, Phys. Med. Biol., 2013, 58, R221.
5. S. Aime, D. D. Castelli, S. Geninatti Crich, E. Gianolio and E. Terreno,

Acc. Chem. Res., 2009, 42, 822.
6. A. D. Sherry and M. Woods, Annu. Rev. Biomed. Eng., 2008, 10, 391.
7. H. Shinar, M. D. Battistel, M. Mandler, F. Lichaa, D. I. Freedberg and

G. Navon, Carbohydr. Res., 2014, 389, 165.
8. K. W. Y. Chan, L. Jiang, M. Cheng, J. P. Wijnen, G. Liu, P. Huang,

P. C. M. van Zijl, M. T. McMahon and K. Glunde, NMR Biomed., 2016,
29, 806.

9. G. Ferrauto, D. Delli Castelli, E. Terreno and S. Aime, Magn. Reson.
Med., 2013, 69, 1703.

10. F. J. Nicholls, W. Ling, G. Ferrauto, S. Aime and M. Modo, Sci. Rep.,
2015, 5, 14597.

11. M. T. McMahon, A. A. Gilad, M. A. DeLiso, S. M. Cromer Berman,
J. W. M. Bulte and P. C. M. van Zijl, Magn. Reson. Med., 2008, 60, 803.

12. G. Ferrauto, F. Carniato, L. Tei, H. Hu, S. Aime and M. Botta, Nanoscale,
2014, 6, 9604.

13. A. Pumphrey, Z. Yang, S. Ye, D. K. Powell, S. Thalman, D. S. Watt,
A. Abdel-Latif, J. Unrine, K. Thompson, B. Fornwalt, G. Ferrauto and
M. Vandsburger, NMR Biomed., 2016, 29, 74.

14. X. Yang, N. N. Yadav, X. Song, S. Ray Banerjee, H. Edelman, I. Minn,
P. C. M. van Zijl, M. G. Pomper and M. T. McMahon, Chem.—Eur. J.,
2014, 20, 15824.

15. D. Delli Castelli, G. Ferrauto, J. C. Cutrin, E. Terreno and S. Aime, Magn.
Reson. Med., 2014, 71, 326.

16. S. J. Ratnakar, S. Viswanathan, Z. Kovacs, A. K. Jindal, K. N. Green and
A. D. Sherry, J. Am. Chem. Soc., 2012, 134, 5798.

17. D. L. Longo, A. Busato, S. Lanzardo, F. Antico and S. Aime, Magn. Reson.
Med., 2013, 70, 859.
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4.1 General Theory of the Relaxivity of Particulate
Contrast Agents

DIMITRI STANICKI, LUCE VANDER ELST, ROBERT N. MULLER AND
SOPHIE LAURENT*

4.1.1 General Introduction to Iron Oxide Nanoparticles

By reducing the size from bulk to the nanometer scale (o20 nm),
ferrimagnetic iron oxide material acquires a magnetic property called su-
perparamagnetism. When submitting superparamagnetic objects to an ex-
ternal magnetic field, their global magnetic moments align in the direction
of the field. When the field is decreased to zero, however, the magnetic
moment of the samples instantaneously returns to zero. Their magnetic
properties and benign character led magnetic iron oxide nanoparticles to be
extensively used in many biomedical applications, including magnetic res-
onance imaging (MRI). Some iron-oxide-based systems have been used
clinically for the detection of hepatic or spleen anomalies. The emergence of
areas such as cell tracking, magnetic hyperthermia, drug delivery, molecular
imaging, and magnetic-particle imaging have encouraged researchers to
pursue the development of efficient procedures to provide nanoparticles
with specific desired properties. For example, to be used efficiently in
biorelated applications, magnetic particles often must have specific mag-
netic properties, small size, narrow size distribution, specific surface func-
tionality, and well-defined morphologies in addition to being nontoxic and
biocompatible. Each of these characteristics can be achieved by the opti-
mization of preparation processes.

The development of nanomaterials with interesting intrinsic properties
has opened new exciting possibilities to solve unresolved challenges in
several domains, such as medicine,1–3 data storage,4 and catalysis.5 In par-
ticular, magnetic nanomaterials like iron oxide are widely exploited in bio-
medical applications as contrast agents for MRI, for drug delivery, and in
hyperthermia.6–12 The following characteristics are the main advantages of
magnetic iron oxide nanostructures for such applications: a high concen-
tration of superparamagnetic ions in a single unit; the ability to modulate
size and surface as a function of desired applications; the possibility to
couple active molecules on nanoparticle surfaces; biodegradability and
biocompatibility; low toxicity for patients suffering from kidney disorders;
and low price of production.

Despite these advantages, a challenging aspect of using iron oxide nano-
particles is that the morphology of the nanomaterials strongly influences
their physicochemical properties and, in particular, their magnetic prop-
erties. Consequently, a difficulty of this field is the synthesis of magnetic
nanoparticles with controlled diameters and size distributions. The colloidal
instability and agglomeration of nanostructures in aqueous suspension
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must also be carefully addressed. Because nanoparticle production is im-
portant, controlling the surface of nanoparticles is a challenge in the bio-
medical field.13,14

Magnetite, FeO � Fe2O3, and maghemite, g-Fe2O3, exhibit inverse spinel
structures with the general formula of AB2X4, where A and B are cations and
X are anions.15 Both of these materials adopt a face-centered cubic crystal-
line structure. The inverse spinel structure of magnetite contains both ferric
and ferrous ions. Thirty-two oxygen anions delimit a face-centered cubic
unit cell in which the iron ions are located on eight tetrahedral sites
surrounded by four oxygen ions and 16 octahedral sites surrounded by
eight oxygen ions. The tetrahedral sites are exclusively occupied by ferric
ions, whereas the octahedral sites are alternately occupied by ferrous
and ferric ions (Figure 4.1). The composition of a unit cell of magnetite
is thus [Fe31]tetrahedral[Fe31Fe21]octahedralO4 or FeO � Fe2O3. Because of
superexchange-oxygen-mediated coupling, all the magnetic moments of the
octahedral iron ions are aligned in a defined direction, and all magnetic
moments of the tetrahedral iron ions are aligned in the opposite direction.
Because ferric ions are equally distributed between octahedral and
tetrahedral sites, they compensate for each other. Consequently, the re-
sulting moment of a magnetite crystal arises solely from the uncompensated
octahedral ferrous ions.

On the other hand, maghemite, which is the oxidized form of magnetite,
is composed solely of trivalent iron ions. The oxidation of FeII to FeIII creates
vacancies in the octahedral sites. The formula of maghemite is
[Fe31]tetrahedral[Fe31

2/3U1/3]octahedralO4.

Magnetic materials can be classified in two categories according to their
response to an applied magnetic field: (1) ‘‘weak’’ magnetic materials, which
are diamagnetic and paramagnetic, and (2) ‘‘strong’’ magnetic materials,

Figure 4.1 Inverse spinel structure of (a) magnetite and (b) maghemite (the black
balls are FeII, the green balls are FeIII, and the red balls are O2�).
Adapted with permission from W. Wu, Z. Wu, T. Yu, C. Jiang and W.-S.
Kim, Sci. Technol. Adv. Mater., 2015, 16, 023501 (https://creativecommons.org/
licenses/by/3.0/).
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which include ferromagnetic, ferrimagnetic, and antiferromagnetic
structures.

Magnetic materials are generally defined by three important parameters:
their dipolar magnetic moment, their magnetization, and their magnetic
susceptibility. The dipolar magnetic moment is defined as an expression of
the vector magnitude resulting from the electron motion in atoms, or from
the electron spin, leading to the formation of a magnetic field. The magnetic
moment is represented by the vector m. If an external magnetic field is
applied on the material, magnetic moments tend to align in the same
direction. This phenomenon creates a magnetization (M) defined as a
magnetic moment per volume. The magnetic susceptibility, w, is a constant
value that indicates the magnetization level of a material when it is subjected
to an external magnetic field.

Diamagnetic compounds are molecules that have zero orbital angular
momentum, like EuIII in the ground state, or contain no unpaired electrons,
such as noble gases, diatomic gases, and most organic molecules. When an
external magnetic field is applied, these substances induce a low opposite
magnetization close to zero. Consequently, in this case, the magnetic sus-
ceptibility is negative.

Paramagnetic materials do not exhibit a spontaneous magnetization. If a
magnetic field is applied, however, their spins will align in the direction
parallel to the magnetic field. As a consequence, magnetization increases as
a function of the intensity of the applied magnetic field. Paramagnetic
materials have unpaired electrons. Examples include some transition
metal salts, such as potassium chromium(III) sulfate dodecahydrate
(KCr(SO4)2 � 12H2O), and some lanthanide ions, such as GdIII.

In the absence of an external magnetic field, diamagnetic and para-
magnetic compounds do not exhibit a permanent magnetization. Some
other magnetic compounds, however, have a high magnetization state even
without an external magnetic field. These compounds are either ferro-
magnetic, antiferromagnetic, or ferrimagnetic (Figure 4.2) and exhibit some
particular magnetic properties.

Figure 4.2 Schematic representations of (a) ferromagnetic, (b) antiferromagnetic,
and (c) ferrimagnetic materials.
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Ferromagnetism is the magnetism resulting from the alignment of per-
manent magnetic moments. In such materials, the magnetic moments are
parallel to each other due to a strong interaction called ferromagnetic
coupling.16 These materials display strong magnetization with an applied
magnetic field and can retain magnetization when the external magnetic
field is removed. This retention of magnetization is called magnetic rem-
anence. Ferromagnetic materials can be considered to be permanent
magnets.17

The electron spins of antiferromagnetic materials form a regular pattern
with neighboring spins aligned in opposite directions. The resulting mag-
netization is lower than that of ferromagnetic compounds due to the inter-
actions between spins.

As in antiferromagnetic materials, the electron spins of ferrimagnetic
compounds are antiparallel. In ferrimagnetic compounds, however, the ad-
jacent spins have different magnitudes and their magnetic moments are
distributed in different subnetworks. The spontaneous magnetization of
ferrimagnetic compounds stems from the unequal magnetization of spins.18

Most iron oxide material used as contrast agents for MRI are either
magnetite or maghemite. Small crystals (4–15 nm diameter) of such
materials are fully magnetized and have large magnetic moments. These
nanocrystals are smaller than a magnetic domain and do not present mag-
netic remanence. They are thus called superparamagnetic nanoparticles.

Iron oxide nanoparticles can be classified into different categories ac-
cording to their hydrodynamic size (see Section 4.4 for size measurement
techniques): (1) ultrasmall superparamagnetic iron oxides (USPIO), which
are characterized by a hydrodynamic diameter less than 50 nm: subsets of
USPIO include very small particles of iron oxide (VSOP) that are between
7 and 9 nm wide and monocrystalline iron oxide nanoparticles (MION) that
are between 10 and 30 nm wide; (2) superparamagnetic iron oxides (SPIO),
which have a hydrodynamic diameter larger than 50 nm; and (3) micron-
sized iron oxide particles (MPIO).

UPSIO are single crystals usually embedded in a coating. SPIO, on the
other hand, consist of several superparamagnetic cores distributed in a same
nanosystem. Table 4.1 gives some examples of iron oxide nanoparticles
together with their relaxivity (see Chapter 2.1 for a discussion of relaxivity)
and their applications as contrast agents in MRI.

4.1.2 Mechanisms of Relaxation of Iron Oxide Nanoparticles

Relaxation induced by superparamagnetic iron oxide contrast agents cannot
be described by a uniquely theoretical approach. The size, the distribution in
size, and the morphological properties of the particles are all important
parameters that need to be taken into account. In this section, the basic
theory valid for USPIOs with diameters larger than 7.5 nm will first be de-
scribed. The basic assumption of this model is that samples are composed
of homogeneous dispersions of identically sized spherical iron oxide
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Table 4.1 Examples of iron-oxide-based contrast agents. Data from S. Laurent, L. Vander Elst and R. N. Muller, Superparamagnetic Iron
Oxide Nanoparticles for MRI, in The Chemistry of Contrast Agents in Medical Magnetic Resonance Imaging, ed. A. Merbach,
L. Helm and É. Tóth, Wiley, 2nd edn, 2013, p. 427. r 2013 John Wiley & Sons, Ltd.

Short name/generic
name/trade name

Iron oxide core diameter
(TEM)/hydrodynamic diameter (PCS) coating

Relaxivity (s�1 mM�1)
(37 1C, 1.5 T)

Ref. (with some examples of
MRI applications)

AMI-227 4–6 nm r1¼ 19.5 19–23
Ferumoxtran 20–40 nm r2¼ 87.6

Sinerems, Combidexs Dextran
SHU 555C 3–4 nm r1¼ 10.7 20,23–26
Ferucarbotran 30 nm r2¼ 38
Supravists (17–46 nm) Carboxydextran

NC100150 5–7 nm r1¼ 20 20,21
Ferruglose PEG-feron 20 nm r2¼ 35
Clariscans Carbohydrate polyethyleneglycol (0.47 T)

Ferumoxytol 6.7� 0.4 nm r1¼ 15 22,23,27,28
30� 2 nm r2¼ 89
Semi-synthetic carbohydrate

(polyglucose sorbitol carboxymethyl ether)

MION-46 l 4.5� 1.2 nm r1¼ 3.95 21,29–34
8–20 nm r2¼ 19.6
Dextran

VSOP-C184 4–5 nm r1¼ 14 20,35–39
7–9 nm r2¼ 33.4
Citrate

AMI-25 4.8–5.6 nm r1¼ 9.95 19–22,25,29,30
Ferumoxide 80–150 nm r2¼ 158
Endorems, Feridexs Dextran

SHU 555A 4.2 nm (3–5 nm) r1¼ 9.7 19,21,24,25
Ferucarbotran 62 nm r2¼ 189
Resovists Carboxydextran
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nanocrystals. The relaxation induced by USPIOs with diameter smaller than
7.5 nm will then be discussed. The basic theory of USPIO can be adapted to
structures of agglomerated SPIO particles.

Evaluating and understanding the efficiency of magnetic iron oxide
nanosystems requires a theory describing the magnetic interactions between
nanoparticles and water protons. Nuclear magnetic relaxation dispersion
(NMRD) profiles, which describe the field dependence of the longitudinal
proton relaxation rate, provide a powerful tool for evaluating the theory (see
Chapter 2.3).40,41 Moreover, NMRD profiles are important for monitoring the
quality of synthesized nanoparticles.42

For superparamagnetic particles, inner-sphere contributions to relaxation
are minor and outer-sphere contributions are dominant. The classical outer-
sphere model provides longitudinal (R1) and transverse (R2) relaxation rates of
water protons that diffuse near the unpaired electrons responsible for the
magnetization of the particle.43 The magnetic moments of superparamagnetic
iron oxide nanoparticles are much larger than the electron moments but, at
first approximation, are not qualitatively different. Curie relaxation44 plays a
central role in the reformulation of the basic theory and highlights the
necessity to consider different time-scales. With respect to studying outer-
sphere contributions, two parameters have to be examined separately: (1) the
effect of water diffusion through the field inhomogeneities created by the
time-averaged value of the particle magnetic moment—the dependence of this
parameter on the external static field is governed by a Langevin function—and
(2) the effect of the fluctuation of the magnetic moment itself.45

This model fits well for the high-field part (41 MHz) of NMRD profiles, but
it fails to explain the low-field (o1 MHz) behavior characteristic of USPIO.
The NMRD profiles of USPIO show a slight dispersion at low field below
1 MHz. This dispersion completely disappears for SPIO (Figure 4.3).46 This
behavior with respect to dispersions can be explained by considering the
crystal anisotropy energy, which reflects the qualitative difference between
superparamagnetic and paramagnetic compounds. Outer-sphere theory as-
sumes an isotropic environment for unpaired electrons, a highly question-
able assumption for superparamagnetic nanoparticles because an
anisotropic field exists within such particles and forces the magnetic mo-
ment of the particle to align along the axes of easy magnetization.

The high magnetization of these compounds has a great influence on the
surrounding water relaxation rate. The superparamagnetic relaxation phe-
nomena are described by the Roch–Muller–Gillis model (also called RMG
model or SPM model).46–48 This theory is based on the classical outer-sphere
relaxation theory, but is extended to account for materials with a strong
anisotropy. The relaxation induced by superparamagnetic nanoparticles is
due to the coupling between the magnetic moments of water protons and
the electron magnetic moments of particles. This modulation is caused by
Néel relaxation (flipping of the magnetization vectors of particles from one
easy axis to another), the diffusion of water protons, and the strength of the
external magnetic field.

324 Chapter 4



4.1.2.1 Theory for Large Crystals and Particles with High
Anisotropy

The anisotropy barrier is high for large crystals with a radius47.5 nm. This
high barrier induces locking of the magnetic moments of super-
paramagnetic materials on one anisotropy axis when high magnetic fields
are applied. Depending on the strength of external magnetic field, three
limiting cases can be described at low, high, and intermediate fields:

(1) Low magnetic fields. At low magnetic fields magnetic moments can be
easily moved from one anisotropy direction to another one, thereby
causing drastic magnetic fluctuations on water diffusion in the
vicinity of magnetic particles. In this case, the dipolar interactions
between water protons and magnetic cores are modulated by the
translational correlation time of the water molecules (tD) and the Néel
relaxation time (tN). Both modulations define the global correlation
time (tCI) with tD¼ r2/D, where r is the crystal radius and D is the
diffusion constant [eqn (4.1)].

1
tCI
¼ 1

tN
þ 1
tD

(4:1)

The proton longitudinal (R1) and the transversal (R2) relaxation rates
can in turn be expressed by the Freed spectral density [eqn (4.2)–(4.5)],
where g is the proton gyromagnetic ratio, m is the electron magnetic
moment, NA is Avogadro’s number, C corresponds to the molar

Figure 4.3 Nuclear magnetic relaxation dispersion profiles of suspensions of (A)
large particles (Endorems: r¼ 15 nm) and (B) small particles (r¼ 5 nm)
as functions of proton Larmor frequency. The lines represent theoretical
fits developed for large magnetic crystals.13

Adapted with permission from S. Laurent, D. Forge, M. Port, A. Roch,
C. Robic, L. Vander Elst and R. N. Muller, Chem. Rev., 2008, 108, 2064.
Copyright (2008) Americal Chemical Society.
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concentration of superparamagnetic particle, r is the crystal radius,
and oI is the proton angular frequency.49
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and

O¼ ioItD þ
tD

tN
(4:5)

(2) High magnetic fields. At high magnetic fields, the magnetization
vector aligns along one of the easy axes. In this case, the Néel relax-
ation time is relatively long due to the high anisotropy of the particles.
Therefore, the modulation of their relaxation results solely from the
diffusion of water protons. This modulation is described by the Ayant
spectral density.50 The relaxation rates can then be described using
eqn (4.6)–(4.7).
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(3) Intermediate magnetic fields. The water relaxation induced by su-
perparamagnetic particles at intermediate fields is modulated both by
the low and the high field contributions. A linear combination of the
equations with a Langevin function [L(a)] must be used to take into
account the fact that the magnetization is divided into two parts: the
first part is locked with the external magnetic field, and the second
part is influenced by Néel relaxation [eqn (4.9) and (4.10)].
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In conclusion, for large crystals, relaxation is modulated differently de-
pending on the strength of the external magnetic field. This theory predicts
the evolution of water proton relaxation rate with magnetic field, as shown in
Figure 4.4.

The RMG model enables a nearly perfect fitting of experimental data for
large crystals (Figure 4.3A). However, this model does not fit well the dis-
persion profiles of particles with low anisotropy energies (ro7.5 nm).

Figure 4.4 Contributions to proton relaxation in the simplified model for crystals of
large anisotropy.13

Adapted with permission from S. Laurent, D. Forge, M. Port, A. Roch,
C. Robic, L. Vander Elst and R. N. Muller, Chem. Rev., 2008, 108, 2064.
Copyright (2008) American Chemical Society.
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In these cases, experimental NMRD profiles have dispersions at low fre-
quencies that do not agree with theoretical predictions. An example is shown
in Figure 4.3B. For particles with relatively low anisotropies, an adaption of
the RMG model thus had to be developed.

4.1.2.2 Theory for Small Crystals and Particles with Relatively
Low Anisotropy

Small nanoparticles (particle radiuso7.5 nm) have small anisotropic energy,
and their magnetic moments can fluctuate between easy magnetization axes.
A different model that incorporates the anisotropy energy as a quantitative
parameter is thus needed to explain the superparamagnetic relaxation of
small magnetic cores. Roch and co-workers developed an alternative method
to include this parameter.13,46 This model reproduces the gradual vanishing
of the low field dispersion through a linear combination of the rate for infinite
and zero anisotropy energy, as described by eqn (4.11) and (4.12), where P is a
weighting factor of the linear combination. The modified model enables a
good interpretation of the relaxation for small particles (Figure 4.3B).
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4.1.2.3 Nuclear Magnetic Relaxation Dispersion Profiles

As mentioned previously, NMRD profiles are an essential tool to evaluate the
relaxometric properties of MRI contrast agents as a function of magnetic
field (Chapter 2.3). The method enables rapid analysis of the properties of
new contrast agents and can be exploited to monitor the reproducibility of
nanoparticle synthetic protocols. The fitting of NMRD profiles with suitable
theoretical models provides information about the magnetic crystals
(Figure 4.5), such as their average radius (r), their saturation magnetization
(Ms), their anisotropic energy (Ea) and their Néel relaxation times (tN).
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The NMRD profile is a function of several parameters.

(1) Average radius (r): At high magnetic fields, the Ayant theory deter-
mines that the relaxation rates depend only on the diffusion correl-
ation time (tD). The inflection point corresponds to the condition of
oItDc1, where oI is the proton Larmor frequency. The diffusion
correlation time is determined by the ratio of the square of
crystal radius divided by diffusion constant (tD¼ r2/D), enabling es-
timations of average radii. An increase of crystal size modifies
the position of the inflection point, moving it toward lower
frequencies;

(2) Saturation magnetization (Ms): At high magnetic fields, saturation
magnetization is reached and can be estimated from the maximum
relaxation rate using the relationship of MsE(Rmax/ctD)1/2, where c and
Rmax correspond to a constant and the maximum relaxation rate,
respectively;

(3) Crystal anisotropy energy (Ea): The dispersion observed at low mag-
netic fields provides information regarding the presence of crystals
with low anisotropic energy. For materials with high anisotropic
energy, no pitch dispersion is observed. The dispersion at low

Figure 4.5 NMRD profile of magnetite particles in colloidal solution.13

Adapted with permission from S. Laurent, D. Forge, M. Port, A. Roch,
C. Robic, L. Vander Elst and R. N. Muller, Chem. Rev., 2008, 108, 2064.
Copyright (2008) American Chemical Society.
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frequencies gives qualitative information about the magnitude of
anisotropic energy of magnetic compounds in solution; and

(4) Néel relaxation time (tN): The Néel relaxation time obtained from
the theoretical fitting is an approximate value. It provides qualitative
information in addition to the crystal size and the specific
magnetization.

Magnetic and relaxometric measurements provide a thorough description
of the physicochemical properties of iron oxide nanoparticles. It is import-
ant to note that the RMG model is based on the assumption that nano-
particle size is uniform and, consequently, the theoretical parameters
extracted from the theoretical fitting are average values. However, in prac-
tice, size heterogeneity of magnetic crystals is often observed. If the size
distribution is large or if the nanoparticle suspension contains agglomerated
nanoparticles, the theoretical parameters calculated might not accurately
represent the effective characteristics of the nanoparticle.
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4.2 Synthesis of Iron Oxide Nanoparticles

DIMITRI STANICKI, LUCE VANDER ELST, ROBERT N. MULLER AND
SOPHIE LAURENT*

4.2.1 Mechanism of Formation

Because the physicochemical properties of superparamagnetic nanosystems
depend on the homogeneity of samples, characterization of uniformity in
size and composition is important (Section 4.4). Although absolutely
monodisperse systems are rare outside of biology, systems are often con-
sidered to be monodisperse when the standard deviation in particle size is
less than 5%.

The first model of nanoparticle formation was presented by LaMer in the
1950s (i.e. the LaMer and Dinegar model).51 This model describes the dif-
ferent mechanisms behind the synthetic process. This theory is based on
nucleation–growth mechanisms and considers nucleation as the limiting
step in the process. Typically, the diagrams presenting the evolution of the
monomer concentration versus time (i.e. the LaMer diagram) can be divided
into three stages as shown in Figure 4.6.52

� In stage 1, the concentration of monomer increases until the nucleation
concentration (CMIN) is reached. At this minimal concentration, the
system becomes heterogeneous, and solute molecules combine to
produce small nuclei due to the collision of solute molecules in solu-
tion. Such nuclei are continuously being formed and dissolved.

Figure 4.6 Nucleation and growth model according to LaMer’s theory (left).54

Comparison of nucleation and growth rates versus monomer concen-
tration (right). Left: reprinted with permission from C. Hui, C. Shen,
T. Yang, L. Bao, J. Tian, H. Ding, C. Li and H.J. Gao, J. Phys. Chem. C,
2008, 112, 11336. Copyright (1950) American Chemical Society. Right:
comparison of nucleation and growth rates vs monomer concentration
(right), adapted from ref. 55.
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The stability of the nuclei depends on the free-energy barrier (DG). If DG
is high compared to the thermal energy (kT), the chance of forming
such nuclei is negligible and no particles will form. However, if the free-
energy barrier is low enough, the rate of nucleation tends to be infinite.

� During stage 2, nuclei formation partially reduces supersaturation,
leading to a decrease of nucleation rate. When the critical limiting
supersaturation (CMAX) falls to CMIN, particle growth replaces particle
nucleation.

� If the system remains supersaturated, the growth of stable nuclei
(stage 3) into discrete particles proceeds by diffusion of species from the
solution to the nuclei.

This theory suggests that the synthesis of monodisperse nanoparticles
requires a net separation of nucleation and growth.

4.2.2 Methods for the Preparation of Magnetic Nanoparticles

Due to their potential for use in a wide range of applications, numerous
innovative protocols have been reported for the synthesis of iron oxide
nanoparticles with control over size, shape, and composition. The many
methods reported for the synthesis of nano-scaled magnetite include
hydrothermal synthesis, sol–gel methods, micro-emulsion processes, and
electrochemical or aerosol methods (Table 4.2). The most common ones are
the coprecipitation method and the thermal decomposition of organo-
metallic precursors.

4.2.2.1 Coprecipitation Method

Coprecipitation is the simplest and most efficient procedure to prepare iron
oxide nanoparticles at the gram scale. In this method, nanoparticles are
produced by mixing 2/1 stoichiometric mixtures of ferric and ferrous salts in
alkaline medium [eqn (4.13)].

M21þ 2Fe31þ 8OH�-MFe2O4þ 4H2O (4.13)

A complete precipitation of Fe3O4 occurs for pH values between 9 and 14
under a nonoxidizing, oxygen-free environment. The size and shape of the
particles can be adjusted by the experimental conditions, including stoi-
chiometry, pH, ionic strength, and temperature.53,54 In aqueous syntheses,
coprecipitation is widely employed to obtain different ferrites (MFe2O4,
M¼ Fe, Mn, Co, Mg, Zn, and Ni),55 as shown in eqn (4.13). Although
this procedure is fast, relatively easy to implement, and economical, it pro-
vides poorly crystalline particles that are characterized by a broad size dis-
tribution and that, consequently, requires size-sorting procedures to reduce
polydispersity.

Better control over the properties of particles can be obtained by in-
corporating surfactants into the syntheses of particles. Small ferrites,
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Table 4.2 Principal methods for the synthesis of iron oxide nanoparticles.

Synthetic method Reaction time Solvent
Surface capping
molecule

Size
distribution

Shape
control Yield

Coprecipitation Minutes Water No Broad Not good Medium
Thermal

decomposition
Minutes–hours High boiling

apolar solvents
Yes Very narrow Very good Medium

Polyol method Hours (Poly)glycol Yes Narrow–
broad

Good Medium

Microemulsion Hours Organic Yes Narrow Good Low
Laser pyrolysis Seconds Gas No Narrow Good High
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including Fe3O4, CoFe2O4, and MnFe2O4, were obtained using aminoalco-
hols such as isopropanolamine or diisopropanolamine55 as the alkaline
source. Such alkaline molecules act as complexing agents that control par-
ticle size during synthesis. These molecules also change the spin re-
arrangement at the surface (thinner magnetic ‘‘dead’’ layers), conferring
better magnetic properties compared to synthesis in the absence of sur-
factants. Other surfactants, such as CTAB, PVP, or sodium cholate, were also
shown to greatly influence mean size and size distribution.56 Some solvents
can also play the role of surfactants. For example, diethyleneglycol (DEG) can
efficiently control the size and improve crystallinity of nanoparticles because
of its high boiling point.57,58

Stable colloids can be obtained by treating samples with acidic or alkaline
medium, a process called peptisation. However, biomedical applications
require stable particles in physiological conditions. The stability of mag-
netite colloids can be improved by performing the reaction in the presence
of polymers such as dextran or polyacrylic acid.54 Such processes often lead
to the formation of particle clusters embedded within a polymeric matrix,
which can be undesirable for certain applications.

4.2.2.2 Thermal Decomposition of Organometallic Precursors

USPIO with high monodispersity in both size and morphology can be syn-
thesized by thermal decomposition of complexes of iron. Because these
syntheses are performed at high temperatures (o200 1C), nanoparticles
prepared via this method exhibit high crystallinity and high saturation
moments. Generally, the reaction is performed in the presence of sur-
factants, typically long-chain hydrophobic hydrocarbons, which guarantee
near control over growth and good dispersibility of particles in nonpolar
solvents, such as petroleum ether, dichloromethane, or tetrahydrofuran.

According to LaMer diagrams, the synthesis of monodisperse colloids
through homogeneous nucleation requires a temporal separation of nucle-
ation and growth steps. Initially, the concentration of monomers, which are
the smallest subunits of the crystal, increases either by external addition or
by in situ generation. In the case of thermal decomposition, the poly iron oxo
clusters obtained from thermal degradation of organometallic complexes
(intermediate species between the iron complexes and the final nanosized
products) have been demonstrated to act as the smallest building blocks or
monomers (Figure 4.7).59

Experimentally, such separation between nucleation and growth steps can
be achieved by the direct and fast injection of a solution of reagent into a hot
solvent. In this process, referred to as a ‘‘hot injection’’, the concentration of
the precursor is rapidly raised above CMIN, leading to instantaneous nucle-
ation. Because the injected solution is at ambient temperature, the nucle-
ation step is quickly quenched by the rapid cooling of the reaction mixture.
The number of germs formed in solution will depend on the ease of for-
mation of the monomers, which depends on the thermal stability of the
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Figure 4.7 Mass spectra of sample aliquots drawn from a reaction during heating. For clarity, the spectra representingo10.5 kDa (left)
and 411 kDa (right) have been plotted using different scales. (b) TEM images of the nanoclusters in the sample aliquots.
(c) Schemes describing the formation mechanism proposed on the basis of the ex situ mass spectrometric measurements.59

Adapted with permission from B. H. Kim, K. Shin, S. G. Kwon, Y. Jang, H.-S. Lee, H. Lee, S. W. Jun, J. Lee, S. Y. Han, Y.-H. Yim,
D. H. Kim and T. Hyeon, J. Am. Chem. Soc., 2013, 135, 2407. Copyright 2013 American Chemical Society.
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initial complexes in solution, the nature of the surfactant, and the influence
of the solvent on stability.

In the thermal decomposition synthesis of nanoparticles, two strategies
are used to vary the size of nanoparticles. The first one is referred to as
‘‘seed-mediated growth’’ and involves the addition of an iron precursor to
pre-existing nuclei. In the second strategy, size is controlled by varying
experimental parameters such as reaction time, temperature, ligand-to-
precursor ratio, and solvent.60,61 As previously mentioned, the interactions
among precursors, surfactants, and solvents influence the decomposition
rate of iron(III)-containing precursors, consequently influencing the kinetics
of the formation of monomers and nuclei.

Such synthetic processes can also control the shape of nanoparticles.62

For example, prismatic iron oxide nanostructures formed by the self-
assembly of iron oxide nanoparticles were prepared using a low thermal
decomposition of [Fe(CON2H4)6](NO3)3.63 The TG-DTA, FT-IR spectro-
scopic, and elemental analysis of the reaction indicated that in situ
formation of cyanuric acid occurred during the decomposition of the iron–
urea complexes, and that the urea also acted as the ligand for the formation
of iron oxide nanoparticles. The synthesis of cubic particles has been
thoroughly documented. Interestingly, the presence of halogen ions can
favor the formation of cubic nanostructures.64 In this case, when chloride
or bromide ions are lacking, only spherical nanocrystals are observed. The
halogens play a role in stabilizing the {100} facets of magnetic iron oxides
but not in regulating the kinetics of thermolysis. Interestingly, chloride
ions appeared as key inducers for the preparation of octapod nanostruc-
tures during the decomposition of iron oleate in octadecene. A proposed
mechanism of forming octapod iron oxide nanoparticles is that the
chloride ions are selectively bound to iron ions on the high-index facets
(probably [311]) of iron oxide during the particle growth. Other examples of
hybrid systems including Fe3O4/Au (core–shell or dumbbell configuration),
Fe3O4/GdO, and wüstite/magnetite (core–shell configuration; Figure 4.8)
have also been reported.

Although high-temperature syntheses can produce highly crystalline and
well-defined magnetic nanoparticles, it is important to note that some
limitations are inherent to the technique: (1) With rare exceptions,65 re-
ported syntheses were performed at the hundreds-of-milligrams scale. The
high temperatures and tedious procedures are likely to limit larger scale
production. (2) Relatively expensive (and sometimes toxic) precursors are
needed. (3) As-synthesized particles cannot be directly transferred to water
because of the hydrophobic layer surrounding the nanoparticles (most often
oleic acid). For such transfers to be possible, an additional step is required,
consisting of either the addition of amphiphilic ligands, such as polymers,
alkylammonium salts, or lipids,66 or of exchange of the hydrophobic mol-
ecules by hydrophilic ones (Figure 4.9).67 These procedures often employ
small charged molecules (such as citric acid or tetramethyl ammonium
hydroxide) or sophisticated architectures consisting of a strong anchoring
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Figure 4.8 Transmission electron micrographs of nanoparticles: (a) NS19, (b) NC16,
(c) NO24, and (d) oxNC16. Dashed lines indicate the Fe1�xO core, and
solid lines indicate the Fe3�xO4 shell. Insets show HRTEM images.
Adapted with permission from A. Walter, C. Billotey, A. Garofalo,
C. Ulhaq-Bouillet, J. Taleb, S. Laurent, L. Vander Elst, R. N. Muller,
L. Lartique, F. Gazeau, D. Felder-Flesch and S. Bégin-Colin, Chem. Mater.,
2014, 26, 5252. Copyright (2014) American Chemical Society.

Figure 4.9 Schematic illustration of water-transfer procedure for USPIO obtained by
thermal decomposition.
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functional group (such as dopamine, carboxylic acid, phosphonate, or al-
koxysilane) conjugated to a polymeric arm (often PEG).
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4.3 Coatings for Iron Oxide Nanoparticles

DELPHINE FELDER-FLESCH, DAMIEN MERTZ, AUDREY PARAT AND
SYLVIE BEGIN-COLIN*

One of the challenging components in the design of iron oxide nanoparticles
for biomedical application is the coatings of nanoparticles. Biocompatible
coatings at the surface of nanoparticles can perform different functions,
such as enabling the conjugation of dyes for multimodal imaging, of
targeting ligands for specific tissues or cells, or of therapeutic agents. The
coatings of nanoparticles must also prevent agglomeration in physiological
environments and enable desired biodistributions and elimination. The
nature and steric hindrance of coatings can affect the fate of nanoparticles in
biological systems, such as cellular uptake and accumulation, circulation,
and clearance.68 In the blood pool, nanoparticles are subjected to opsoni-
zation, the nonspecific fouling of plasma protein on the surface of nano-
particles and subsequent uptake by the reticuloendothelial system. Organic
coatings and the anchoring of these coatings to the surface of nanoparticles
have to be tailored to prevent opsonization of nanoparticles, avoid non-
specific interactions with components in the complex matrix, increase their
ability to evade the reticuloendothelial system, and promote desired bio-
distribution and elimination. Ideally, the final average hydrodynamic sizes
of functionalized nanoparticles should be in the range of 10–100 nm to have
long blood-circulation times. The functionalization step, which involves
anchoring the coating to the surface of nanoparticles, must be performed in
such a way that the properties of both the nanoparticles and the coating are
preserved while controlling the final nanoparticles hydrodynamic size.
Certain coatings can also effectively prevent the dissolution and release of
core materials that might cause toxicity.69

The nature of bioactive coatings and coating strategies are critical aspects
of biomedical applications involving nanoparticles. This section describes
standard coatings and anchoring agents used with iron oxide nanoparticles
and the effect of the coating on the magnetic properties relevant to the use of
the nanoparticles as MRI contrast agents.

4.3.1 Standard Coatings for Iron Oxide Nanoparticles

Most coatings used for superparamagnetic iron oxide nanoparticles involve
natural or synthetic polymers. Other molecules have also been developed for
this purpose, including nonpolymeric coatings, dendrimers, dendrons,
and silanes. Research into coatings has the potential to create advanced,
biocompatible contrast agents for biomedical applications, including for
in vivo diagnostic imaging. For instance, dendrimer-based organic–
inorganic hybrids have the potential to target specific types of cells or
organs, for either cell tracking or in situ drug delivery applications.
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In addition to organic coatings, silica-based coatings have also been re-
ported. Coatings of nonporous silica shells around iron oxide or other in-
organic nanoparticles were initially developed with the aim of forming
protective shells around the nanoparticles.70 The possibility to coat or en-
capsulate plasmonic, magnetic, or luminescent nanoparticles with meso-
porous silica shells71–73 generated interest in a range of applications related
to catalysis, energy, and drug delivery. Mesoporous silica coatings of mag-
netic nanoparticles are attractive because of the synergy between the po-
tential of porous silica for applications such as drug delivery and those of the
magnetic core for application such as magnetic guidance, contrast en-
hancement in MRI, and magnetic hyperthermia. The ordered arrangement
of pores, high surface area, and good loading capacity of the coating render
mesoporous silica an interesting platform for drug delivery. A silica coating
is particularly advantageous because it promotes chemical stability of the
inorganic core, high dispersibility in aqueous solutions, and high bio-
compatibility of the resulting core–shell nanocomposites. Moreover, the
silica surface can be modified by grafting alkoxysilanes that contain versatile
chemical functionalization.

4.3.1.1 Nonpolymeric Surface: Adenosine Triphosphate

Adenosine triphosphate (ATP) is a promising candidate for surface engin-
eering of iron oxide nanoparticles because the phosphate groups have a
relatively strong affinity for the iron oxide surface and because ATP bears
other functions enabling coupling to bioactive molecules. ATP is endogen-
ous to living systems and consists of a purine base, a pentose sugar, and a
triphosphate ester. Moreover, ATP has excellent biokinetics compared with
polymeric materials.

Iron oxide nanoparticles coated with ATP have been modified with glu-
conic acid (Figure 4.10).74 Such hybrids display reduced phagocytic uptake

Figure 4.10 (A) Schematic diagram of the synthesis of (A) ATP-coated iron oxide
nanoparticles, (B) gluconic-acid-functionalized ATP-coated iron oxide
nanoparticles, and (C) the same particles labeled with Cy5.5 and cMet
binding peptides.
Adapted with permission from C.-M. Lee, S.-J. Cheong, E.-M. Kim,
S. T. Lim, Y. Y. Jeong, M.-H. Sohn and H.-J. Jeong, J. Nucl. Med., 2013,
54, 1974. r by the Society of Nuclear Medicine and Molecular Imaging,
Inc.
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biodistribution and provide efficient active targeting properties for in vivo
applications. For instance, iron oxide nanoparticles coated with ATP con-
jugated with gluconic and cMet-binding peptide enable multimodal imaging
of U87MG tumors implanted in mice.

4.3.1.2 Dendrimers

Dendrimer-stabilized nanoparticles refer to nanostructures in which the
nanoparticles are coated with multiple dendrimers. Iron oxide nanoparticles
can be synthesized and simultaneously stabilized in the presence of den-
drimers. For instance, stabilized ferromagnetic iron oxide nanoparticles
were synthesized in the presence of carboxylated G4.5 polyamidoamine
(PAMAM) dendrimers.75 The carboxylated dendrimers provided a nucleation
surface and passivating layer for the metal oxide surface. PAMAM den-
drimers with other functionalities like amines or alcohols cannot stabilize
iron oxide nanoparticles, thereby highlighting the role of electrostatic
interactions in nanoparticle stabilization. Mammalian cells were success-
fully labeled with such magnetodendrimers through nonspecific membrane
adsorption and subsequent intracellular localization in endosomes.76

Magnetodendrimer incubated at doses as low as 1 mg iron mL�1 enabled
contrast enhancement in MRI without compromising cell viability or dif-
ferentiation. Labeled neural stem cells could be detected in vivo by MRI
6 weeks after transplantation.

Dendrimer-assembled iron oxide nanoparticles are formed by dendrimers
and pre-synthesized nanoparticles as a result of driving forces such
as electrostatic interactions,77 covalent bonding,78 or the combination of
different weak forces. Iron oxide nanoparticles have been assembled
with multilayers of poly(glutamic acid) (PGA) and poly(L-lysine) (PLL), fol-
lowed by addition of G5NH2-FI (fluorescein isothiocyanate)-folic acid (FA)
dendrimers.79 The interlayers were then crosslinked using 1-ethyl-3-[3-
dimethylaminopropyl]carbodiimide hydrochloride as a coupling agent,
leading to covalent linkage between the hydroxy groups of iron oxide,
the carboxy groups of PGA, the amino groups of PLL, and the dendrimers.
The remaining amino groups of the dendrimers were acetylated to neutralize
the surface charge. In vivo MRI showed that the signal intensity of tumor-
bearing mice injected with targeted nanoparticles gradually decreased over
24 hours, whereas the signal intensity of tumor-bearing mice treated with
nontargeted nanoparticles did not decrease significantly with time post-in-
jection. This approach to the functionalization of magnetic nanoparticles
can be modified for other small targeting molecules such as peptides or
growth factors, thereby providing a general approach for in vivo detection of
various biological systems by MRI.

Dendronized nanoparticles can be prepared via a grafting strategy. In this
approach, the dendron is first synthesized in a step-by-step manner, similar
to the conventional divergent approach used to synthesize dendrimers.80,81

Dendronized nanoparticles synthesized in this manner are able to transfect
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antisense surviving oligodeoxynucleotides into human tumor cell lines, such
as human breast and liver cancers.82 Composites of antisense-surviving-
oligodeoxynucleotides, dendrimers, and iron oxide can penetrate tumor cells
in 15 min, causing marked downregulation of the surviving gene as well as
inhibition of protein synthesis and cell-growth in both dose- and time-
dependent manners. These results showed that PAMAM-modified magnetic
nanoparticles might represent a good system for gene delivery.

Dendronized iron oxide nanoparticles can also be prepared by direct
grafting. In this approach, the functionalized nanoparticles are obtained
through direct grafting of small hydrophilic dendrons on the iron oxide
nanoparticle via phosphonate anchors. Such nanoparticles were demon-
strated to be efficient contrast agents for MRI.83–85 Such nanoparticles have
good colloidal properties and higher relaxivity than commercially available,
polymer-functionalized nanoparticles. The choice of phosphonic acid as an
anchor was justified by previous studies that evidenced a higher grafting rate
and a stronger binding than those obtained with carboxylate anchors.86,87

Small-sized dendrons are preferable because they are discrete and mono-
disperse entities with size, hydrophilicity, molecular weight, and bio-
compatibility that can be tuned as a function of their generation.88–91

4.3.1.3 Polymers

Biodegradable polymers used for functionalizing nanoparticles include
polyorthoesters, polyanhydrides, polyamides, polyphosphazenes, and poly-
phosphoesters.92 Copolymers can also be used to synthesize particles with
desired physical properties. Examples include copolymers of the above-
mentioned polymers with hydrophilic polymers such as poly(ethylene glycol)
(PEG), poly(ethylene oxide) (PEO), or poly(propylene oxide) (PPO). Polymer
properties such as molecular weight, charge, branching, and stability have a
great impact on the particle functions, including the mode of degradation,
encapsulation efficiency, release rates, avoidance of protein binding, and
cellular internalization (Tables 4.3 and 4.4).93

Table 4.3 Advantages of different polymers for nanoparticle coating to enhance
colloidal stability.

Synthetic
polymers

Poly(ethylene glycol) (PEG) Improves biocompatibility, blood
circulation time, and internalization efficiency

Poly(vinylpyrrolidone) (PVP) Enhances blood circulation time and
stabilizes colloidal suspensions

Poly(vinyl alcohol) (PVA) Prevents coagulation of particles
Poly(acrylic acid) (PAA) Increases stability and biocompatibility and

helps in bioadhesion
Poly(N-isopropylacryl amide) Enables thermosensitive drug delivery

Natural
polymers

Dextran Enhances blood circulation lifetimes and stabilizes colloidal
suspensions

Gelatin Used as a gelling agent and as a hydrophilic and
biocompatible emulsifier

Chitosan Used as a nonviral gene delivery system that is biocompatible
and hydrophilic
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Table 4.4 Various organic shells, dendrimers, polymers, and combinations of
polymer coatings for iron oxide nanoparticles (TEM¼ transmission elec-
tron microscopy; DLS¼dynamic light scattering; HR¼high resolution;
XRD¼X-ray diffraction; SEM¼ scanning electron microscopy; PCS¼photon
correlation spectroscopy; SMPS¼ scanning mobility particle sizer).

Coating Diameter (nm) [technique used] Application

Dextran 6.5� 1.2 [TEM], 39� 8 [DLS] MRI contrast agent101

50 [DLS], 50–100 [TEM] Macrophage uptake102

10 [TEM] Bioassay agent103

Chitosan 10 [HRTEM], 21.2 [DLS] Immunoassay, drug delivery
agent,104 MRI contrast agent

10.3 [XRD], 8.1 [TEM] Bactericidal agents105

10–20 [SEM] Tumor embolization agent106

Alginate 193.8 [DLS] MRI contrast agent107

5–10 [TEM], 193.8–483.2 [DLS] MRI contrast agent108

PVA 20 Drug delivery agents109

20–30 [TEM], 3.8 [XRD] Cytotoxicity studies110

56.4� 4.1 [PCS] Drug delivery agents111

21.6� 2.5 [PCS] MRI theranostics112

9 [TEM] Drug delivery agents113

Mannan 37.3� 5.6 [DLS] Drug delivery agents114

46.2� 1.9 [DLS] MRI contrast agent115

9–10 [TEM], 52 [DLS] MRI theranostics104

PAMAM
dendrimers

8.2 [XRD], 10 [TEM] Drug delivery agents116

10 [TEM], 13.5–28.6 [DLS] MRI theranostics117

10 [DLS] Drug delivery agents118

10–15 [TEM], 250–300 [DLS] Magnetofection (gene
delivery)119

10 [TEM], 13 [DLS] Drug delivery agents120

10.5� 0.5 [XRD], 9� 0.1 [TEM] Immobilization of invertase121

8.4 [SMPS] MRI contrast agent122

84.0� 1.4 [HRTEM] Targeted tumor imaging123,124

Other
dendrimers

9.5� 0.6 [TEM], 9.5� 1.0 [XRD] MRI theranostics125

11.5 [TEM, XRD] Multimodal imaging84

5 [TEM], 16 [DLS] MRI contrast agent126

7.6� 0.7 [TEM] MRI contrast agent124

5.4� 1.2 [TEM] Self-assembly77

PVP 14 [TEM] MRI contrast agent127

8–10 [TEM], 20–30 [DLS] MRI contrast agent128

PEG 9, 19, 31 [TEM] Magnetic hyperthermia
agent129

7 [XRD], 4.8� 2 [TEM], 15.7� 2
[DLS]

MRI theranostics130

10.4� 0.8 [SEM], 61.7� 1.5 [DLS] MRI contrast agent131

PEG-co-tert-
butyl
methacrylate

10.1–24.3 [DLS] MRI contrast agent132

PLGA 5� 1 [HRTEM] MRI contrast agent133

PAA 8� 1 [HRTEM], 6.4 [XRD] MRI contrast agent134
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Surface chemistry plays a key role in governing the systemic circulation of
nanoparticles. One of the major breakthroughs in this area was the discovery
that nanoparticles coated with hydrophilic polymers such as PEG can resist
serum protein adsorption and have prolonged systemic circulation.94

Numerous variations of PEG and other hydrophilic polymers have been tes-
ted for improved circulation.95 Surfaces covered with PEG are biocompatible;
they are nonimmunogenic, non-antigenic, and protein resistant.96 This
is because PEG has uncharged hydrophilic residues and high surface mo-
bility, leading to high steric exclusion.97 Therefore, covalently immobilized
PEG on surfaces of nanoparticles often improves their biocompatibility
relative to nonfunctionalized nanoparticles. In addition, particles with PEG-
modified surfaces can cross cell membranes via a nonspecific cellular uptake
mechanism.98 Poloxamers and poloxamines, which are block copolymers of
PEO and PPO, have been extensively studied in this context.99

A set of multifunctional and multicoordinating polymer ligands has been
designed that is suitable for surface functionalization of iron oxide and
potentially other magnetic nanoparticles to promote integration into bio-
logical systems.100 The availability of several catechol groups in the same
ligand enhances its affinity for the magnetic nanoparticles via the presence
of multiple coordination sites, whereas hydrophilic and reactive groups
promote colloidal stability in buffer and enable conjugation with biomole-
cules. The hybrid systems have compact hydrodynamic sizes and exhibit
enhanced long-term colloidal stability over the pH range of 4–12 in the
presence of excess electrolytes. Nanoparticles ligated with terminally reactive
polymers have been coupled to target dyes and tested in live cell imaging
with no measurable cytotoxicity. Finally, the resulting hydrophilic nano-
particles exhibit large and size-dependent relaxivity values.

4.3.1.4 Silane Coatings at Iron-Oxide Nanoparticle Surfaces

In 1980, Sagiv introduced the grafting of well-defined organosilane (octa-
decyltrichlorosilane, OTS) monolayers onto silica (SiO2) surfaces.135 Since
then, the coating of various organosilanes on silicon or other metal oxide
surfaces has generated broad interest in surface chemistry.136,137 The two
main advantages of silanization at the surfaces of metal oxides relative to
other coating methods are: (i) the chemical stability of the M–O–Si covalent
bond and (ii) the availability of chemical end groups (e.g. NH2, COOH,
and SH) at the extremity of silanes, enabling versatile functionalization of
metal-oxide surfaces. Chemical functionalization of metal-oxide surfaces
can be achieved by post-modification of a silane layer bearing a reactive
end-group.138 For example, amino-modified silanes were coupled to many
different molecules, such as chromophores, fluorophores139 or biomacro-
molecules140 for imaging and sensing applications.

The features of the silanization at the surfaces of iron oxide nanoparticles
are similar to the silanization on silica substrates. The organosilanes
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typically used are trichloro- or trialkoxy-silanes denoted R–Si–Cl3 and
R–Si–(OR0)3, respectively, where R is an alkyl chain bearing any end-group
function and R0 is a methyl or an ethyl group. The mechanism involves a
hydrolysis reaction of the silanes into silanols (Si–OH) catalyzed either in
acidic or basic conditions. In a second step, a condensation occurs between
Si–OH and Fe–OH at the iron oxide surface, resulting in the formation of Fe–
O–Si bonds. However, despite the numerous studies achieved in surface
silanization, the precise mechanism of the formation of the silane layer re-
mains elusive. Importantly, the presence of water molecules is a key factor
influencing the formation of silane coatings. Water adsorbed on the silicon
or metal-oxide surface and other parameters, such as the nature of the
solvent, the type and concentration of silane, the temperature, and the
reaction time, play key roles in the formation of silane coatings. These
parameters can lead to cross-polymerized siloxane networks at metal-oxide
surfaces.

Hydrolyzed silanes can bind surfaces of iron oxide nanoparticles via dif-
ferent methods because silanes can interact with the surface of iron oxide via
chemisorption, physisorption, hydrogen bonding, or electrostatic inter-
actions, followed by silane condensation.136,137,141,142 Figure 4.11 illustrates
three different routes that might be involved with aminopropyltriethoxy-
silane (APTS) assembly at the surface of iron oxide nanoparticles. Route 1
corresponds to the ideal case in which the aminosilane molecules are bound
to the Fe–OH surface via Fe–O–Si bonds, resulting in the formation of a pure
monolayer of APTS that can condense laterally. Some studies performed on
silica surfaces indicated that such true monolayers could be favored by re-
acting organosilanes in anhydrous apolar solvents (e.g. toluene, heptanes, or
cyclohexane) in dilute conditions and short reaction times. In these cases,
the expected monolayer thickness was less than 1 nm (0.7 nm), and the
density was 2–4 silanes nm�2.141

Beyond the difficulties associated with reproducing high-quality mono-
layers, an important limitation of silane monolayers is their low surface
coverage, which can influence the colloidal stability of the resulting nano-
particles. Synthetic routes involving the formation of a polysiloxane layer
(silane multilayer) around nanoparticles are often preferred because they
can ensure more complete surface coverage and better colloidal and
mechanical stability compared to nanoparticles coated with a monolayer
approach. In route 2, only a fraction of the aminosilanes attach to the sur-
face via the formation of Fe–O–Si bonds as in route 1. A large fraction of the
aminosilanes condenses directly onto neighboring silanes without binding
to the surface of the nanoparticles. This condensation results in a multilayer
cross-linked polysiloxane shell formed by the numerous Si–O–Si bonds be-
tween aminosilane molecules. This route is one of the most commonly used.
It is encountered when alkoxysilane grafting is performed in polar or apolar
solvents in the presence of water and with a high concentration of silanes
(Z1%).
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Figure 4.11 Scheme showing the different routes of amino silanization of the surface of iron oxide.142

Adapted with permission from Y. Liu, Y. Li, X.-M. Li and T. He, Langmuir, 2013, 29, 15275. Copyright (2013) American
Chemical Society.
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Route 3 describes the polysiloxane condensation associated with the re-
action of amino-functionalized end groups with the surfaces of iron oxide
nanoparticles. This case is encountered when the extremity of the silane can
interact with the surface of the nanoparticle via hydrogen or electrostatic
bonds.141,143 For routes 2 and 3, which yield polysiloxane shells, grafted
APTS has a thicknesses of B4.7 nm and densities of B29 silanes nm�2.144

Carboxylate end groups analogues yield shell thicknesses of B2.9 nm with
densities of B11 silanes nm�2. These data suggest that the formation of
polysiloxane shells is needed to stabilize iron oxide nanoparticles.

Given the relative simplicity of the procedure, grafting of silanes at the
surfaces of iron oxide nanoparticles by the coprecipitation method has been
evaluated for various applications. The coprecipitation of iron salts is one of
the most straightforward methods to form magnetic iron oxide nano-
particles. Various applications were reported with APTS-coated iron oxide
nanoparticles obtained by coprecipitation. For example, APTS was grafted
onto magnetite nanoparticles prepared by coprecipitation in ethanol. The
horseradish peroxidase enzyme was then adsorbed onto the particles to give
biocatalytic iron oxide nanoparticle sensors.145 In another example, PEG-
silane was grafted in toluene onto iron oxide nanoparticles prepared by
coprecipitation in aqueous basic conditions. The water-dispersible PEG-
silanized nanoparticles behave as MRI contrast agents and enable MRI
imaging of mice bearing tumors.146 Polyglycerol-silane-coated iron oxide
nanoparticles previously prepared by coprecipitation have also been re-
ported for in vivo MRI applications.147 In this work, the polyglycerol silane
was synthesized by polymerization of glycidol groups by ring-opening an-
ionic polymerization at the surface of iron oxide nanoparticles, affording
highly stable ferrofluids that function as negative contrast agents for MRI.

An alternative to silanization of iron oxide nanoparticles synthesized by
coprecipitation is silanization of thermally decomposed iron oxide nano-
particles. Although the silanization of nanoparticles synthesized by this
method is relatively understudied, thermal decomposition is a choice
method for the synthesis of iron oxide nanoparticles because it enables fine
tuning of parameters such as morphology, crystallinity, and dispersity that
cannot be achieved by the coprecipitation method (Section 4.2). Controlling
the morphology and composition of iron oxide nanoparticles is crucial for
their development as MRI contrast agents. The possibility to exchange silane
ligands on ferrite nanoparticles prepared by thermal decomposition was
demonstrated with oleic-acid-coated cobalt ferrite nanoparticles. This re-
action was performed in hexane with acetic acid as a catalyst.144

Numerous alkoxysilanes bearing various end-groups including amines,
carboxylates, sulfur-containing functional groups, cyanate, and PEG were
grafted on oleic-acid-capped nanoferrites. Despite the important advantages
of efficacy and versatility, the main limitations of this method are the long
reaction times (72 hours) and the high dilution conditions (0.2 mg mL�1 in
nanoparticles). The silanization reaction time can be decreased to 5 hours
at 50 1C in toluene using ultrasound.148 With the aim to improve the
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silanization process of iron oxide nanoparticles synthesized by thermal de-
composition, an efficient, facile and versatile protocol of silanization was
developed.149 In this method, highly monodisperse, hydrophobic, iron oxide
nanoparticles (B11 nm diameter) obtained by the thermal decomposition
method are efficiently dispersed in aqueous media. This process uses mis-
cible solvents [EtOH/CHCl3 (B3 : 1)] to ensure the efficient exchange of oleic
acid bound at the surface of the nanoparticles by organosilanes with amine
or carboxylate end groups. The hydrodynamic diameter of the silanized iron
oxide nanoparticles thus obtained is below B30 nm in aqueous solution,
thereby demonstrating that these iron oxide nanoparticles are potentially
suitable for in vivo applications. The advantages of this method relative to
other silanization protocols are: (i) the shorter reaction times (4 versus 72 h);
(ii) the cost-effectiveness because the process is carried out in concentrated
conditions in affordable solvents, making use of commercially available si-
lanes; and (iii) the use of mild conditions.

The water-dispersibility of silanized iron oxide nanoparticles is deter-
mined by the pH domains and the charge of the silane end-groups.
Silanes with amino end groups stabilize iron oxide nanoparticles in ethanol
or in acidified water (pHr5), whereas carboxylate silane end groups
stabilize iron oxide nanoparticles in neutral and basic media (pHZ5). MRI
properties obtained with iron oxide nanoparticles bound with carboxylate-
functionalized silanes thus demonstrate great potential as contrast agents
for biomedical applications.

4.3.1.5 Nonporous Silica Coatings at Iron-Oxide Nanoparticle
Surfaces

The coating of nonporous silica around magnetic nanoparticles dispersed in
aqueous solution is mainly performed according to the Stöber process, often
in a solution containing ethanol, water, and ammonia. In this approach,
silica coatings are obtained by hydrolysis followed by the condensation of a
sol–gel precursor such as tetraorthosilicate (TEOS). This sol–gel method was
initially developed in the 1990s to coat ferro- and super-paramagnetic na-
noparticles,150–152 metallic (e.g., cobalt or gold) nanoparticles,153,154 and
carbon nanotubes.155 A main factor controlling the growth of silica shells is
the concentration of the sol–gel precursor. Various studies have demon-
strated that the thickness of the silica coating surrounding iron oxide
nanoparticles previously prepared by coprecipitation can be tuned with good
precision by adjusting the concentration of TEOS (Figure 4.12).156,157 The
influence of shell thickness on relaxivity is described in Section 4.3.3.2.156

An alternative to the Stöber process for coating hydrophobic magnetic
nanoparticles prepared by thermal decomposition with silica is to use water-
in-oil microemulsions, also referred to as reverse microemulsions. Water-in-
oil microemulsions are surfactant-stabilized water nanodroplets dispersed
in a water-immiscible organic solvent. They ensure the transfer of

348 Chapter 4



Figure 4.12 Silica-shell thickness around magnetic nanoparticles with different amounts of TEOS.156

Adapted with permission from S. L. C. Pinho, G. A. Pereira, P. Voisin, J. Kassem, V. Bouchaud, L. Etienne, J. A. Peters,
L. Carlos, S. Mornet, C. F. G. C. Geraldes, J. Rocha and M.-H. Delville, ACS Nano, 2010, 4, 5339. Copyright (2010) American
Chemical Society.
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hydrophobic nanoparticles to water droplets. The nonionic amphiphilic
surfactant poly(5)oxyethylene-4-nonylphenyl-ether (IGEPAL) is one of the
most efficient surfactants reported for reverse microemulsions. In this
protocol, the water droplets act as confined nanoreactors that control the
growth of the silica coating on the surface of the iron oxide nanoparticles.
For example, oleic-acid-capped maghemite nanoparticles formed by thermal
decomposition were uniformly capped with silica shells using a water-in-
cyclohexane microemulsion.158 That study demonstrated that the thickness
of SiO2 shells (1.8–30 nm) increases if higher concentrations of TEOS, longer
aging time, or decreasing amounts of iron oxide nanoparticles are used.
Hydrophobic cobalt ferrite (CoFe2O4) nanoparticles prepared by thermal
decomposition and capped with a mixture of oleic acid and oleylamine can
also be coated with silica via a water-in-cyclohexane microemulsion pro-
cedure in the presence of poly(5)oxyethylene-4-nonylphenyl-ether.159 This
synthesis yielded uniform core–shell nanoparticles with narrow size distri-
butions. Additionally, the oleic acid and oleylamine surfactant layer was
retained between the magnetic core and the silica shell after the sol–gel
process and washing steps. Keeping this layer has important repercussions
on the magnetic properties of the resulting core–shell magnetic composites,
which will be detailed in Section 4.3.3.2.

Table 4.5 lists surfactants and solvents used to coat various nanomaterials
with nonporous silica using water-in-oil microemulsions.70 This table also
reports the coating of nanocrystals that were synthesized in situ concomi-
tantly with the sol–gel process, which will not be addressed in this book
chapter.

Table 4.5 Nonporous silica coatings of various nanomaterials by water-
in-oil microemulsions. Reproduced with permission from
A. Guerrero-Martı́nez, J. Pérez-Juste and L. M. Liz-Marzán,
Adv. Mater., 2010, 22, 1182. Copyright r 2010 WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim, Germany.

Core nanoparticle Surfactant/organic solvent

Aga, Aua, Pdb, Fe-Ptb, Rha Igepal CO-520/cyclohexane
CdSb, CdTea, CdSea, YF3

a

Fe2O3[a,b], CoF2O4
a, MnF2O4

a

Aua CTAB/chloroform
Au, Aga CTAB/toluene
Fe3O4

b

Aua AOT/n-heptane
CdS:Mn/ZnSb

Fe3O4
a Triton X-100/cyclohexane

CdSa, CdTea

Fe3O4
a SDS/octane

Fe–Pt Brij 52 or brij 56/iso-octane
Fe3O4

b Sodium decylbenzenesulfate/xylene
aCoating of pre-synthesized nanocrystals.
bCoating of in situ-synthesized nanocrystals.
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4.3.1.6 Mesoporous Silica Coatings on Iron Oxide Nanoparticle
Surfaces

The mesostructures of mesoporous silica nanoparticles without an inorganic
core are usually formed by the combination of amphiphilic molecules acting
as organic templates (or directing agents) with sol–gel precursors such as
TEOS. The first encapsulation of iron oxide nanoparticles by mesoporous
shells was reported in 2006.160 In this example, oleic-acid-capped magnetite
nanoparticles previously synthesized by thermal decomposition and dis-
persed in chloroform were added to an aqueous solution of cetyl-
trimethylammonium bromide (CTAB). The CTAB surfactant dispersed the
hydrophobic nanoparticles in water via van der Waals interactions between
the alkyl chains of CTAB and oleic acid. The CTAB also acted as a structure-
directing agent by forming templating micelles arranged in a hexagonal
phase. Under aqueous, basic conditions and upon addition of TEOS pre-
cursor, mesoporous silica with ordered porous structure formed around the
positively charged CTAB-coated iron oxide nanoparticles and around the
templating micelles (Figure 4.13). In this work, several nanocrystals were
coencapsulated within the mesoporous silica shells. Further improvements
and optimization of this procedure led to a controlled design of mono-
disperse-core@mesoporous-silica-shell nanocomposites.161,162

An important feature of magnetic-core@mesoporous-silica-shell nano-
composites is the control of shell growth. Unlike nonporous silica where the
concentrations of TEOS and iron oxide nanoparticles are the main par-
ameters used to tune the thickness of silica, controlled growth of meso-
porous silica shells is performed by adjusting the ratio between the amount
of the magnetic core, the CTAB surfactant, and TEOS.161–163 Adjusting this
ratio is particularly important to achieve uniform syntheses. For example, if
a large excess of CTAB is used, porous silica without magnetic cores will
form as by-products.161 The effect of the thickness of the mesoporous silica
shell on r1 and r2 relaxivities is discussed in Section 4.3.3.2. A limitation of
coating magnetic cores with mesoporous silica is the presence, at the end of
the sol–gel process, of CTAB surfactants within the pores.161,163 Given the
notable cell toxicity of CTAB, it is necessary to remove this surfactant. Dif-
ferent procedures to remove CTAB have been attempted, including ex-
tractions with solutions of ammonium nitrate in ethanol or with acidic
ethanolic solutions. The progress of these methods can be monitored by IR
spectroscopy or zeta potential measurements. Calcination above 500 1C is
not possible because this process changes the magnetic phase of maghemite
and magnetite.

The pore size of these nanocomposites can also be controlled and modu-
lated. This is a key parameter to enable the loading of large macromolecules,
such as nucleic acids or proteins. N2 isotherm adsorptions performed on
silica-coated iron oxide nanoparticles formed using CTAB indicate that
they often contain pore sizes in the range of 2–3 nm.161,163 Pore sizes can
be increased to 6.1 nm with the use of 1,3,5-triisopropylbenzene/decane as
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a pore swelling agent.163 However, the synthesis of mesoporous silica shells
around magnetic or plasmonic cores with pore sizes larger than 15–20 nm,
which are needed for loading biological macromolecules, remains
challenging.

4.3.2 Effects of Coatings and Anchoring Groups on Magnetic
Properties of Nanoparticles

The functionalization of iron oxide nanoparticles is necessary because naked
iron oxide nanoparticles are not stable at physiologically relevant pH values.
Iron oxides have amphoteric hydroxide groups at their surface. Thus at high
values of pH, deprotonation of some of these hydroxides causes a negative
charge to build up on the surface of the nanoparticles. The opposite is ob-
served at low pH. The pH at which the surface is charge neutral because the
deprotonated and protonated hydroxides are balanced is called the iso-
electric point. Near the isoelectric point, nonfunctionalized nanoparticles
aggregate and flocculate in suspension. The isoelectric point of iron oxide is
in the range 6.5–7.5 depending on the synthesis and purification methods.
Therefore, functionalization of iron oxide nanoparticles is necessary for their
use in biomedical applications.

Different coating strategies have been investigated to stabilize nano-
particles. Most research has aimed at optimizing the functionalization of
iron oxide nanoparticles to optimize their colloidal stability, aggregation
state, furtivity, cytotoxicity, and magnetic properties. For MRI, the preser-
vation of the magnetic properties of the nanoparticles, and in particular the
saturation magnetization, during functionalization is of great importance.
Additionally, the coating molecules need to enable water diffusion near the
magnetic core to maximize relaxivity. Another parameter in the design of
coatings is the presence of functional groups for further anchoring of tar-
geting or bioactive molecules to the surface of the nanoparticles. The anchor
needs to be strong enough to avoid desorption and subsequent replacement

Figure 4.13 (A) Scheme showing the process to coat mesoporous silica shells around
magnetic nanoparticles using CTAB; (B) mesoporous-silica-coated-multi-
cores that were optimized in mesoporous-silica-coated single core; and
(C) image of pore swelling using 1,3,5-triisopropylbenzene.
Adapted with permission from Y. Wang and H. Gu, Adv. Mater., 2015, 27,
576. Copyright r 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Wein-
heim, Germany; J. Kim, J. E. Lee, J. Lee, J. H. Yu, B. C. Kim, K. An,
Y. Hwang, C.-H. Shin, J.-G. Park, J. Kim and T. Hyeon, J. Am. Chem. Soc.,
2006, 128, 688. Copyright (2006) American Chemical Society;160 J. Kim,
H. S. Kim, N. Lee, T. Kim, H. Kim, T. Yu, I. C. Song, W. K. Moon and
T. Hyeon, Angew. Chem., Int. Ed. 2008, 47, 8438. Copyright r 2008
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany; and Jour-
nal of Colloid and Interrface Science, Volume 361, J. Zhang, X. Li,
J. M. Rosenholm and H.-c. Gu, Synthesis and characterization of pore
size-tunable magnetic mesoporous silica nanoparticles, 16–25, Copyright
2011, with permission from Elsevier.
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of coating molecules by proteins that would induce aggregation and capture
by the reticuloendothelial system.164 Therefore, different anchoring ligands
have been studied, including silanes, carboxylates, phosphonates, and
catecholates.83,85,86,163–180

Studies have been conducted on the strength of anchoring of molecules at
the surfaces of nanoparticles and on the effect of anchoring groups on the
magnetic properties of functionalized nanoparticles,86,171,172,181,182 but dis-
crepancies exist among the published results. For example, some studies
report a decrease of saturation magnetization after grafting molecules that
contain phosphonates,172,183 but others report the opposite relationship.83,86

The colloidal stability of coated nanoparticles is often related to the an-
choring strength of coatings, and contradictory results have been reported,
in particular, when carboxylate anchoring groups are used. One explanation
for these discrepancies is that the nanoparticles studied have different types
of interactions between the anchoring groups and the iron oxide surfaces.
These interactions might be purely electrostatic in nature, as shown in
Figure 4.14, or involve monodentate, bidentate (chelate or bridging), or tri-
dentate complexes at the surfaces of the nanoparticles.178,184 The strength of
the anchoring and the effect of the anchoring group on the magnetic
properties depend on the nature of the interactions.

At the nanoscale, spin-canting effects at the surfaces of nanoparticles or
spin-glass-like behavior have been widely reported. These effects are mainly
due to the presence of under-coordinated iron atoms at or near the surfaces
of the nanoparticles and to the curvature of nanoparticles (Figure 4.15).
These defects and spin-canting effects are present in varying amounts de-
pending on the conditions used during the synthesis of the nanoparticles

Figure 4.14 Possible surface interactions for different coupling agents: (A) carb-
oxylates, (B) phosphonates, (C) catechol, and (D) silane.
Adapted from ref. 382 with permission from The Royal Society of
Chemistry.
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and on the size of the nanoparticles.61,185,186 These spin-canting effects and
defects induce a decrease of the overall magnetization of nanoparticles
compared to the bulk phase.187,188 However, surface complexes formed
from anchoring groups can contribute to the preservation and, sometimes,
enhancement of the saturation magnetization of nanoparticles
(Figure 4.15).172,178,179 The covalent bonding of carboxylates partially re-
constructs octahedral crystal-fields around surface iron sites.189 For ex-
ample, grafted dendrons bearing carboxylates or phosphonates as anchoring
groups and the presence of phosphonates enhanced the saturation mag-
netization at the surfaces of iron oxide nanoparticles. This effect was at-
tributed to surface phosphonate complexes in which the phosphonate
oxygens take positions similar to those of oxygen atoms in bulk iron oxide,
thereby keeping the symmetry and crystal field of the surface iron closer to
that of the core. Consequently, the homogeneity of the crystal field reduces
surface spin disorder.172 Similar results were observed with catecholate an-
choring groups (Figure 4.15).190

A decrease in surface spin canting is observed when the surface coatings
strongly interact with iron atoms via bidentate or tridentate coordination.
The type of interaction and the strength of bonding depend on the synthetic
method used to form the iron oxide nanoparticles as well as on the grafting
strategy.83 Depending on the synthetic method, iron oxide nanoparticles can
be either naked (as with the coprecipitation method) or coated with hydro-
phobic ligands, such as oleic acid (as with the thermal decomposition
method). Different strategies have been reported for coating nanoparticles
with bioactive molecules.83,164,170,176,177,191–195 Naked nanoparticles are
often dispersible in water, and the nanoparticles can be either synthesized in
the presence of molecules for grafting or synthesized prior to the grafting
step.172,196,197 For nanoparticles coated with hydrophobic ligands, two
strategies can be followed for grafting: (1) If the bioactive molecules and the
nanoparticles are both soluble in organic solvents (generally polar), then the
grafting molecules can be directly added to suspensions of the nanoparticles
where they undergo ligand exchange.83 In this strategy, the grafting step

Figure 4.15 Influence of surface ligands on the overall magnetic moment (mp) of a
superparamagnetic iron oxide nanoparticle. Canted surface spins are
partially realigned upon exchange with strongly interacting catecholate
ligands, i.e. mp1omp2.
Adapted from ref. 172 with permission from The Royal Society of
Chemistry.
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often needs to be repeated to ensure that most of the hydrophobic ligands
have been replaced. (2) Another strategy is to perform ligand exchange
and phase transfer simultaneously by placing a water suspension of mol-
ecules at a suitable pH into contact with a suspension of nanoparticles in an
apolar solvent (often hexane).83,170 During stirring, ligand exchange is ac-
companied by the transfer of nanoparticles from the organic phase to the
aqueous phase.

Considering the numerous methods developed to synthesize iron oxide
nanoparticles, the different molecules used for grafting, and the different
grafting strategies, it is not surprising that surface complexes differ from one
publication to another and, consequently, that the effect of the anchoring
group on the bonding strength and magnetic properties differs. However,
grafting via electrostatic interactions between anchoring groups and the
surface of iron oxide nanoparticles consistently provides strong anchoring,
as is the case for grafting performed in water suspensions or by ligand ex-
change and phase transfer processes.196–198 The presence of charge on both
the nanoparticles and the grafting molecules favors the formation of surface
interactions that are stronger than those formed via ligand exchange in or-
ganic solvents.83

Moreover, for magnetite-based nanoparticles, the grafting step can also
affect the composition of the nanoparticles. The presence of FeII at the
surface of magnetite causes these particles to be sensitive to oxidation and,
consequently, oxidizing grafting conditions can contribute to a decrease in
the saturation magnetization of nanoparticles. This is predictable given that
maghemite phase, the oxidized phase of magnetite, displays a lower satur-
ation magnetization than magnetite.199 Nevertheless, despite a slight
oxidation of magnetite-based nanoparticles during their coating with phos-
phonated ligands, the saturation magnetization can be preserved due to the
phosphonate surface complex inducing magnetic ordering of the surface.172

Finally, some particle etching has been observed with catecholate and citrate
ligands modifying the shape of nanoparticles (Figure 4.16).172

4.3.3 Effects of Coatings on Relaxivity

Anchoring agents influence the magnetic and colloidal properties of nano-
particles; as such, the nature of the coatings also influences contrast
enhancement in magnetic resonance imaging. The parameters of nano-
particles relevant to contrast enhancement are the longitudinal (r1) and
transversal (r2) relaxivities (see Chapter 2.1.1 and Section 4.1 for a de-
scription of relaxivity). A good T2-shortening contrast agent displays high
values of r2 and of r2/r1, and these values are related to saturation magnet-
ization and the nature of the coating on the nanoparticle.200 The type of
coating has a strong influence on r1 and r2: the accessibility of water to
the magnetic core depends greatly on the characteristics of the coating, such
as its chemical nature (polymer versus inorganic shell), hydrophilicity,
hydrophobicity, thickness, and porosity.
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4.3.3.1 Functionalization by Polymers and Dendrons

Functionalization by polymers can influence the properties of nanoparticles
and, in particular, those properties related to MRI. For example, transverse
relaxivity, r2, decreases with increasing chain length or molecular weight of
polymer coating.191 Hydrophobic polymers were found to lead to lower
transverse relaxivity than hydrophilic ones.181 For example, nanoparticles
with a core size of approximately 10 nm coated with poly(ethylene imine), a
hydrophilic charged polymer, have large relaxivity values. Similar results
were obtained for nanoparticles with core sizes greater than 30 nm.181

Functionalization of spherical superparamagnetic iron oxide nano-
particles with linear monophosphonates or with PEGylated monophos-
phonated dendrons of generation 1, 2, or 3 yielded dendritic nano-objects
that were 15 to 30 nm in size. These nano-objects were stable in physio-
logical media and displayed renal and hepatobiliary elimination.182 Nuclear
magnetic relaxation dispersion profiles (NMRD, see Chapter 2.3 for details)
and relaxivity measurements highlighted the influence of the molecular
architecture on water diffusion close to the magnetic core and, con-
sequently, on the relaxation properties of the nano-objects. NMRD profiles of
the different suspensions (Figure 4.17) provided information about the dif-
fusion of water molecules as a function of the composition of the organic
coating. All the profiles displayed the characteristic shape of super-
paramagnetic nanoparticles. Because the size of the nanocrystals was similar
for all samples, the profile maxima were similar for all of the functionalized

Figure 4.16 (a) Catechol-induced etching of oleylamine-stabilized iron oxide nano-
particles during ligand exchange; (b) transition emission microscopy
micrographs before and after the exchange process; and (c) photos of
the reaction mixture (hexane top phase and methanol bottom phase).
Adapted from ref. 172 with permission from The Royal Society of
Chemistry.
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nanoparticles near 10 MHz. However, considerable differences in r1max were
observed between the nanoparticles functionalized with the linear molecules
(NS10@L1 in Figure 4.17) and the nanoparticles coated with dendrimers
(NS10@D2-G1, NS10@D2-G2, and NS10@D2-G3 in Figure 4.17).

The value of r1max depends on water diffusion and is defined by
r1max¼CM2

s � tD, where Ms is the saturation magnetization of the magnetic
core, tD is the diffusion coefficient of water, and C is a constant.201 For the
functionalized nanoparticles described in the previous paragraph, grafting
small phosphonate dendrons to the surface of the superparamagnetic iron
oxide nanoparticles does not affect their magnetic properties.86 Therefore,
the difference observed between r1max values can be attributed only to the
nature of the surface coating. At all frequencies studied, the r1max value for
the nanoparticles functionalized with linear molecules is lower than the
value for the nanoparticles functionalized with dendrimers, regardless of the
generation. These data indicate that water diffusion and circulation through
the dendritic shell is more facile than through the linear organic layer. Those
experimental data were fitted to extrapolate values of saturation magnet-
ization (Ms) and radius (r).47 The radius values agree quite well with the ones
determined by transmission electron microscopy. However, the radius ob-
tained by the fitting of the NMRD curves for the nanoparticles functionalized
with linear polymers is slightly larger than the ones obtained for the den-
dronized nanoparticles. This difference suggests that the water molecules
that are perturbed by the magnetic field of the nanoparticle circulate at a
longer distance from the magnetic core in the case of the nanoparticles
functionalized with linear polymers than in the case of the dendronized
nanoparticles. This analysis was confirmed by the measured Ms values,
which are smaller for the linear polymers derivatives, thereby confirming

Figure 4.17 NMRD profiles of nanoparticles functionalized with the molecules L1,
D2-G1, D2-G2, and D2-G3.
Adapted from ref. 383 with permission from The Royal Society of
Chemistry.
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that the water molecules are less perturbed by the magnetic field of the
nanoparticles that have linear coatings.

4.3.3.2 Functionalization by Nonporous and Porous Silica Shells

For iron oxide nanoparticles covered by nonporous silica shells, r1 and r2

decrease as the silica shell thickness increases.156 Figure 4.18 shows the
evolutions of r1 and r2 as a function of the diameter of silica-coated iron
oxide nanoparticles. The silica-coated nanoparticles were designed with a
tunable diameter ranging from 14 to 145 nm with a 10 nm iron oxide core
and a silica shell thickness from 2 to 67 nm. The data in the graph in the
inset was acquired at 20 MHz and shows a decrease of r1 at 25 1C with in-
creasing thickness of silica. Indeed, r1 dropped from 32 to 2 mM�1 s�1 upon
addition of a 7.5 nm silica shell (for d¼ 25 nm) (Figure 4.18, inset). At
500 MHz, r1 had negligible values regardless of the shell thickness.
A decrease of r2 from 228 to 64 mM�1 s�1 (500 MHz and 25 1C) was observed
when the silica shell thickness was increased to 7.5 nm (for d¼ 25 nm).
A similar trend was observed at 37 1C for r1 and r2 measured at 500 MHz.
These results are caused by a decrease in the diffusion of water molecules
close to the iron oxide cores with increasing thickness of nonporous silica
shells. This behavior is consistent with an outer-sphere mechanism of

Figure 4.18 Evolution of r1 and r2 as a function of the diameter of silica-coated iron
oxide nanoparticles at 25 and 37 1C at 500 MHz. Inset: evolution of r1 at
25 1C at 20 MHz.156

Adapted with permission from S. L. C. Pinho, G. A. Pereira, P. Voisin,
J. Kassem, V. Bouchaud, L. Etienne, J. A. Peters, L. Carlos, S. Mornet,
C. F. G. C. Geraldes, J. Rocha and M.-H. Delville, ACS Nano, 2010, 4,
5339. Copyright (2010) American Chemical Society.
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relaxation caused by the inhomogeneity of the local magnetic field created
by the nanoparticles. The thickness of silica shells determines the distance
of closest approach of the diffusing water molecules to the super-
paramagnetic core of the particle. The authors suggested the existence of two
regions in the silica coating: one fully impermeable to water, at the surface of
the gFe2O3 core and one weakly permeable, located at the interface.

The introduction of mesopores within silica shells reduces the decrease of
relaxivities observed with nonporous silica shells. Iron oxide nanoparticles
coated with mesoporous silica shells of B2 nm porosities were studied with
respect to the evolutions of r1 and r2 with the thickness of the mesoporous
silica shell.161 Iron oxide nanoparticles covered by the silica-free surfactant
CTAB were compared with iron oxide nanoparticles with different thick-
nesses of mesoporous silica shell. As was the case with the nonporous silica
coatings, r1 decreased for nanoparticles coated with a mesoporous shell
from 31.2 mM�1 s�1 at 20 MHz for nanoparticles without coating to
0.6 mM�1 s�1 for nanoparticles with a mesoporous coating that was 42 nm
thick (core–shell diameter¼ 95 nm). A similar trend was observed at 60 MHz;
the relaxivity decreased from 13.7 to 0.3 mM�1 s�1 (Table 4.6). Such a de-
crease in r1 after coating with mesoporous silica can be explained by the
limited diffusion of water molecules. The presence of a thick, mesoporous
silica shell around the magnetic core can limit the diffusion of water near
the magnetic core, thus decreasing r1. Where porous coatings differ from
nonporous silica coatings is the effect on transverse relaxivities. Values of r2

measured at 20 and 60 MHz (see Table 4.6) were barely affected by the
coating of the mesoporous silica shell up to a core–shell diameter of 75 nm,

Table 4.6 Effect of the shell thickness of mesoporous silica on r1 and r2 of
mesoporous-silica-coated iron oxide core–shell magnetic nanocompo-
sites. Reproduced with permission from F. Ye, S. Laurent, A. Fornara,
L. Astolfi, J. Qin, A. Roch, A. Martini, M. S. Toprak, R. N. Muller and
M. Muhammed, Contrast Media Mol. Imaging, 2012, 7, 460. Copyright r
2012 John Wiley & Sons, Ltd.

Sample name
(particle
diameter by
TEM)

Mean
hydrodynamic
diameter
(nm)a

20 MHz 60 MHz

r1 r2 r2/r1 r1 r2 r2/r1

(s�1 mM�1) (s�1 mM�1) (s�1 mM�1) (s�1 mM�1)

Fe3O4-CTAB
(11 nm)

67 31.25 81.37 2.61 13.69 82.18 6.01

Fe3O4@mSiO2

(50 nm)
60 3.65 84.26 23.1 1.31 92.13 70.3

Fe3O4@mSiO2

(75 nm)
77 2.13 79.93 37.5 0.97 87.54 90.3

Fe3O4@mSiO2

(95 nm)
96 0.61 50.13 82.2 0.31 55.44 179

Feridex 72 40 160 4
Resovist (38) 65 25 164 6.2
aMean hydrodynamic diameters and relaxivities of Fe3O4-CTAB and different sized Fe3O4@
mSiO2 nanoparticles measured at 20 MHz (0.47 T) and 60 MHz (1.41 T) in water (37 1C) and the
reported relaxivity values for commercially available Feridexs and Resovists contrast agents.
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corresponding to a shell thickness of 32 nm. Beyond that thickness of
coating, r2 decreased from B80 to B50 mM�1 s�1 at 20 MHz for a 95 nm
core–shell diameter and from B88 to B55 mM�1 s�1 at 60 MHz. These re-
sults indicate that the transverse (spin–spin) relaxation created by the local
magnetic fields generated by the iron oxide cores has a long-range effect that
is detectable up to a shell thickness of 40 nm, below which r2 remains almost
constant.

Biocompatibility of coatings for iron oxide nanoparticles is necessary to
ensure the colloidal stability of the nanoparticles in physiological environ-
ments and to provide reactive groups on the surface of nanoparticles for
conjugation of bioactive molecules such as targeting ligands, dyes, and
drugs. For imaging by MRI, the coating can be designed to enhance the
diffusion of water near the magnetic core. The mean hydrodynamic size
(smaller than 100 nm) of coated nanoparticles is also a parameter that must
be controlled to ensure good in vivo biodistribution, elimination, and tar-
geting of specific organs.

The presence of anchoring groups in the coating ensures strong binding
to the surface of the nanoparticles, which prevents their replacement by
blood proteins and subsequent capture by the reticuloendothelial system.
The use of anchoring groups with high affinity for the surface of iron oxide
remains the methodology of choice when narrow size distributions and
small hydrodynamic radii are required. However, the strength of anchoring
is related to the nature of the surface complex that depends on the grafting
strategy and method of synthesis of the nanoparticles. Characterization of
coatings requires the combination of different characterization techniques
that reveal the number of molecules and, therefore, the approximate num-
ber of functional groups on the surfaces of nanoparticles. Finally, the per-
ipheral parts of the coating play important roles in regulating the
interactions between the coated nanoparticles and biological molecules at
the cellular and tissue levels.
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4.4 Characterizing Functionalized Iron Oxide
Nanoparticles

GEOFFREY COTIN, DAMIEN MERTZ, JEAN-MARC GRENECHE,
OVIDIU ERSEN, BENOIT PICHON, DELPHINE FELDER-FLESCH AND
SYLVIE BEGIN-COLIN*

Superparamagnetic iron oxide nanoparticles with surface coatings are widely
used for biomedical applications, including as contrast agents for MRI. Most
studies of these nanoparticles focus on improving biocompatibility and
targeting through the design of organic coatings, and on enhancing the
quality of the magnetic nanoparticles and their size distribution after
functionalization.

To be useful in vivo, functionalized iron oxide nanoparticles should be
stable in solutions that are biocompatible with respect to pH and osmolarity
(B320 mmol L�1¼ osmolarity of blood plasma). The absence of aggregates is
also mandatory for intravenous injection to avoid the risk of pulmonary
embolisms caused by aggregates or coagulation disorders, which can result
in animal death. Therefore, the coating and aggregation state (i.e. the size
distribution) of iron oxide nanoparticles are important parameters to control
for in vivo applications. Furthermore, upon entering the blood circulation,
iron oxide nanoparticles are subjected to opsonization, the nonspecific
fouling of the surfaces of nanoparticles by plasma proteins, and subsequent
uptake by the reticuloendothelial system. Biodistribution must be favorable,
with little nonspecific tissular uptake (mainly hepatic), and a quasi-complete
elimination of the nanoparticles, with the most effective routes of eli-
mination being the urinary and hepato-biliary pathways.13,202 To prevent
opsonization of nanoparticles and to increase the ability to evade the
reticuloendothelial system, organic coatings, including anchoring at the
surface of nanoparticles, need to be tailored. Additionally, particle size dis-
tribution of functionalized nanoparticles must be optimized with respect to
the desired properties. Long blood-circulation times increase the possibility
of reaching target tissue: suspensions of particles with average hydro-
dynamic sizes of 10–100 nm are optimal for in vivo delivery because smaller
sizes (o10 nm) are rapidly removed by renal clearance and larger sizes
(4200 nm) are quickly sequestered by the reticuloendothelial system. Thus,
the coating molecules of iron oxide nanoparticles bear several functions,
including ensuring biocompatibility and targeting. These coatings need to
be strongly anchored to the surface of nanoparticles to avoid their de-
sorption in vivo. Consequently, grafting strategies are crucial and need to be
optimized so that the particle size distributions stay below 100 nm and the
properties of both nanoparticles and coating are preserved.

To design T2-shortening contrast agents for MRI, the saturation magnet-
ization of the nanoparticles, the effective or aggregate size, and the water
diffusion around the magnetic core are key parameters to control.200
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Saturation magnetization depends on many factors, such as the size, com-
position, and shape of the iron-oxide-based nanoparticles. Research has
demonstrated that the anisotropy of nanoparticles can be increased to en-
hance the magnetic properties by strategies such as tuning the morphology
to promote shape anisotropy or synthesizing core–shell nanoparticles to
induce exchange magnetic properties.203–206 These different aspects have
been investigated to tune the contrast-enhancing effect of magnetic and
superparamagnetic nanoparticles. However, the effect of the shape on the
observed MRI-relevant properties is not well understood, and the com-
position of core–shell or doped ferrite is relatively complicated. For bio-
medical applications of iron oxide nanoparticles, it is thus important to
characterize functionalized nanoparticles, both the nanoparticles and their
coatings, to gain a better understanding of the key parameters in their de-
sign and to enable further improvements.

In that context, the main techniques for characterizing the shape, size,
composition, and magnetic properties of nanoparticles, and in particular
iron oxide nanoparticles, are described in this section. This includes the
techniques used to characterize the organic coating, the type of surface
complexes, and hydrodynamic size distributions.

4.4.1 Characterization of the Iron Oxide Core of
Functionalized Nanoparticles

Characterization of the size and shape of nanoparticles is mainly performed
by transmission electron microscopy (TEM). Classical TEM and energy dis-
persive spectroscopy (EDS), electron energy loss spectroscopy (EELS), high
angle annular dark field in scanning TEM (HAADF-STEM), and electron
tomography are modes that provide valuable information regarding the
shape and composition of nanoparticles. Other techniques, such as X-ray
diffraction (XRD), IR spectroscopy, and 57Fe Mössbauer spectroscopy, and
less-common techniques, such as Raman and photoemission (XPS) spectro-
scopies, enable investigation of the composition of iron oxide nanoparticles.

4.4.1.1 Characterization of the Size, Size Distribution, and
Shape of Nanoparticles

4.4.1.1.1 Transmission Electron Microscopy and Electron Tomography.
TEM enables analysis of nanoscale morphological features. This imaging
technique is an essential characterization tool in the field of nanoparticles
and contributes to the development of nanomaterials and the character-
ization of nanostructures.207 Because the properties of nanoparticles ori-
ginate from their shape and size, systematic studies of such structural and
morphological characteristics are required at the atomic scale. Given the
strong interaction between accelerated electrons and matter, several types
of signals result from the irradiation of the nanoparticles with electrons,
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leading to various modes of analysis with specific selectivities. Thus, TEM
is an authoritative characterization tool in the field of nanoparticles.

When applied in an existing imaging mode (for example, classical TEM or
HAADF-STEM), TEM provides precise information regarding the size and
shape of individual particles.208 Such analyses can be generalized to an as-
sembly of nanoparticles using appropriate image treatment tools for ob-
taining statistical values representative of the whole specimen.209 The
statistics of size can be calculated from the size measurements of nano-
particles in TEM images using the free ImageJ program (Figure 4.19).210

In high-resolution TEM or STEM configurations, structural parameters
such as the crystallographic structure and the type and density of atomic
defects can be determined.211 In particular, the development of the in-
coherent HAADF-STEM imaging mode, in which image intensity is directly
proportional to the mean atomic number of the nano-sized specimen, pro-
vided new capabilities of analysis enabling the spatial localization of phases
with similar atomic numbers in the nanograin. A typical example is given in
Figure 4.20 with the determination of the spatial distribution of two metallic
phases within the same particle.212

TEM holders that heat specimens enable dynamic in situ analyses of
structural and morphological evolution of nanosystems and their reactivity
in controlled environments.213 By adapting experimental TEM conditions to
minimize damage from irradiation, phase and reactivity diagrams can be
obtained for oxide or metallic nanoparticles including direct information
regarding their growth and formation. A typical example of such an in situ
TEM study involved the analysis of the morphological and structural evo-
lution of metallic nanoparticles confined inside carbon nanotubes as a
function of temperature to observe in real time the evolution of the system at
high temperatures (Figure 4.21).214

In the case of nanoparticles with complex shapes or topographies or for
particles with porous internal structures, classical two-dimensional analyses
are often not sufficient for unraveling structural or morphological

Figure 4.19 TEM image of iron oxide nanoparticles synthesized by thermal de-
composition and coated with oleic acid (left) and size distributions
from TEM images and dynamic-light-scattering measurements (right).
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characteristics. To obtain a three-dimensional representation of the nano-
object, a three-dimensional imaging method of electron tomography can
be used. This tomography enables qualitative and quantitative three-
dimensional analyses with nanometric (even atomic) spatial resolution.215

Electron tomography involves recording a series of images of an object, tilted
inside the electron microscope, along the widest possible angular range. The
construction of a three-dimensional matrix describing the sample directly in
the real space is performed by applying mathematical algorithms based on
Radon’s theorem. That process overcomes the limitations associated with
two-dimensional image projections and provides more reliable insight into
the three-dimensional shape and architecture of nanoparticles. To illustrate
how this analysis is applied to nanoparticles, Figure 4.22 depicts a combined
morphological and crystallographic study of Pt nanocrystals that are 5 nm in
size.216 Using HAADF-STEM tomography, their shape was shown to be close
to a truncated octahedron, which is also the geometry that is energetically
the most stable. Such three-dimensional detailed analyses enable quantifi-
cation of the relative amounts of crystallographic facets and provide a
model-based indication of the faceting of the nanocrystals.

4.4.1.1.2 X-ray Diffraction (XRD). The indexing of X-ray diffraction pat-
terns enables identification of the crystalline phases of nanoparticles and
determination of the mean crystallite size. The mean crystallite size, L, can
be estimated using the Debye–Scherrer equation, D(2y)¼Kl/(L cos(y)). In
this equation, K is a dimensionless shape factor with a value close to unity
(values of B0.9 are often used), D(2y) is the line broadening at half the

Figure 4.20 (A) Typical two-dimensional HAADF-STEM image of Au nanobipyramid
coated with silver. (B) High-resolution TEM image of the silver shell at
the interface on the lateral face with the corresponding fast-Fourier-
transformation spectrum corresponding to the white region from the
low silver loading.
Adapted from ref. 212 with permission from The Royal Society of
Chemistry.
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maximum intensity after subtracting the instrumental line broadening (in
radians), l is the X-ray wavelength, and y is the Bragg angle (in degrees).
The Debye–Scherrer equation is limited to nanoscale particles and is not
applicable to grains larger than about 0.1 or 0.2 mm.

Mean crystallite size can be extracted from profile matching refinements
that compare experimental and simulated XRD patterns. These comparisons
are often performed using the Fullprof program217 and LeBail’s method218

with the modified Thompson–Cox–Hasting pseudo-Voigt profile function.
Another approach involves deconvolution of the X-ray pattern using MAUD
software based on the Rietveld method combined with a Fourier analysis.
This type of analysis is particularly useful for describing the low part of the
wings of Bragg peaks. This description can be applied to synchrotron, time-
of-flight neutron, and electron patterns and is suitable for nanoparticles.
This analysis enables refinement of microstructural parameters, including
size of the coherent diffraction domain, microsize-strains, lattice par-
ameters, and some instrumental parameters.219–221 This procedure gives rise

Figure 4.21 Thermal evolution of Co–CoO-based nanoparticles cast inside carbon
nanotubes investigated by in situ TEM experiments under vacuum. The
images reveal changes in the nanoparticle morphology and localization
on the support.
Adapted from ref. 214 with permission from The Royal Society of
Chemistry.
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to estimates of the Rietveld texture and stress analysis in the case of thin
films studied by X-ray diffraction. When the mean crystallite size from XRD
is in agreement with the TEM-derived mean size, nanoparticles are con-
sidered as being monocrystalline or single crystal.

4.4.1.1.3 Granulometric Measurement by Dynamic Light Scattering
(DLS). Particle size distributions in suspensions are generally determined
using granulometric measurements that provide the mean hydrodynamic
diameter of nanoparticles. Dynamic light scattering (DLS) (also referred to
as photon correlation spectroscopy or quasi-elastic light scattering) is a
technique that is used to determine the size-distribution profile of nano-
particles in suspension or polymers in solution. In this technique, suspen-
sions of nanoparticles are illuminated by a laser and fluctuations of the
scattered light are detected at known scattering angles by a fast photon
detector.

Nanoparticles suspended within a liquid undergo Brownian motion, and
this motion is inversely proportional to the size of the particles. DLS
monitors the Brownian motion with light scattering. The speed at which
nanoparticles are diffusing due to Brownian motion is measured by re-
cording the rate at which the intensity of the scattered light fluctuates. Small

Figure 4.22 Electron tomography for the three-dimensional analysis of the crystallo-
graphic facets of Pt nanoparticles. (A) Initial two-dimensional image at
a 01 tilt from the HAADF-STEM tilt series, illustrating the choice of the
Pt nanoparticle used for a detailed morphological analysis. (B) Views of
the particle model along two axes of symmetry compared to truncated-
octahedron model crystals. This model is the outcome of the data
segmentation procedure applied to the computed volume. Red facets
depict {111} crystallographic planes, and blue facets indicate {100}
planes. To illustrate similarities, the edges of the truncated octahedron
are superimposed on the experimental model.
Adapted from ref. 216 with permission from The Royal Society of
Chemistry.
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particles cause the intensity to fluctuate more rapidly than large particles.
The dynamic information of the particles is derived from an autocorrelation
of the intensity trace recorded during the experiment. Once the auto-
correlation data have been generated, different mathematical analyses can
be applied to determine particle size from the experimental data. DLS soft-
ware associated with commercially available instruments typically displays
the particle population at different diameters. If the system is monodisperse,
there should only be one population (monomodal size distribution), whereas
a polydisperse system shows multiple particle populations.

Particle size is reported in terms of hydrodynamic diameter, which is the
diameter of a hard sphere that diffuses at the same speed as the nano-object
being measured. Thus, hydrodynamic diameter depends on the size of the
particle core and on the size of surface structures, particle concentration,
and the type of ions in the medium. For example, the size distribution of
oleic acid-coated nanoparticles determined from DLS is shifted by com-
parison with that determined by TEM because of the organic coating on
the nanoparticles (thickness of 1–2 nm) suspended in tetrahydrofuran
(Figure 4.19). For nonspherical particles, DLS provides the diameter of a
sphere that has the same average translational diffusion coefficient as the
particle being measured.

The primary size distribution acquired from a DLS measurement is the
intensity-weighted distribution obtained from the chosen analysis. Volume
or number-size distributions are derived from the intensity distribution
using Mie theory; this conversion requires prior knowledge of the optical
properties of the particles, including their refractive indices and absorp-
tions. Conversion from intensity to volume or number of nanoparticles as-
sumes that all particles are spherical, that all particles have a homogenous
and equivalent density, and that the refractive indices and absorptions are
known. Importantly, size distributions reported in number of nanoparticles
do not accurately represent the suspension state of the nanoparticles. Size
distributions in volume or intensity are more appropriate representations
because they are directly proportional to the mass distribution.

Importantly, dynamic light scattering also enables the determination of
the zeta potentials of nanoparticles in aqueous suspensions. The colloidal
stability of nanoparticles is the result of an equilibrium between attractive
forces and repulsive forces. In the case of iron oxide nanoparticles, the at-
tractive forces are mainly due to van der Waals interactions and magnetic
interactions between nanoparticles that are acting as magnetic dipoles.
These interactions depend on the nature of the material and on the distance
between nanoparticles. The energy of van der Waals interactions varies with
1/r2, whereas the energy of dipole–dipole interactions varies with 1/r3, where
r is the distance between nanoparticles. Because iron oxide nanoparticles are
superparamagnetic, magnetic interactions can be neglected, leaving van der
Waals interactions as the main attractive force. Repulsive forces are needed
to ensure the colloidal stability of nanoparticles in suspension; they are
mainly induced by electrostatic interactions or steric repulsions.184
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At physiological pH, naked iron oxide nanoparticles are not stable in
suspensions and flocculate. The surface of iron oxide is covered by
amphoteric hydroxyl groups due to chemisorption of water. Depending on
the pH of the solution, the surfaces of iron oxide nanoparticles can be
positively or negatively charged. The isoelectric point is the pH at which the
surface has equal numbers of positive and negative charges. For iron oxides,
this pH value is roughly 6.8.222 Iron oxide nanoparticles form stable sus-
pensions by electrostatic interactions only at pH values far from their iso-
electric point; therefore, they are not stable at physiological pH.

Thus, for applications in the biomedical field, iron oxide nanoparticles
must be functionalized with molecules that provide repulsive steric or
electrostatic interactions. The colloidal stability of nanoparticles provided by
electrostatic interactions in water is broadly assessed by their zeta poten-
tial.184 The zeta potential, z, is the electric potential in the interfacial double
layer at the location of the slipping plane relative to a point in the bulk fluid
away from the interface. In other words, the zeta potential is the potential
difference between the dispersion medium and the stationary layer of fluid
attached to the dispersed particles. A potential exists between the surface of
particles and the dispersing liquids that varies according to the distance
from the surface of the particles. The magnitude of the zeta potential indi-
cates the degree of electrostatic repulsion between adjacent, similarly
charged particles in an aqueous dispersion. Colloids with high absolute
values of zeta potential (Z30) are electrically stabilized, and colloids with low
zeta potentials tend to coagulate or flocculate (if no steric repulsion is
provided).

4.4.1.2 Characterization of the Composition of Iron Oxide-based
Nanoparticles

The most studied iron oxide phases are magnetite and maghemite (Section
4.1.1). Magnetite is an inverse spinel: Fe31

A[Fe21Fe31]BO4
2�. However, at the

nanoscale, FeII ions in octahedral (B¼Oh) sites are sensitive to oxidation.
The oxidation of FeII to FeIII is accompanied by the formation of a vacancy
(&), giving the general formula Fe31

A[Fe2.51
2–6dFe31

5d&d]BO4
2�. Complete

oxidation corresponds to d¼ 1/3, and leads to maghemite g-Fe2O3. The XRD
patterns of magnetite and maghemite are similar (Figure 4.23) and the lat-
tice parameters are also similar, making it difficult to discriminate between
magnetite and maghemite. Magnetite displays conductive properties and
a saturation magnetization larger than that of maghemite. It is well-
established that the FeII ions located at the surface of magnetite nano-
particles are sensitive to oxidation and that this sensitivity increases with
decreasing sizes of nanoparticles.61,186,197,223–228

To enhance the magnetic anisotropy or saturation magnetization of iron
oxide nanoparticles beyond what is accessible by changing the shape of the
nanoparticles, two strategies are commonly used: doping iron oxide with
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elements such as Zn, Co, Ni, or Mn8,229–232 and synthesizing core–shell
nanoparticles with two phases displaying different magnetic properties to
induce exchange magnetic properties.208,231–233 For example, core–shell
structures with antiferromagnetic and ferrimagnetic materials display ex-
change bias properties, which lead to large coercive fields and enable shifts
of superparamagnetic limits towards room temperature.208,231,232 Another
strategy is the synthesis of core–shell nanoparticles using mixed ferrites with
hard and soft anisotropies, which induces exchange-coupled properties that
are favorable to MRI.233 However, it is not easy to characterize the core–shell
composition of nanoparticles or doping homogeneity and amount. Indeed,
doped iron oxide nanoparticles generally display complex structures with
chemical heterogeneities.231,232 The main characterization techniques that
enable discrimination between magnetite and maghemite and that provide
evidence of the composition of doped or core–shell nanoparticles are de-
scribed in the following sections.

4.4.1.2.1 X-ray Diffraction (XRD). XRD patterns enable identification of
crystalline phases present in powders. For core–shell nanoparticles, both
types of phases can be indexed with XRD patterns if their weight is large
enough (Z5%). For doped iron oxide nanoparticles, the analysis of the
XRD patterns enables confirmation that the nanoparticles have cubic

Figure 4.23 XRD patterns of Fe3�xO4 nanoparticles with mean diameters of (a)
40 nm or (b) 12 nm and of (c) maghemite g-Fe2O3. The peaks marked
with asterisks are additional peaks present in maghemite indicating the
presence of vacancies.225

Adapted with permission from T. J. Daou, G. Pourroy, S. Bégin-Colin,
J. M. Greneche, C. Ulhaq-Bouillet, P. Legaré, P. Bernhardt, C. Leuvrey
and G. Rogez, Chem. Mater., 2006, 18, 4399. Copyright (2006) American
Chemical Society.
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spinel structures (AB2O4) by comparing the lattice parameters to those of
the Joint Committee on Powder Diffraction Standards (JCPDS) file for the
expected ferrite. However, for both core–shell or doped iron oxide nano-
particles, XRD does not provide evidence of the presence of a composition
gradient or of the presence of two types of ferrite. This is because in these
situations, the lattice parameters are too similar to be distinguished.
Other techniques such as 57Fe-Mössbauer spectroscopy or X-ray magnetic
circular dichroism experiments are needed to investigate such situations.

The magnetite phase and its corresponding oxidized phase, maghemite,
have similar structures and, thus, display similar XRD patterns (Figure 4.23).
The refinement of XRD patterns enables calculation of the mean values of
lattice parameters and comparison to those of stoichiometric magnetite
Fe3O4 (0.8396 nm, JCPDS file 19-629) and maghemite g-Fe2O3 (0.8346 nm,
JCPDS file 39-1346) phases. A lattice parameter between those of magnetite
and maghemite indicates that the composition is intermediate between
these two structures. The composition of iron oxide nanoparticles has been
demonstrated to depend on the synthetic method and on the size of the
nanoparticles.61,186,224 For nanoparticles synthesized by thermal de-
composition,233 it has been reported that the small nanoparticles (o8 nm)
are oxidized and have a composition closer to that of maghemite. Nano-
particles larger than 12 nm are composed of a magnetite core with an oxi-
dized shell; the amount of magnetite in the nanoparticles increases with
increasing nanoparticle size. For intermediate sizes (8–12 nm), the com-
position of nanoparticles is intermediate between those of magnetite and
maghemite without a clear core–shell structure and with the occurrence of a
perturbed oxidized state with defects. Similar results are obtained with
nanoparticles synthesized by coprecipitation.224 The composition of nano-
particles smaller than 20 nm is closer to that of maghemite, whereas na-
noparticles larger than 20 nm have core–shell structures with a core of
stoichiometric magnetite surrounded by an oxidized layer. Such features are
consistent with the disappearance of the Verwey transition in zero-field-
cooled and field-cooled magnetic measurement curves (Section 4.5), when
particles are smaller than 20 nm.224

4.4.1.2.2 IR Spectroscopy. Magnetite and maghemite phases can be dif-
ferentiated based on symmetry. Wavenumbers assigned to spinel struc-
tures are in the range of 800 to 400 cm�1. The IR spectrum of
stoichiometric magnetite displays one peak near 570 cm�1. The IR spec-
trum of maghemite, on the other hand, is more complicated due to the
sensitivity of IR spectroscopy to vacancies (Figure 4.24). Indeed, maghe-
mite differs from magnetite by the presence of vacancies within the Oh

sites and the absence of FeII. Maghemite often displays superstructure
forms that arise as a result of cationic and vacancy ordering (Figure 4.23).
Vacancies can be randomly distributed (space group Fdım as in magnetite)
or partially (P4332) or totally ordered (P43212). Thus, maghemite phases
display several bands between 800 and 400 cm�1, and the number and
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resolution of these bands depend on the structural order of the vacancies
in maghemite.8,229,230,234,235 Higher order vacancies correspond to larger
numbers of lattice absorption bands between 800 and 200 cm�1

(Figure 4.24). The IR spectrum of nanoparticles with a lattice parameter
close to that of magnetite, that were identified as core–shell nanoparticles
with a core of magnetite surrounded by an oxidized layer of composition
close to that of disordered maghemite, displays an intense band at around
570 cm�1 with a large shoulder up to 750 cm�1.

4.4.1.2.3 Raman Spectroscopy. Raman spectroscopy enables differen-
tiation of iron-oxide phases.236–240 Magnetite exhibits characteristic bands at
668 and 535 cm�1 assigned to the A1g and T2g transitions that can be dis-
tinguished from maghemite transitions at 720, 500, and 350 cm�1.236–238

4.4.1.2.4 X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-
troscopy (XPS) is a surface-sensitive quantitative spectroscopic technique
that can be applied to a broad range of materials and provides quantita-
tive and chemical information regarding the surface of the material being
studied. The average depth of analysis for XPS is B5 nm. XPS can confirm
the presence and degree of oxidation of elements in nanoparticles.

The Fe2p doublet with binding energy values of 710 and 725 eV implies
the presence of Fe–O bonds, typical for iron oxide. Furthermore, the FeIII and
FeII ions are distinguishable by XPS. When FeII ions are present at a surface,
the satellites of the 2p3/2 peak around 719 eV characteristic of the FeIII ions
in g-Fe2O3 become less resolved. This loss of resolution is due to the main
2p3/2 and 2p1/2 peaks broadening and to the rising intensity at about 716 eV

Figure 4.24 IR spectra between 800 and 400 cm�1 corresponding to the Fe–O bands
of nanoparticles 10 nm in diameter synthesized by thermal decompos-
ition compared to the IR spectra of maghemite (partially disordered
vacancies) and magnetite.
Adapted with permission from A. Walter, A. Parat, A. Garofalo,
S. Laurent, L. Vander Elst, R. N. Muller, T. Wu, E. Heuillard, E. Robinet,
F. Meyer, D. Felder-Flesch and S. Begin-Colin, Part. Part. Syst. Charact.,
2015, 32, 552. Copyright r 2014 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany.

372 Chapter 4



of the satellite for the FeII ions. Moreover, in this case, a shoulder is observed
around 709 eV, the intensity of which decreases when the stoichiometric
deviation in Fe3�dO4 increases.225,241–244 The presence of FeII at the probed
surface of iron oxide is characterized by the absence of satellites around
719 eV between the main Fe 2p peaks. By contrast, this satellite is observed
with a reduction of the contribution around 709 eV in the XPS spectra of
nanoparticles that contain large amounts of magnetite.

4.4.1.2.5 57Fe-Mössbauer Spectroscopy. Mössbauer spectroscopy is the
best method to evaluate the exact deviation from stoichiometry, d, in
Fe3�dO4. The discovery of ‘‘the recoilless nuclear resonance fluorescence of
gamma radiation’’ by Rudolf Mössbauer in 1958245–249 gave rise to the de-
velopment of Mössbauer spectroscopy, a resonance technique giving phys-
ical parameters that are relevant to and useful in materials science. The
high sensitivity and nondestructive behavior make this technique of inter-
est to physicists, chemists, geologists, metallurgists, biologists, and indus-
trial scientists to better understand structural, chemical, magnetic, and
electronic properties of Fe-containing materials. Many books and chapters
have reported the fundamental aspects of the Mössbauer effect and the
physical meaning of Mössbauer hyperfine parameters. They have also il-
lustrated the wide range of interest and applications of transmission
Mössbauer spectroscopy.250–257 This nuclear probing technique can be ap-
plied to materials including frozen solutions, but is not suitable for li-
quids and gases. This spectroscopic technique is sensitive to three
hyperfine interactions that probe nuclei and can be simultaneously ob-
served and quantified in a single Mössbauer spectrum. These interactions
describe how nuclear moments interact with close electronic shells and
atomic environments. One distinguishes electric-monopole interactions re-
sulting in the isomer shift (IS, mm s�1); the electric-quadrupole interaction
causing the quadrupole splitting (QS, mm s�1) of partially two-fold-
degenerate nuclear levels; and the magnetic dipole interaction, which
gives rise to magnetic splitting (hyperfine field Bhf in units of T) of com-
pletely six-fold-degenerate nuclear levels. The nuclear states and typical
Mössbauer spectra (single line, quadrupolar doublet, and Zeeman sextets)
are schematized in Figure 4.25 for 57Fe (excited nuclear state Iex¼ 3/2).

Specific attention needs to be paid to the preparation of samples for
Mössbauer spectroscopy and to the instrumental conditions to optimize the
registration time. Optimal experimental conditions use a thin powdered
layer containing 5 mg of Fe cm�2. This corresponds to the effective absorber
thickness, which does not correspond to the real physical thickness but to
the number of Mössbauer-active atoms per surface unit. This criterion must
be satisfied to prevent thickness effects, which lead to nonhomogeneous
broadening of lines, changes of intensities, and distortions of profiles. In the
case of ferrofluids, attention must be paid to the quantity of Fe and the
cooling conditions to obtain homogeneous distributions of nanoparticles in
a sample. Special care should be applied to nanoparticles that are sensitive
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to atmosphere, in which case the sample holders need to be cleaned in a
glove box and sealed before transfer to a Mössbauer spectrometer to prevent
post-synthesis oxidation. Additionally, studies of ultra-fine nanoparticles
might require insertion in a matrix. This step can improve registration times
because of the recoil effect that is present due to the small size of the par-
ticles and to the interface between nanoparticles and matrix. These issues
need to be considered when interpreting Mössbauer hyperfine structures.

Experimental spectra provide discrimination between the number of Fe
species present in the sample, information relative to chemical bonding and
structural properties, and estimation of respective proportions. The profile
of Mössbauer lines (width and shape) enable conclusions to be made with
respect to crystal quality, chemical composition, chemical disorder (in-
cluding nonhomogeneities, defects, and vacancies), and the topological
nature of the Fe network (for example, crystalline, amorphous, or

Figure 4.25 Nuclear-level ground and excited states and corresponding typical
Mössbauer spectra for a random powdered sample: (top left) in the
case of pure electric monopole interactions between electrons and
protons that give rise to isomer shift d; (top right) in the case of a
non-zero electric field gradient, electric quadrupole interactions result
from the precession of the quadrupole moment and its neighbors
giving rise to a partial degeneracy of excited levels and to a quadrupolar
doublet characterized by quadrupolar splitting D; (bottom left) in
presence of magnetic dipolar interaction, a total degeneracy of
ground and excited states is observed giving rise to Zeeman splitting
into a sextet and the hyperfine field Bhf; and (bottom right) in presence
of combined magnetic-dipolar, electric-monopolar, and electric-
quadrupolar interactions labeled as quadrupolar shift 2e.

374 Chapter 4



nanocrystalline states). The addition of temperature-dependent measure-
ments facilitates monitoring in situ solid-state reactions, electron transfers
and disproportionation mechanisms, spin transitions, structural phase
transitions and transformations (crystallizations), magnetic ordering tran-
sitions, and some electron and magnetic relaxation phenomena.

The recoilless fraction, or Lamb–Mössbauer factor ( f ), and the second-
order Doppler shift need to be taken into account in the estimation of each
Fe species. These parameters are strongly dependent on the binding of the
resonant nuclei in the lattice and vary with the chemical composition of
the phases, the lattice structure, and environmental conditions such as
temperature and pressure. Estimates of the f factor are extrapolated from the
temperature evolution of absorption areas, but they are assumed to be
similar within a single phase containing different Fe species or within dif-
ferent phases.

Furthermore, the application of an external magnetic field during spec-
troscopic measurements can aid in characterizing the orientation of the
moments of Fe, the sign of hyperfine field (parallel or antiparallel to the
magnetic moment),258 the sign of the quadrupolar splitting, and the mag-
netic structures. External magnetic fields can also be used to follow super-
paramagnetic relaxation phenomena from dynamic to blocked magnetic
states in the case of magnetically confined nanostructures.259–262 The in-
tensities of the intermediate lines of the Zeeman sextet are correlated to the
angle between the g-beam and the magnetic Fe moment. The area ratios of
the six lines are given by 3 : p : 1 : 1 : p : 3, where p¼ 4 sin2y/(2� sin2y), where
y is the magnetic Fe moment. The area ratios of the six lines are given by the
ratio of 3 to the propagation direction of the g-beam. Consequently, theo-
retical in-field Mössbauer spectra can be modeled as a function of ideal
magnetic collinear and noncollinear magnetic structures, as illustrated in
Figure 4.26, assuming that the external magnetic field is oriented parallel to
the g-beam. Note that when the external field is applied perpendicular to the
g-beam, the respective relative ratios are inversed; the 3 : 4 : 1 : 1 : 4 : 3 ratio
becomes 3 : 0 : 1 : 1 : 0 : 3 and vice versa. In addition, it is usually observed that
the values of the intermediate intensities differ from 0 or 4 in the case of
collinear magnetic structures because most magnetic structures are canted.
Thus, it becomes possible to directly estimate this angle from in-field
Mössbauer data: the total effective field at the nucleus results from
the vectorial sum of the hyperfine field and the applied field leading to the
following expression: B2

hf¼B2
effþB2

app� 2BeffBapp cosy, which enables the
hyperfine field to be accurately estimated. It is thus possible to conclude
whether the hyperfine field at Fe nuclei is parallel or antiparallel to the
magnetic moment of Fe.

In the case of ferrimagnetic Fe-containing systems, the application of an
external magnetic field enables discrimination of the Fe species located in
octahedral and tetrahedral sites, contrary to zero-field measurements, which
give rise to nonresolved or weakly resolved hyperfine structures. Proportions
are discussed in terms of stoichiometry and cationic distribution, including

Iron-oxide Nanoparticle-based Contrast Agents 375



inversion, and then compared to magnetic measurements, particularly in
the presence of different paramagnetic species.

Elementary applications of Mössbauer spectroscopy in the case of Fe-
containing materials consist of checking whether the sample under study
contains Fe impurities (lower limit is B1% Fe under optimal conditions).
The modeling of spectra consists of describing the hyperfine structure from
a superimposition of elementary quadrupolar or magnetic components
composed of Lorentzian lines. In the case of crystalline samples, this
modeling enables estimation of the number of Fe species, their respective
proportions, and their valence and spin states. However, a first critical an-
alysis of the linewidth enables conclusions to be drawn with respect to
crystal quality: a broadening of lines is usually due to the presence of

Figure 4.26 Theoretical Mössbauer spectra on linear and noncollinear magnetic
structures in presence of an external field applied parallel to the
g-beam: random powder in zero-field (Random), ferromagnetic with
magnetic moments antiparallel [F (Bhfo0)] and parallel [F (Bhf40)] to
the magnetic moment, and antiferromagnetic (AF) structures and
noncollinear magnetic structures of speromagnet (SP), sperimagnet
(SPi), and asperomagnet (Asp).
Adapted with permission from J.-M. Greneche, The Contribution of 57Fe
Mössbauer Spectrometry to Investigate Magnetic Nanomaterials, in
Mössbauer Spectroscopy, ed. Y. Yoshida and G. Langouche, Springer,
Heidelberg, 2013, p. 187. Copyright r 2013 Springer-Verlag Berlin
Heidelberg. With permission of Springer.
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chemical inhomogeneities in the form of vacancies, defects, or atomic dis-
order. Temperature-dependent studies under controlled atmosphere must
be performed to establish the temperature-dependence of hyperfine par-
ameters, which is needed to provide evidence of structural or spin-state
transitions, electron transfers, and magnetic ordering of Fe moments. Re-
sults need to be compared to the predictions established from X-ray dif-
fraction; any disagreement larger than the error bars on the proportions
must be considered in terms of defective chemical compositions or stoi-
chiometric effects. In the case of topologically disordered systems, the
broadening and overlapping of lines needs to be described and modeled
with discrete distributions of either quadrupolar splitting or hyperfine
fields. When the profile of a spectrum is asymmetrical, a linear correlation
should be performed with that of isomer shifts. The ratio hD2i/hDi2 is a
parameter used to quantify topological disorder and enable conclusions to
be made with respect to material behaving as amorphous.263

In addition to the usual applications of 57Fe-Mössbauer spectroscopy,
discrimination between surfaces and interiors and between static and dy-
namic magnetic effects is of interest for magnetic nanoparticles.262,264–274

The comparison of zero-field and in-field Mössbauer spectra provides
models of the surface from structural and magnetic points of view; numer-
ous such studies have been performed on maghemite and ferrite nano-
particles. Nevertheless, experiments at room temperature can be suitable to
provide information regarding the nature of assemblies of nanoparticles.
The presence of both quadrupolar and magnetic features with broadened or
asymmetrical lines can be explained according to two main situations: (i)
nanoparticles with different sizes, i.e. a mixture of nanoparticles exhibiting
fast and slow superparamagnetic relaxation phenomena and static magnetic
effects, or (ii) a mixture of noninteracting, weakly interacting, and strongly
interacting nanoparticles resulting in well-dispersed, rather close, and ag-
gregated nanoparticles, respectively. One way to identify the more realistic
explanation of the two situations can be obtained from TEM by imaging
hundreds of nanoparticles. A second method is to apply a small magnetic
field (typicallyo0.5 T) to the sample to determine if the magnetic fraction is
increased. Dynamic and static effects are influenced by external fields if the
external magnetic fields are large enough.

Analysis of hyperfine structures resulting from zero-field and in-field
Mössbauer spectra enabled characterization of the nonchemical homogeneity
within monodisperse nanoparticles. An illustration of the usefulness of this
characterization is found with some CoFe2O4 nanoparticles prepared by
thermal decomposition.275 In this case, in-field Mössbauer hyperfine struc-
tures were modeled using joint distributions of canting angles and effective
fields for both tetrahedral and octahedral Fe sites. This modeling enabled
estimation of the respective hyperfine fields that were consistent with the
zero-field Mössbauer spectrum obtained at the same temperature. Such a de-
scription gives rise to a nonhomogeneous cationic distribution with an excess
of Co and Fe in the central and external part, respectively, of nanoparticles.
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Because surface contributions are enhanced in confined systems, the oc-
currence of an Fe-oxide layer covering metallic nanoparticles, its chemical
composition and its thickness can be evidenced by Mössbauer spectroscopy.
Depending on the procedure by which they are synthesized, magnetite
nanoparticles can rapidly undergo oxidation to yield nonstoichiometric
magnetite (Fe3O4:Fe21Fe31

2O4) or maghemite (g-Fe2O3:Fe31
2O3). X-ray

diffraction is not suitable to distinguish between those two phases and to
estimate their proportions because the lattice parameters are not different in
the bulk state. The mean isomer shift value is a crucial parameter to de-
termine the mean valence state and, consequently, the mean stoichiometry
or the proportions of both magnetite and maghemite in a core–shell model.
However, this naive description gives rise to an estimation of the thickness
of maghemite shells (about 3 nm), which has been found to be rather in-
dependent of the size and morphology of nanoparticles and on the chemical
route and is thus likely inaccurate.196,197,224,225

A second fitting model considers two components corresponding to those
of ideal magnetite and maghemite, as illustrated in Figure 4.27. Fitting ex-
perimental data with this model implies that Fe-oxide nanoparticles smaller
than 6 nm consist only of maghemite except those synthesized under mi-
crooxic conditions; no magnetite is present in ultrasmall nanoparticles. This
conclusion contradicts reports that concluded that the disappearance of the
Verwey transition results from confined effects.

In addition, the mixed analysis of hyperfine structures characteristic of
nonfunctionalized and functionalized nanoparticles provides information
regarding the chemical bonds between the core and the grafted molecules
that can be compared to some predictions established from ab initio cal-
culations.197,276,277 Figure 4.28 illustrates the Mössbauer spectra of maghe-
mite recorded at 77 K before and after grafting with dopamine: one new
magnetic component suggests that the dopamine is linked to the octahedral
Fe unit and that a partial electron transfer occurs. Those two features are
consistent with ab initio predictions277 (see Figure 4.28).

The magnetic properties characteristic of the bulk and surface of nano-
particles can be obtained from analysis of in-field Mössbauer spectra as-
suming a core–shell magnetic structure. The external magnetic field must be
strong enough to overcome superparamagnetic relaxation phenomena and
to split the zero-field hyperfine structure into a well-resolved, in-field hy-
perfine structure (typically 8–10 T). Surfaces cause a breaking of symmetry
and, thus, a loss of neighbors. Surfaces also lead to distortions of structural
lattices, giving rise to changes of interatomic distances and contributing to
changes of magnetic moments. Interactions between superficial magnetic
moments are modified by surfaces, and topological frustration plays an
important role in favoring noncollinear magnetic moments. The core–shell
model assumes a shell with randomly oriented magnetic moments and a
core with ideally oriented magnetic moments parallel or perpendicular
to the external magnetic field. Thus, in-field hyperfine structures can be
decomposed into two magnetic components: one reflecting a random
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Figure 4.27 Examples of Mössbauer spectra at (left) 300 and (right) 77 K. The bottom spectra show decomposition into several
components as generally done with a nonstoichiometric magnetite phase, and the top spectra were modeled assuming
two stoichiometric phases as maghemite and magnetite. The insets show the differences of the left outermost lines and the
hyperfine spectra for these two phases.
Adapted with permission from T. J. Daou, S. Begin-Colin, J. M. Greneche, F. Thomas, A. Derory, P. Bernhardt, P. Legaré and
G. Pourroy, Chem. Mater. 2007, 19, 4494. Copyright (2007) American Chemical Society.
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Figure 4.28 57Fe-Mössbauer spectra of maghemite particles (bottom) and their related nanohybrids resulting from dopamine grafting
(top) recorded at 77 K. (right) Ionicity of the system, estimated by 0.5 isosurface of reduced density gradient (EPLF) in
LDAþU.277

Adapted with permission from J. Fouineau, K. Brymora, L. Ourry, F. Mammeri, N. Yaacoub, F. Calvayrac, S. Ammar-Merah
and J.-M. Greneche, J. Phys. Chem. C, 2013, 117, 14295. Copyright (2013) American Chemical Society.
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distribution of magnetic moments with line area ratios of 3 : 2 : 1 : 1 : 2 : 3 and
the second one typical of a saturated system as illustrated in Figure 4.29,
which is attributed to the shell and core contributions. Such a model has
been applied to nanoparticles of g-Fe2O3 maghemite, which are ferri-
magnetic.278–282 The thickness of the canted magnetic superficial layer can
be estimated from e¼ r/2sin2y (assuming e{r), where r and y represent the
mean radius of the nanoparticles and the angle between the hyperfine field
held by the nucleus probe and the propagation direction of the g-beam,
respectively. Figure 4.29 illustrates a series of in-field Mössbauer spectra
obtained on dispersed nanoparticles of maghemite, i.e. noninteracting
nanoparticles, with different sizes.279 The intensities of intermediate lines
increase when the size decreases, suggesting that the canting of Fe magnetic
moments increases: smaller sizes correlate to larger surface/volume ratios,
suggesting that canting originates from the surface. It is important to

Figure 4.29 In a 6 T field, Mössbauer spectra of maghemite nanoparticles of
different sizes. The sizes are mentioned on the left.
Adapted with permission from Hyperfine Interactions, Spin Canting in
g-Fe2O3 Nanoparticles, Volume 112, 1997, 97-100 E. Tronc, P. Prené,
J. P. Jolivet, J. L. Dormann and G. M. Greneche. Copyright r 1998,
Kluwer Academic Publishers. With permission of Springer.
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emphasize that the zero intensity of intermediate lines does not mean that
there is no canting but that the surface/volume ratio is too small to be
observed.

The examples highlighted in this section illustrate how zero-field and in-
field transmission Mössbauer spectroscopies provide information to
understand the chemical, structural, and magnetic properties of individual
and assemblies of magnetic nanoparticles. A particular application is the
understanding of mixed magnetite and maghemite nanoparticles. Never-
theless, those results require improvement of experimental conditions and
instrumental facilities, and special attention and particular strategy in
modeling the hyperfine structures, which is a delicate task. In addition,
complementary techniques, including field-cooled and zero-field-cooled
magnetic measurements and X-ray magnetic circular dichroism, are neces-
sary to compare Mössbauer results, requiring that the measured samples be
previously characterized by X-ray diffraction and TEM. Finally, Monte Carlo,
ab initio, and molecular dynamics computer modeling are also useful to
study magnetic nanoparticles.

4.4.1.2.6 HAADF-STEM, EDX, and EELS. If analytical information is re-
quired to characterize nanoparticles, it can be obtained with the HAADF-
STEM incoherent imaging mode due to the direct dependence of the
image intensity on the atomic number.283 However, a large number of
multiphase or heterogeneous particles are composed of elements with
relatively close atomic numbers, which does not make HAADF-STEM to-
mography efficient. In these cases, the chemical composition of nano-
particles can be probed using energy dispersive X-ray spectroscopy (EDX)
at the nanoscale and even at the atomic scale, depending on the spot size
and intensity available in the STEM mode.284 High levels of chemically
resolved spatial resolution and chemical sensitivity are possible using
electron energy loss spectroscopy (EELS) and the related technique energy-
filtered TEM (EFTEM). These techniques can be implemented on trans-
mission electron microscopes equipped with electron spectrometers for
the determination of the chemical composition of nanoparticles as well as
their electronic and optical properties. For light elements such as oxygen
for which the EDX analyses are not efficient, the acquisition of chemical
maps by EELS is the best way to obtain spatially solved compositional in-
formation.285 As a representative example, EELS analysis of copper phos-
phide nanoparticles, synthetized by the reaction of preformed copper
nanoparticles with P4, is shown in Figure 4.30.207 Two-dimensional ana-
lyses by EELS have been performed, using the EFTEM imaging mode. By
superimposing the two-dimensional chemical maps of the three elements
of interest (P, O, and Cu), visualization of their relative distribution is ob-
tained that illustrates the core–shell structure of the nanoparticles, with a
core composed of copper and a shell constituted by Cu3P, which is par-
tially oxidized on the surface due to air exposure.
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4.4.2 Characterization Techniques for Nanoparticle Coatings

It is important to characterize the coatings of nanoparticles and nature of
the bonds formed between the coupling or anchoring groups and the sur-
faces of nanoparticles. Anchoring groups have different binding affinities
that affect the final properties of nanoparticles (Sections 4.3.2 and 4.3.3).
Strong anchoring groups tend to favor high densities of molecules at the
surfaces of nanoparticles and, thus, promote stability, anti-biofouling abil-
ity, and high loading of bioactive molecules. For example, when the density
of polyethylene glycol (PEG) reaches a threshold, nonspecific adsorption of
protein to the nanoparticles is largely prevented.286,287

In this section, the main characterization techniques used to confirm the
grafting of molecules are detailed. These include IR spectroscopy, thermo-
gravimetric analysis (TGA), dynamic light scattering (DLS), zeta potential
measurements, transmission electron microscopy (TEM), photoemission
spectroscopy (XPS), and elemental analysis. Elemental analysis brings valu-
able information regarding the presence of molecules and the grafting rate

Figure 4.30 Core–shell structure of copper phosphide nanoparticles: Left: Two-
dimensional relative map of the studied object with phosphorus in
red, copper in green, and oxygen in blue. The left inset shows the TEM
image of the nanoparticles. The right inset is a scheme of the particle
structure. Right: elemental projections for each element obtained after
background extraction from the total inelastic signal of the corres-
ponding EELS.
Adapted from ref. 207 with permission from The Royal Society of
Chemistry.
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when specific elements of molecules such as N, Si, and P are quantified with
respect to iron. The combination of these techniques is useful for demon-
strating the presence of the molecules at the surfaces of nanoparticles, but
evaluation of the strength of anchoring remains a difficult challenge.

4.4.2.1 Fourier Transform Infrared Spectroscopy

IR spectroscopy is a suitable technique to characterize both iron oxide
nanoparticles and their molecular and polymer coatings. Typically, the
presence of iron oxide is confirmed by the presence of Fe–O bands in the
range of 800–200 cm�1 that usually do not overlap with the vibration bands
of organic or polymer coatings. Magnetite (Fe3O4) displays one broad band
located at 580–590 cm�1, whereas maghemite (g-Fe2O3) displays several
bands between 800 and 400 cm�1 that vary in number and resolution de-
pending on the structural order of vacancies.85,234

The first step in confirming the presence of a coating at the surface of
nanoparticles is to compare the IR spectra of molecules to those of nano-
particles coated with the same molecules after purification. The character-
istic bands of the molecules of the coating need to be identified in the IR
spectra of purified, functionalized nanoparticles. The IR signatures of the
coating depend on their structure, their functional groups, and on the types
of bonds formed with the Fe–OH surfaces. Thus, the evolution of IR bands of
the anchoring groups, with respect to shifts of position and changes in in-
tensity, must be carefully investigated to determine the nature of surface
complexes.

For silane coatings, IR spectroscopy is helpful to characterize the for-
mation of Si–O–Fe bonds at the surfaces of iron oxide nanoparticles and
Si–O bonds formed within polysiloxane shells. Usually, the appearance of
bands between 1000 and 1150 cm�1 in the IR spectra after ligand exchange
are attributed to Si–O–Si vibrations, confirming the presence of silane
coatings. Alkyl chains of organosilanes display typical bands near 2920 and
2850 cm�1, which are attributed to the asymmetric and symmetric, re-
spectively, CH2 stretching bands. For silica shells coated around inorganic
cores, IR spectroscopy can be used to characterize the formation of Si–O–Si
matrixes, which typically vibrate in the range of 1000 to 1100 cm�1.156,159

For molecules bearing carboxylate groups as anchoring agents, inter-
actions of carboxylates with the surfaces of nanoparticles are confirmed by
the appearance of asymmetric and symmetric COO� stretching bands of
metal carboxylates between 1700 and 1400 cm�1. These asymmetric
nas(COO�) and symmetric ns(COO�) bands are usually observed in the ran-
ges of 1650–1500 cm�1 and 1440–1340 cm�1, respectively. The wavenumber
difference (Dn) between the nas(COO�) and ns(COO�) bands enables identi-
fication of the type of carboxylate surface complex, which can be mono-
dentate (Dn¼ 200–320 cm�1) with one metal ion coordinated by one
carboxylic oxygen atom, bidentate (Dn¼o110 cm�1) with one metal
ion coordinated by two oxygens of the same carboxylate, or bridging
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(Dn¼ 140–190 cm�1) with two metal ions coordinated by two oxygens of the
same carboxylate.288 The nature of the carboxylate complex depends on
parameters such as the coating strategy and the synthetic method used to
form the nanoparticles. Most reported surface complexes are either bridging
or bidentate.289

Dopamine-based molecules are stable anchors for iron oxide nano-
particles.172 The mechanism of catecholate bonding has been studied for
several years, and different interactions of catecholate groups with surfaces
have been proposed: monodentate (one of the two catechol O� groups binds to
a metal cation with loss of a proton), bidentate (two oxygen atoms in catechol
bind to a single metal ion), bridging (both O� groups coordinate to two ad-
jacent metal cations with loss of two protons), or hydrogen bonding.290 The
type of complex depends on the pH. Bidentate interactions are favored at
pH45 but promote dissolution of surface iron oxide. That observation might
explain some problems reported with respect to the stability of this bond in
water and biological fluids after long exposure periods.291–294 In IR spectra, the
comparison between free molecules and grafted molecules at the surfaces of
nanoparticles shows a strong characteristic band between 1650 and 1600 cm�1

attributed to the asymmetric n(C–O) stretching vibration of the catecholate
function coupled with the n(C¼C) vibration of the alkene function. These vi-
brations are related to the formation of a coordinate bond between atoms on
the surfaces of nanoparticles and the catecholate aromatic ring.293,294 The vi-
bration bands corresponding to C¼C stretching between 1550 and 1650 cm�1

and vibration bands corresponding to C–O stretching and bending (between
950 and 1300 cm�1) also appear modified upon surface binding.

P–OH and P¼O bonds in phosphonate-containing molecules are charac-
terized by the presence of bands at 900–1000 and around 1200–1250 cm�1,
respectively.85,197,295,296 However, clear identification of P–O bands is dif-
ficult because the bands overlap with bands from other groups, such as
phenyl, C¼C, C–C, and C–H bands. IR characterization of phosphonate-
containing molecules at different synthetic steps might be possible via
monitoring of the phosphonate bands in the 1250–800 cm�1 region. Com-
parison of phosphonate bands before and after grafting mostly reveals that
phosphonate bands evolve, but unambiguous identification of the surface
interactions is difficult. IR characterization of phosphonate-containing
dendrons (named D1 in Figure 4.31) at different synthetic steps enabled
identification of the P¼O band around 1200 cm�1 and the P–OH bands at
1020 and 999 cm�1.84,85 After dendronization of two types of iron oxide
nanoparticles, the intensity of the P¼O band decreased, the P–OH bands
disappeared, and new bands appeared due to a modification of the electron
density around the atoms with the formation of Fe–O–P bonds. For nano-
particles synthesized by thermal decomposition, two bands were clearly
observed at 1047 and 985 cm�1 and were attributed to Fe–O–P bonds. For
nanoparticles synthesized by coprecipitation, only one Fe–O–P band was
identified at 975 cm�1 with the second Fe–O–P band likely contained within
the shoulder (around 1050 cm�1) of the band at 1109 cm�1 (attributed to the
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aromatic C–C bonds). Based on the IR results, the phosphonate surfaces
were possibly binuclear for both types of nanoparticles. However, hydrogen
bonding might also be responsible for the shift or intensity decrease of the
P–OH and P¼O peaks. The combination of IR and XPS spectroscopies en-
ables stronger conclusions to be drawn, as explained below.

4.4.2.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is used to validate the successful
coating of nanoparticles by considering C1s, O1s, N1s, P2p, and Fe2p
spectra.83 The C1s spectrum typically displays peaks at B285, 286.5, 288.8,
and 289.5 eV, attributed to atoms in C–C, C–H, C–O (ester bonds), O–C¼O,
and C¼O (carbonyl) bonds.297 The C1s peak attributed to C–C and C–H
bonds is generally used as reference and fixed at 285 eV. Carbonates at the
surface of nanoparticles produce bands at B290 eV. The appearance of C–N
and N–C¼O peaks at 285.8 and 287.3 eV, respectively, is due to the presence
of amines and amides.

The consideration of O1s peaks is not the most suitable way to dis-
criminate between the types of complex formed at the surfaces of

Figure 4.31 P2p XPS spectra of NP@D1 and D1 (left) and of NPcop@D1 and D1
(right) with D1 corresponding to a dendron-bearing phosphonate
anchoring agent, NP to nanoparticles synthesized by thermal decom-
position and NPcop to nanoparticles synthesized by co-precipitation.
Adapted from ref. 83 with permission from The Royal Society of
Chemistry.
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nanoparticles. The O1s peak of uncoated iron oxide nanoparticles syn-
thesized by coprecipitation was deconvoluted into four spectral bands at
530.1, 531.0, 532.1, and 533.7 eV attributed to lattice oxygen (O2�) (Fe–O–Fe)
in the metal oxide, hydroxides (Fe–OH), water (Fe–OH2), and carbonates,
respectively, at the surface of iron oxide. Carbonates lead to an O1s band at
533.2 eV in correlation with the C1s band at 290 eV. After coating nano-
particles, the presence of supplementary peaks due to the coating molecules,
such as the peak at 286.6 eV indicating the presence of C–O bonds mainly
from PEG chains, confirms successful coating, even if the carboxylate an-
choring is difficult to analyze by this technique. Apart from the presence of Si
in the XPS spectrum, silane coatings lead to the appearance of two pro-
nounced peaks in O1s spectra at B531.5 and B532.5 eV. These peaks are
located at approximately þ2 eV with respect to the principal Fe–O peak
(B530 eV) and can be assigned to Fe–O–Si and Si–O bonds, respectively.298

After grafting phosphonate-containing molecules, a peak located at a bind-
ing energy of B531.5 eV is observed, corresponding to the contribution of
P–O bonds (P¼O, P–OH, and Fe–O–P). These observations are in agreement
with bibliographic data that report the binding energies of M–O–P
(M¼metal), P¼O, and P–OH to be in the range of 531.3 to 532.2 eV. 85,197

The P2p spectra of phosphonate-containing molecules exhibit two
peaks at B133.8 and 134.7 eV, corresponding to P2p3/2 and P2p1/2,
respectively.83,197,299,300 The P2p3/2 and P2p1/2 peaks present low binding
energy differences between both 3/2 and 1/2 components due to a spin-orbit
coupling of about 0.9 eV. When the molecules are grafted, a shift of the
peaks towards lower binding energies is observed, and this shift is charac-
teristic of the formation of P–O–Fe bonds. The value of the shift can be
correlated to anchoring strength. For example, the P2p spectrum
(Figure 4.31) of phosphonate-containing dendrons exhibits two components
at B133.8 and 134.7 eV, corresponding to P2p3/2 and P2p1/2, respectively.
When the dendrons with phosphonate anchoring agents were grafted onto
iron oxide nanoparticles, a broadening and a shift of the peaks towards
lower binding energies were observed. These changes were characteristic of
the formation of P–O–Fe bonds.299 The observed shifts are consistent with
oxygen atoms in a more shielded environment than for the single molecule
(D1). The shielding likely arises because the oxygen atoms are linked not
only to phosphorus but also to the iron ions in the nanoparticles. The en-
vironment of the phosphorus atoms is less electronegative; therefore, the
energy required to remove an electron from 2p core levels of phosphorus
atoms is reduced, decreasing the binding energy. However, the shift ob-
served with nanoparticles synthesized by coprecipitation was higher than
that observed with nanoparticles synthesized by thermal decomposition.
This difference demonstrates that the phosphonate surfaces differed de-
pending on the type of nanoparticle.197 On the basis of the XPS and IR data,
tri-nuclear complexes were suggested for nanoparticles synthetized by co-
precipitation. In N1s spectra, peaks can appear at 400 and 406.08 eV, and
these are attributed to tertiary nitrogen and amine bonds, respectively.
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4.4.2.3 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) enables estimations of the mass
fraction between organic coatings and inorganic nanoparticles. In TGA,
samples are heated from ambient temperature to B1000 1C in the range of
5–20 1C min�1, and loss of mass due to degradation of organic components
is recorded as a function of temperature. TGA is not relevant for iron oxide
core–silica shell nanoparticles because silica is highly stable over the range
of temperatures used with TGA. TGA is usually performed under an at-
mosphere of N2 to limit oxidation.

Observed weight loss is evidence supporting the presence of organic
coatings and can be used to evaluate grafting rates. For example, TGA was
used to estimate the mass fraction of grafted silanes at the surface of cobalt
ferrite nanoparticles.144 Weight losses of the nanoferrite nanoparticles
grafted with silanes containing PEG, amines, or carboxylates were in the
range of 70–80%. The number of silane ligands per particle was calculated to
be 2201, 6712, and 2495 silanes per particle for these three ligands. The
authors reported that the surface coverage obtained after silane grafting was
explained by the formation of a multilayered polysiloxane shell. It is im-
portant to compare experimental grafting rates with theoretical ones (using
the molecular surface area) to distinguish between monolayer or multilayer
coatings.

4.4.2.4 Dynamic Light Scattering and Zeta Potential

Dynamic light scattering (DLS) and zeta-potential measurements are usually
used concomitantly to confirm the grafting of molecules and to establish the
colloidal stability of nanoparticles dispersed in aqueous solutions (Section
4.4.1.1). In DLS, the light scattering by nanoparticles in solution is used to
sense Brownian motion, which is used to provide information about dif-
fusion coefficients and dynamic size distributions. When the size of grafting
molecules is large enough, the particle size distribution of coated nano-
particles shifts towards larger sizes relative to nanoparticles before coating.

Zeta potential is defined as the electrical potential at the slipping plane of
the double ionic layer of the coated nanoparticles (Section 4.4.1.1). In zeta
potential measurements, by applying an alternative electric field, the elec-
trophoretic mobility of the coated iron oxide-nanoparticles dispersed in
aqueous solutions can be measured. Application of the Henry equation de-
termines the zeta potential. In a first approximation, the zeta potential
measurements give an indication of the surface charge of the coated nano-
particles. When zeta potential values are larger than 30 mV in absolute value,
suspensions of nanoparticles bearing charged groups generally have high
colloidal stability, which is ensured by electrostatic repulsions. Nevertheless,
nanoparticles coated with non-charged polymers or molecules can have high
colloidal stability that is ensured by steric repulsions, even with zeta po-
tential values below 30 mV. Zeta potential measurements also enable

388 Chapter 4



evaluation of the isoelectric point of the coated iron oxide nanoparticles,
which correspond to the pH at which the zeta potential is equal to 0 mV.
These studies are performed by measuring zeta potentials at different values
of pH. The isoelectric point is an important parameter when evaluating the
colloidal stability of coated iron oxide nanoparticles. After coating, the iso-
electric point of iron oxide nanoparticles is generally shifted. This shift
provides evidence of coating. It is because their isoelectric point is around
6.8–7 that naked iron oxide nanoparticles are not stable in suspensions at
physiologically relevant pH.

Zeta potential measurements are well-suited to characterize the surface
charge of different grafted silanes, including PEG silanes, aminosilanes, and
carboxysilanes.144 For carboxysilane-coated iron oxide nanoparticles, the
isoelectric point is at pH 3.1 (Figure 4.32). This value is expected given the
typical pKa of carboxylic acids (B4.5). The constant value of the zeta potential
of approximately �30 mV above pH 5 ensures the colloidal stability of car-
boxysilane-coated iron oxide nanoparticles. For aminosilane-modified iron
oxide nanoparticles, the isoelectric point is close to 10.4. Zeta potential is
close to þ40 mV for pHo6. These observations explain the colloidal stability
of these nanoparticles in acidic aqueous media. Because PEG coatings are
neutral, the isoelectric point of PEG-coated iron oxide nanoparticles (B8) is
intermediate between the other two coatings in the study. The effect on zeta-
potential values of a silica coating on the surface of iron oxide nanoparticles
was also investigated.156 The isoelectric point shifted from B7 to 2 after
coating with silica. The silica-coated iron oxide nanoparticles displayed a
high colloidal stability in water in a wide range of pH valuesZ3.

Figure 4.32 (Left) Evolution of zeta-potential measurements as a function of pH for
three silanes modified with different end groups: carboxylate, PEG, and
amine. (Right) Effect of a silica coating on the zeta potential of iron
oxide nanoparticles measured as a function of pH.
Adapted with permission from (left) R. De Palma, S. Peeters, M. J. Van
Bael, H. Van den Rul, K. Bonroy, W. Laureyn, J. Mullens, G. Borghs and
G. Maes, Chem. Mater. 2007, 19, 1821. Copyright (2007) American
Chemical Society; and (right) S. L. C. Pinho, G. A. Pereira, P. Voisin,
J. Kassem, V. Bouchaud, L. Etienne, J. A. Peters, L. Carlos, S. Mornet,
C. F. G. C. Geraldes, J. Rocha and M.-H. Delville, ACS Nano, 2010, 4,
5339. Copyright 2010 American Chemical Society.156
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4.4.2.5 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a choice method to image in-
organic or dense coatings at the surfaces of iron oxide nanoparticles. Typi-
cally, nonporous-silica- or mesoporous-silica-coated iron oxide nanoparticles
are well suited for TEM. TEM enables determination of the thickness of
silica shells with resolution below the nm scale. For mesoporous silica
coatings, TEM can also be used to visualize pore distributions. However,
TEM of an organic coating is not useful because organic coatings are typi-
cally transparent to electron beams. Nevertheless, when a polymer shell is
particularly dense, it can sometimes be imaged using TEM by adjusting the
TEM parameters to limit the degradation of the organic shell.86

The development of iron-oxide-based nanoparticles for biomedical ap-
plications faces several challenges with respect to the design of organic
coatings and grafting onto the surface of nanoparticles. Indeed, molecules
anchored at the surfaces of nanoparticles must provide functionalities for
further grafting of dyes for optical imaging, targeting ligands to reach spe-
cific tissues or cells, or therapeutic agents for drug delivery. However, in
addition to the design of bioactive molecules, grafting of these molecules
must be controlled to ensure hydrodynamic sizes are kept below 100 nm to
achieve favorable biodistribution. In addition, strong bonds between mol-
ecules and nanoparticles must be confirmed to avoid their desorption after
in vivo injection. The mean hydrodynamic size (smaller than 100 nm) of
coated nanoparticles depends on the nature of the grafted molecules and on
the grafting strategy. To be used as a contrast agent for MRI, iron oxide
nanoparticles must also display large values of saturation magnetization. All
of these parameters (size distribution, mean size, shape, composition,
hydrodynamic size, magnetic properties, and coating efficiency) are im-
portant to control and require the combination of different characterization
techniques described in this chapter.
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4.5 Magnetic Characterization

VLAD SOCOLIUC, VICTOR KUNCSER,* RODICA TURCU AND
LADISLAU VÉKÁS*

4.5.1 Magnetic Parameters of Iron Oxide Nanoparticles of
Interest to MRI

Superparamagnetic iron oxide nanoparticles have a diverse set of potential
biomedical applications, including functional MRI, hyperthermia treatment
for malignant cells, magnetic drug targeting, and manipulation of cell
membranes.13,301,302 The unique advantages of iron oxide nanoparticles
compared to other biomedical materials are related to the possibility of
designing a large diversity of multifunctional magnetoresponsive nano-
systems303–305 that could be able to satisfy both diagnostic and therapeutic
purposes. These so-called nano-theranostic systems can contain both a drug
and an imaging agent within a single formulation, and are potentially
suitable for monitoring drug delivery, drug release, and drug efficacy. The
choice of materials and structures for theranostic systems is constrained by
biocompatibility, biodistribution, pharmacokinetics, toxicity, and clearance.
For biomedical applications, iron oxide nanoparticles are coated and func-
tionalized with organic molecules that can have therapeutic or targeting
purposes or can aid with colloid stabilization, biocompatibility, or blood
circulation time.302,304,306 Nevertheless, the magnetic core has a main
actuation role. It is sensitive to static magnetic field distributions (for ex-
ample, for magnetic separations or in magnetic-field-based drug targeting)
and can be activated under AC magnetic fields (for instance, for locally in-
duced drug release and hyperthermia treatments). The core also influences
the fluctuation of the local magnetic fields, hence its ability to act as contrast
agents for magnetic resonance imaging.

The majority of MRI is based on the idea that the nuclear magnetic mo-
ment of protons in different tissues, which all contain water and hence 1H
nuclides, relax differently after the absorption of an incident photon of
radio-frequency.16,299,302,307,308 Magnetic relaxation, including nuclear re-
laxation, corresponds to the return to thermodynamic equilibrium of a spin
system, nuclear spin in the case of nuclear relaxation, after being excited
by an absorbed energy (see Chapter 2.1). For 1H-MRI, signal intensity
depends on the concentration of protons and nuclear relaxation times.
A longitudinal, temperature-dependent spin-lattice relaxation time, T1, and a
transversal, spin-spin relaxation time, T2, are defined for nuclear relaxation.
Because each tissue has a unique water content with protons in different
molecular environments, maps of signal intensities in MRI reflect the
composition of the analyzed tissues. However, when imaging a single tissue,
the contrast can be modulated only via the two relaxation times of the
protons and the density of the proton nuclei. If an additional relaxation
channel is available, as introduced by a contrast agent, the relaxation time
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Ti is always decreased (according to the summation of transition prob-
abilities via the two parallel channels). For a unitary report, independent of
the concentration of the contrast agent, relaxivity is defined as the ratio
between the transition probability R¼ 1/T and the molar concentration of
the contrast agent [C] (Chapter 2.1). Accordingly, the proton relaxivity in the
presence of the contrast agent is shown in eqn (4.14), where i¼ 1 or 2 for the
longitudinal and transversal, respectively, relaxation times (R) and relaxiv-
ities (r).

ri¼ r0
i þ rad

i ¼
1
½C�

1
Ti
¼ 1
½C�

1
T0

i

þ 1
Tad

i

� �
(4:14)

In eqn (4.14), r0
i is the usual proton relaxation channel (without the

presence of the contrast agent), and r0
i is the additional relaxation channel

due to the presence of the contrast agent. When looking to a contrast agent
as surrounded by water molecules (protons) arranged in successive co-
ordination spheres, the additional relaxation mechanism can be assumed to
present two contributions, one coming from the first coordination sphere
(inner sphere) and the other from the next coordination spheres (outer
sphere). For molecular contrast agent such as the majority of GdIII-based
contrast agents, the inner-sphere contribution is the primary contribution to
spin-lattice relaxation (Chapter 2.1). For large-sized iron oxide contrast
agents, on the other hand, the outer-sphere contribution is the major con-
tributor to relaxivity (Section 4.1.2).

An important component of T1- and T2-shortening contrast agents is the
presence of uncompensated electron spins, or magnetic moments, that in-
fluence the relaxation of nearby protons. The inner-sphere relaxivity model is
described by the Solomon–Bloembergen theory,309,310 and the outer-sphere
relaxivity model is described by Freed theory.49 In both models, the relax-
ivities are proportional to the square of the effective spin (magnetic moment)
of the contrast agent and the square of its gyromagnetic factor, and hence its
Landee factor g. Therefore, contrast agents with large spin values and high
magnetic moments tend to be more efficient contrast agents. One of the ions
with the highest spin value (S¼ 7/2) and reasonable g factor is GdIII. How-
ever, GdIII is toxic in the hydrated form [Gd(H2O)8]31. Therefore, to minimize
toxicity while maintaining magnetic properties, paramagnetic GdIII com-
plexes are widely used.311 These complexes are thermodynamically stable,
inert complexes with the complexing ligand leaving a free coordination site
such that water can interact with the metal ion. Relaxation mechanisms for
different commercially available GdIII-based paramagnetic complexes have
been discussed elsewhere.312

Superparamagnetic contrast agents, iron oxide nanoparticles in nano-
meter size regime, have higher magnetic moments than GdIII complexes. In
superparamagnetic nanoparticles, the superspin of the whole nanoparticle
is a summation of the spins in each unit cell. The relaxivity of such
nanoparticles is the result of the dipolar interactions between the many
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proton spins in the outer-sphere water molecules and the superspin of the
contrast agent. As discussed in Section 4.1.2, only the outer-sphere com-
ponent of relaxivity has to be taken into account for iron oxide nano-
particles. The longitudinal relaxivity in the outer-sphere model is given by
eqn (4.15).312

r ad
1 pFS2

eff [7j(oStD)þ 3j(oHtD)] (4.15)

In this equation, F is a factor that depends on the nuclear and electronic
gyromagnetic factors as well as on the nuclear spin, Seff is the effective
spin of the contrast agent, which is proportional to its effective magnetic
moment, oH is the angular frequency of the proton, which is equal to the
nuclear Larmor frequency (in the MHz range for MRI), and oS is the angular
frequency of the superspin. oS is directly related to the magnetic relaxation
time of the superspin, t, by oS¼ 1/t. The translational correlation time,
tD¼ d2/4D, takes into account the relative molecular diffusion constant of
the contrast agent (D) with respect to the solvent and the distance between
the relaxing water molecule and the contrast agent. For nanoparticles, this
distance is approximated as d/2 where d is the diameter of the nanoparticle.
The functions j in eqn (4.15) can be expressed by eqn (4.16):
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In this equation, o is either oH or oS. According to eqn (4.15) and (4.16),
the relaxivities of superparamagnetic contrast agents depend on two main
magnetic parameters: (i) the effective magnetic moment and (ii) the specific
magnetic relaxation time. A peculiar case of the static magnetic fields ap-
plied in MRI, which is on the order of 1 T, is observed with iron oxide na-
noparticles with uniaxial anisotropy. For these nanoparticles, the superspins
are usually kept only along the field direction, leading to quite long relax-
ation times (tD{t). Hence, except for ultrasmall superparamagnetic iron
oxide (USPIO) nanoparticles, which have high longitudinal relaxivity and can
behave as positive contrast agents, larger superparamagnetic iron oxide
nanoparticles are only effective as negative contrast agents because of their
higher transversal relaxivity. This is because r2cr1 in connection with eqn
(4.15) providing rad

1 -0.
Quantum mechanical treatment of magnetic dipolar interactions be-

tween nuclear and electronic spins indicates that transverse relaxivity
can be expressed in two different regimes,13,313,314 namely the motional
averaging regime and the static dephasing regime. An angular frequency
shift experienced by a proton at the equator of the magnetic nanoparticle
due to its induced additional stray field is equal to Do¼ gHm0M/3, where
m0 is the magnetic permeability of vacuum and M is the effective magnet-
ization of the nanoparticle. In the case of the motional averaging regime
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corresponding to the condition tDDoo1, the additional transverse relaxivity
is rad

2 ptD(Do)2
ptDS2

eff, whereas in the case of the static dephasing regime,
which corresponds to the condition tDDo41, the additional transverse
relaxivity is tDrad

2 DopSeff.
Most applications of nanoparticulate systems in biomedicine and espe-

cially contrast agents in MRI depend on the magnetic response of the
nanoparticle to an external field configuration and implicitly on its magnetic
relaxation regime. As described in the remainder of this sub-chapter, the
magnetic relaxation regime of a system of nanoparticles is sensitive to a
large set of parameters, including anisotropy constants, distribution of
particle sizes, magnetic couplings, and interactions among nanoparticles.
Therefore, any characterization of a system of nanoparticles with respect to
its magnetic relaxation behavior and its effective magnetic moment requires
a multipronged approach including complex and complementary experi-
mental tools. This is best complemented with comprehensive theoretical
models that link different types of magnetic responses to as many as pos-
sible of the related parameters. Once the characterization of the magnetic
relaxation behavior is completed, nanoparticles (single- or multi-core and
simple or structured) better suited for a desired application can be more
easily designed.304

4.5.2 Magnetism at the Nanoscale with Applications to Iron
Oxide Nanoparticles

The least toxic of the iron oxides are the most stable: magnetite, which has a
spinel structure, and hematite, which has a defected spinel structure with
oxygen vacancies.315 Therefore, some main notions of magnetism with the
involved peculiarities related to the three-dimensional confinement at
nanosized order (zero-dimensional systems) will be discussed for iron oxide
nanoparticles with spinel-like structure.316,317 The spinel ferrite structure of
general formula AB2O4 consists of a face centered cubic oxygen (O) array with
eight formula units and with divalent or trivalent transition metal cations on
the eight tetrahedral (A) and 16 octahedral (B) positions (Section 4.1.1).
There are two structural limits: (i) the normal spinel ferrite, where FeIII ions
occupy all the 16 octahedral (B) positions with divalent transition metal
cations, MII, occupying the eight tetrahedral (B) positions and (ii) the inverse
spinel ferrite, where FeIII ions occupy all the eight tetrahedral (A) positions
with the 16 octahedral (B) positions equally shared by FeIII and MII cations.
Magnetite is typically an inverse spinel, with FeII ions in the B positions, with
the general formula Fe3O4. Maghemite, g-Fe2O3, contains only FeIII cations in
insufficient number to fill all the A and B positions. In this case, the cation
vacancies (absence of FeII) induce a trigonal local distortion although the
crystal symmetry remains cubic.

The source of the magnetic moment at the atomic level is due to both
orbital and spin kinetic moments of unpaired electrons specific to transition
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metals with partially filled d-shells (in this case FeII or FeIII ions) or to rare-
earth metals with partially filled f-shells (such as for GdIII ions). For isolated
compounds such as oxides, the localized 3d or 4f electrons belong entirely to
the central ion placed in a crystal field. Consequently, symmetry imposes
splitting of electronic levels that influence the population of valence elec-
trons. A quenching of orbital kinetic moment is also usually induced by the
crystal field. The only contributions from this quenching come from the
spin. Hence, GdIII ions with a 4f7 electron configuration give rise in the high-
spin configuration to a total spin S¼ 7/2 (seven uncoupled electrons) and
consequently to a total magnetic moment of 7 mB (mB¼Bohr magneton).
Similarly, FeIII (3d5) and FeII (3d6) ions in the high-spin configuration of both
the tetrahedral and octahedral positions in the spinel structure have spins of
5/2 and 4/2, respectively, and magnetic moments of 5 and 4 mB, respectively.

Once individual magnetic moments are estimated, the magnetic response
of the system is determined by the way the spins are oriented relative to an
applied magnetic field. This applied magnetic field is used as a quantization
axis. The presence of an applied magnetic field gives rise to two possibilities:
(1) either there is no effective magnetic interaction between neighboring
spins—this leads to a rapid fluctuation of the spins along randomly oriented
directions in such a way that their time-average spin value is always zero—or
(2) there are interactions leading to a net internal spin structure per formula
unit. The first situation corresponds to the paramagnetic state, and the
second to a magnetically ordered state. Two types of magnetic interactions
can exist between neighboring spins: a ferromagnetic type, which leads to a
parallel coupling of the involved spins, and an antiferromagnetic one, which
leads to an antiparallel coupling of the involved spins. These interactions are
directly related to the superposition possibilities of electron orbitals. Anti-
ferromagnetism involves coupling and interacting spins of equal absolute
values whereas ferrimagnetism involves coupling and interacting spins of
absolute values that are not equal.

For magnetite, which has an inverse spinel structure, the three Fe ions in
the formula unit Fe3O4 are located as follows: one FeIII occupies a tetrahedral
position and one FeII and one FeIII occupy two octahedral positions. In the
spin structure, the coupling between ions of the same position is ferro-
magnetic and coupling between ions at different positions is anti-
ferromagnetic, resulting in a total effective spin of 4/2 per formula unit with
an associated magnetic moment of 4 mB. For maghemite (g-Fe2O3), the FeIII

ions are all located on the octahedral positions. Because these two positions
are underpopulated by a ratio of 5/3 instead, the total spin of maghemite is
(5/2)(2/3). This corresponds to a magnetic moment of 3.33 mB per formula
unit. Importantly, the effective magnetic moment per formula unit and its
time average remain finite in magnetically ordered compounds. For single
domains, they are thus equal to the above estimated maximum values at the
lowest temperature and slightly decrease with increasing temperature due to
thermally induced magnetic fluctuations. Only above a critical temperature,
called the Curie temperature for ferromagnetic state and the Néel
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temperature for antiferromagnetic or ferrimagnetic states, does the thermal
energy surpass the exchange interaction energy. As a result, the system en-
ters the paramagnetic state with randomly fluctuating spins leading to zero
time average magnetic moments.

Below the critical temperature, specific laws govern the evolution of the
effective magnetic moment with temperature and applied magnetic field.
From an experimental point of view, an assembly of magnetic moments is
measured for a sample of given mass or volume. The specific overall mag-
netic moment of the sample, which is defined as the projection along the
field of the vectorial summation of the individual magnetic moments in the
sample, is reported relative to the sample volume. This value is also called
magnetization and is noted by M. When magnetization is given relative to
the mass of the sample, M is called specific magnetization.

In a semi-quantic model, for paramagnetic states, the dependence of the
magnetization on the applied field B¼ m0H and temperature T is given by a
law of the type M(B,T)¼ nmBS(x) where n is the volume density of magnetic
centers (for example, paramagnetic ions or formula units), m is the max-
imum value of the magnetic moment per magnetic center, and BS(x) is the
Brillouin function of argument where x¼ mB/kT.317 For a ferrimagnetic or
ferromagnetic state, M(B,T) can be obtained only by an iterative or graphical
solution of the implicit equation M¼ nmBS(x) with x¼ m(Bþ lM)/kT where l
is the molecular field constant, which is intimately connected to the ex-
change interaction.317 Note that the Brillouin function increases with the
applied field and reaches a saturation value of 1 for large values of the
applied field.

Accordingly, for both magnetically ordered or paramagnetic states, the
magnetic moments of all magnetic centers in the sample become parallel to
the applied field for enough large values of the applied field. In this case, the
saturation magnetization Ms¼ nm can provide direct experimental infor-
mation on the effective magnetic moment per magnetic center. On the other
hand, taking into account the theoretical magnetic moments per formula
unit of magnetite and maghemite as well as the involved structures with
specific lattice parameters, the theoretical saturation magnetizations mag-
netite and maghemite at low temperature is 0.5�106 and 0.43�106 A m�1,
respectively.

To minimize the magnetostatic energy, magnetic domains separated by
domain walls can be formed in a magnetically ordered ferri- or ferro-
magnetic body, depending on its shape and intrinsic magnetic para-
meters.317 However, when all sizes of a zero-dimensional magnetic entity of a
nanoparticle decrease to the nanometer order, which is below the thickness
of the domain wall, the entity behaves like a magnetic monodomain. In this
case all spins of the formula units are oriented parallel to each other. The
critical diameter for monodomain for iron oxide nanoparticles can be esti-
mated at about 80–100 nm.318 Hence, unless clusters of nanoparticles
are used, nanoparticles for MRI are always of the magnetic monodomain
type. For monodomains, the magnetic moment and effective spin of any
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nanoparticle are provided by the number of formula units per nanoparticle
times the effective magnetic moment or effective spin per formula unit, re-
sulting in the so-called superspin associated with each nanoparticle. The
superspin per nanoparticle behaves like an atomic spin. Hence, saturation
magnetization can be expressed by Ms¼ nm with n being the number of
nanoparticles per unit volume and m the magnetic moment of the nano-
particle. The dependence M(B,T) follows the same laws as mentioned above
with the extra consideration that the nanoparticle is the magnetic center or
carrier. Taking into account that x is proportional to m, and that for nano-
particles m is thousands of times larger than the atomic moment, at the
fields and temperatures typical of MRI experiments xc1, and the Brillouin
function reduces to the Langevin function L(x)¼ coth(x) �1/x.

Information about effective magnetic moments and superspins of nano-
particles can be obtained by following the field and temperature dependence
of magnetization curves. Importantly, a complete analysis must consider
that even the simplest real nanoparticle systems are characterized by three
additional components, which also influence the effective magnetic mo-
ments. They are (i) the size distribution, (ii) the defect surface positions
which can, at the extreme, result in a dead magnetic layer at the surface of
the nanoparticle, and (iii) the inversion degree of the spinel structure.

It is worth noting that an applied magnetic field induces a magnetic an-
isotropy, which is a preferred orientation of the magnetic moments along
the magnetic field. There are also different internal sources for magnetic
anisotropy. For instance, the magneto-crystalline anisotropy depends on the
different crystalline directions in a periodic structure and manifests itself in
bulk systems. For magnetic entities of reduced dimensions and di-
mensionalities, a shape related anisotropy might be defined due to long-
range dipolar interactions. This leads to a demagnetization energy that has a
density (energy per unit volume) that can be expressed for a uniformed
magnetized body by Edmag¼ (m0/2)NM2, with the coefficient N depending on
the chosen direction inside the body. For ellipsoidal nanoparticles, the de-
magnetization energy along the longest c axis is minimum, and the de-
magnetization energies along the shortest a and b axes are maximum.
Hence, spins always prefer to lie along the c axis, which is called the easy axis
of magnetization, compared to the less preferable a and b axes, which are
called hard axes of magnetization. The difference between the energies
corresponding to the hard and easy axes is called the shape anisotropy,
which is characterized by the shape anisotropy constant Kshape. This peculiar
case of spins preferring a specific axis is called uniaxial anisotropy, and the
corresponding expression of the anisotropy energy for spins oriented at the
angle y versus the direction of the easy axis is E¼KVsin2y. For a shape with
uniaxial anisotropy, K¼Kshape. Notably, for aspect ratios r¼ c/a even slightly
larger than 1, the shape anisotropy constant might overpass the magneto-
crystalline anisotropy constant.318 One specific case of this overpassing is
the case of bulk magnetite and maghemite where (in absolute value)
K¼ 1.2�104 and 2�104 J m�3, respectively.
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In practice, nanoparticles present an enhanced number of defects and,
hence, a structural disorder that is larger for smaller diameters. This results
in magneto-crystalline anisotropy constants much lower for nanoparticles
than the bulk values. Because transmission electron microscopy measure-
ments have provided evidence that ellipsoidal shapes of aspect ratios larger
than 1 are typical for nanoparticles with spinel structure,319 a dominant
uniaxial shape anisotropy is expected to be characteristic for such systems.
Moreover, for nanoparticles with a relatively large surface-to-volume ratio,
strain and surface anisotropies might also be present. Strain and surface
anisotropy can be roughly taken into account by the overall anisotropy
constant K in the above expression of uniaxial anisotropy. A representation
of the anisotropy energy versus the angle y of the magnetization (or magnetic
moment of the nanoparticle) with the easy axis as a function of applied fields
is given in Figure 4.33.320

For iron oxide nanoparticles in the nm size range, when the applied field
is equal to zero, the anisotropy energy barrier KV is of the order of tenths of
Kelvins. Therefore, the thermal energy, kBT, can approach the anisotropy
energy near ambient temperatures. Hence, the magnetic moment of the
nanoparticle might be thermally activated, enabling it to pass over the en-
ergy barrier. Therefore, the effective magnetic moment of the nanoparticle,
which is a time-averaged projection along the field direction is considered,

Figure 4.33 Anisotropy energy landscape (left) versus the angle y made by the
magnetic moment of the nanoparticle with the easy axis of magnet-
ization (middle) for different values of the applied fields. Numerical
evaluations of the anisotropy energy versus y in a Stoner–Wohlfarth
model, with the applied field along the easy axis, for field values of 0,
0.2, and 1 unit of the switching field (right).
Size Effects in Nanostructures: Basics and Applications, Engineering
Magnetic Properties of Nanostructures via Size Effects and Interphase
Interactions, V. Kuncser, P. Palade, A. Kuncser, S. Greculeasa and
G. Schinteie, edited by V. Kuncser and L. Miu, Springer Series in
Materials Science 205, Springer, Berlin, 2014, pp. 169–237. Copyright
r 2014 Springer-Verlag Berlin Heidelberg. With permission of
Springer.
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becomes temperature dependent. It decreases from its maximal value, the
spontaneous magnetic moment, in the magnetic frozen regime at low
temperatures, to a value nearing 0 when kBTcKV.

The theoretical treatment of the thermally induced fluctuations is usually
divided in two regimes, depending on the ratio r¼ kBT/KV: (i) the regime
of the collective excitations, for ro0.1, and (ii) the regime of the super-
paramagnetic relaxation, for r40.1.321 In the regime of collective excitations,
the local spins fluctuate by small angles y around the equilibrium direction
(e.g. the magnetic easy axis). These fluctuations lead to an almost
linear decrease of the magnetization with temperature.317 In the super-
paramagnetic relaxation regime, the superspin fluctuates by y¼ 1801 along
the easy-axis direction with a fluctuation time, tN, given in the simplest form
by the Néel model:322

tN¼ t0 exp(KV/kBT) (4.17)

where t0 is an attempt timescale in the range of 10�8–10�12 s.317

Except for when the Néel relaxation time is due to the coherent rotation of
the magnetic moments inside the nanocrystals, colloidal nanoparticles also
have a second relaxation mechanism due to the Brownian movement of the
nanoparticles inside the tissue. In this case, the anisotropy easy axis rotates
together with the nanoparticle. This is described by a relaxation time tB that
is proportional to the fluid viscosity and the hydrodynamic volume of the
nanoparticle and is inversely proportional to the thermal energy. This overall
relaxation time is given by 1/t¼ 1/tBþ 1/tN. However, according to
Rosensweig’s model,323 for magnetite nanoparticles of diameters smaller
than 10 nm, the Néel relaxation mechanism prevails over the Brownian one,
and t¼ tN.

This relaxation time has to be compared to tD to determine whether
longitudinal or transverse relaxivity is predominant, and to determine how
to maximize relaxivity. For instance, water at 37 1C has a diffusion constant D
in the order of 3�10�9 m2 s�1. For nanoparticles with a diameter d¼ 5 nm,
tD¼ d2/4D is in the order of 10�9 s. Note that this value is very sensitive to
particle size and shape. According to eqn (4.16), the ratio tD/t depends
strongly on specific parameters related to the relaxation mechanism de-
scribed by eqn (4.17), namely the time constant t0 and the anisotropy energy
KV, which have to be determined using suitable characterization tools. Be-
fore describing such characterization methods, the analysis of the magnetic
relaxation phenomena in applied magnetic fields will be briefly discussed as
it relates to MRI contrast agents.

The direct effect of an applied field on a magnetic nanoparticle is that it
modifies its energy landscape (Figure 4.33). This leads to a deeper energy
minimum along the most convenient direction of the easy axis; the magnetic
moment of the particle will prefer to orient along the direction of the
magnetic field. The relaxation rates of the two minima of the easy axis and
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field aligned magnetizations are different, which leads to specific time and
temperature variations of magnetization. For low to moderate applied
magnetic fields, an effective relaxation time t* is introduced as defined by
eqn (4.18) and (4.19):319

1
t*
¼ 1

tþ
þ 1
t�

(4:18)

where:

t� ¼ t0exp
KV � D

kT

� �
(4:19)

In eqn (4.19), D is the energy asymmetry introduced by the field. For low
applied fields, D¼ m0Hm. However, when the applied magnetic field over-
passes the switching field in the Stoner–Wohlfarth model of a monodomain-
like nanoparticle (BSW¼ 2K/M), only one energy minimum is present, and
the nanoparticle behaves like a system of noninteracting magnetic moments
associated to individual nanoparticles. This superparamagnetic system is
described by the classical Langevin law, which falls outside the above de-
scribed relaxation mechanism. The switching field increases as the mag-
netization of the nanoparticle decreases. Therefore, specific tools for its
determination that are comparable to the working applied magnetic fields in
MRI are required.

The most important techniques that provide information on the above
parameters that are specific to iron oxide nanoparticles of interest in MRI
will be further described and exemplified in the remainder of this sub-
chapter. Static magnetization curves can provide the average effective
magnetic moment per nanoparticle as well as the nanoparticle size dis-
tribution. Hysteresis loops at low temperatures provide information about
the Stoner–Wohlfarth switching field and spontaneous magnetic moment
of nanoparticles. Zero-field-cooled–field-cooled (ZFC-FC) procedures along
both DC and AC susceptibility provide information about both the an-
isotropy energy and the characteristic time of the Néel relaxation process.
Dynamic light scattering provides information about particle size distri-
bution and clustering and configurational effects influencing tD. X-ray
photoelectron spectroscopy (XPS) provides information about the type of
the magnetic ions and their inversion degree at the surface of nano-
particles (the most defected ones). Small angle neutron scattering (SANS)
and Mössbauer spectroscopy offer microscopic information on the mag-
netic configuration inside nanoparticles, the magnetic and surrounding
organic layers, clustering effects, average inversion degree over nano-
particles, type and orientation of the magnetic ions inside a nanoparticle,
the iron phase composition of the sample, distributions of the anisotropy
energy and its average value, relaxation time constant, and interparticle
interactions.
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4.5.3 Characterization Techniques of Iron Oxide
Nanoparticles for MRI

4.5.3.1 DC Magnetometry

Under the influence of an external magnetic field, iron oxide nanoparticle
dispersions acquire a macroscopic magnetization due to the thermally
averaged magnetic moments oriented in the direction of the field.
The magnetization of dispersions of iron oxide nanoparticles is deter-
mined by the magnetic relaxation properties of the particles. For particles
with fast relaxation dynamics, a static or quasi-static external magnetic
field, i.e. a direct current (DC) magnetization, will maintain the macro-
scopic magnetization in the superparamagnetic regime. The DC magnet-
ization of iron oxide nanoparticle dispersions can be measured using
vibrating sample magnetometry (VSM), alternating gradient magnetometry
(AGM), or superconducting quantum interference device (SQUID) mag-
netometry as a function of the magnetic field intensity or temperature.

The dependence of the intensity on the magnetic field of the DC mag-
netization of diluted iron oxide nanoparticle dispersions for which
the magnetic dipole–dipole interactions can be neglected is described by the
Langevin model.324,325 For polydisperse iron oxide nanoparticle dispersions,
the Langevin DC magnetization (ML) is described by eqn (4.20):326

MLðHÞ¼ n
ð1

Dm ¼ 0
mðDmÞ f ðDmÞL

m0mðDmÞH
kBT

� �
dDm (4:20)

where H is the magnetic field intensity and Dm is the magnetic diameter of
the iron oxide nanoparticles. The magnitude of the magnetic moment of the
iron oxide nanoparticle is given by eqn (4.21):

m(Dm)¼Mdp(Dm)3/6 (4.21)

where Md is the domain magnetization of the material. In eqn (4.20), the
Langevin function L(x)¼ coth(x)� 1/x, m0 is the permeability of vacuum, kB is
Boltzmann’s constant and T is the temperature. The distribution of the
magnetic diameter is described by the probability density function f (Dm) and
the particle density n.

The DC magnetization of concentrated iron oxide nanoparticle disper-
sions is increased by the magnetic dipole–dipole interactions. The DC
magnetization of concentrated iron oxide nanoparticle dispersions is given
by eqn (4.22).

MðHÞ¼MLðHeðHÞÞ¼ n
ð1

Dm ¼ 0
mðDmÞ f ðDmÞL

m0mðDmÞHeðHÞ
kBT

� �
dDm (4:22)

This framework of a theoretical model of Ivanov and Kuznetsova327,328 is a
generalization of the polydisperse Langevin model [eqn (4.19)], which

Iron-oxide Nanoparticle-based Contrast Agents 401



incorporates the magnetic dipole–dipole interactions in the effective field He

[eqn (4.23)].

HeðHÞ¼H þMLðHÞ
3

1þ 1
48

dMLðHÞ
dH

� �
(4:23)

The effective field He formula can be improved for ultra-concentrated iron
oxide nanoparticle dispersions as follows:329

HeðHÞ¼H þMLðHÞ
3

1þ 1
48

MLðHÞwL f ðrÞ
� �

(4:24)

where wL¼ [dML/dH]H¼0 is the Langevin initial susceptibility and r is the
hydrodynamic volume fraction of the iron oxide nanoparticle dispersion.

Eqn (4.19) and (4.22) form the basis of magneto-granulometry. This is a
method that enables the determination of the statistics of the size of iron
oxide nanoparticle from the measured magnetization curves M(H) of their
dispersions. The nanoparticle size statistic is described by the probability
density function of the iron oxide nanoparticle magnetic diameter f(Dm),
which is a parametric function of Dm. The magneto-granulometric de-
termination of the probability density function parameters can be made
either by algebraic means326,328 or by nonlinear regression.330 The choice of
a particular probability density function class is usually based on the best fit
of transmission electron microscopy granulometry histograms. The log-
normal and gamma distributions are more common in the literature.
A recently developed theoretical model for nanoparticle growth331 shows
that a log-normal size distribution stems from the growth rate equation
based on the law of proportionate effect. The log-normal distribution func-
tion depends on two parameters: the median diameter, D0, and the standard
deviation, S, of the diameter natural logarithm. These values can be deter-
mined by magneto-granulometry [eqn (4.25)].

f ðD; fD0; SgÞ¼ DS
ffiffiffiffiffiffi
2p
p ��1

e�
1

2S2

�
Ln
�

D
D0

��2

(4:25)

Special attention should be paid to experimentally measured magnet-
ization curves of dispersions of iron oxide nanoparticles used in magneto-
granulometry for which the nanoparticle volume fractions is above 5%. The
field intensity measured experimentally is the field produced by the meas-
uring instrument outside the sample holder. The theoretical models used in
magneto-granulometry, however, assume that H is the field intensity acting
on the sample. Because of demagnetization, the field acting on the sample is
the measured field minus the demagnetizing field. The demagnetizing field
is proportional to the sample magnetization. It is homogeneous only in
spherical and rotation-ellipsoidal sample holders. In cylindrical sample
holders, which are most widely used, the demagnetizing field is non-
homogeneous, and thus the demagnetizing field correction is not trivial.332
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The algebraic magneto-granulometry given by eqn (4.22) and (4.23)
can be used to characterize a ferrofluid dilution series with saturation
magnetization in the range 5–57 kA m�1.328 As seen in Figure 4.34,
the agreement between experimental data, theory, and numerical simu-
lation is remarkably good. The variation of the average magnetic diameter
(7.3 nm) across the entire ferrofluid concentration range is less than
0.1 nm.

Nonlinear regression magneto-granulometry [eqn (4.22) and (4.23)] was
successfully used to characterize a ferrofluid dilution series with solid vol-
ume fraction in the range 0.8–21%319 and an aqueous dispersion of multi-
core magnetic nanogels.330 The first-order approximation of the Langevin
polydisperse model [eqn (4.23)], which is suitable for magneto-granulometry
of diluted samples, was also applied to characterize diluted ferrofluids
synthesized via different methods.333

As shown in Figure 4.35, the regression magneto-granulometry method,
like the algebraic method, provides consistent results across a wide range of
sample concentrations.319 Both the average and the standard deviation are
within 0.3 nm. Eqn. (4.22) and (4.23) are particularly suitable for magnetic
nanogels or multicore magnetic composites in which the nanoparticles are
highly packed.331 In Figure 4.36, the magnetization curve of a magnetic
nanogel dispersion is presented. The theoretical fit R2 is better than 0.999
and good agreement is observed between results obtained from transmis-
sion electron microscopy and magneto-granulometry-VSM.

Figure 4.34 Magnetization curves for ferrofluid dilution series: experiment, theory,
and numerical simulation.
Adapted with permission from A. O. Ivanov, S. S. Kantorovich, E. N.
Reznikov, C. Holm, A. F. Pshenichnikov, A. V. Lebedev, A. Chremos and
P. J. Camp, Phys. Rev. E, 2007, 75, 061405. Copyright r 2007 The
American Physical Society.
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In the right column of Figure 4.37, the black lines represent regression
magneto-granulometry performed on diluted samples of nanoparticles
synthesized by different protocols.333 Data corresponding to nanoparticles
synthesized by chemical coprecipitation are shown in Figure 4.37b. The
cubic shaped facets and round shaped twins particles shown in Figure 4.37a
and Figure 4.37b, respectively, were obtained by thermal decomposition, as
were the spherical monodisperse 8 nm sphere seeds and their subsequent 17
and 20 nm sphere-seeded growth shown in Figure 4.37a, b and c, respect-
ively. As is apparent, there is good agreement between data obtained by
TEM, XRD, and magneto-granulometry for nanoparticles obtained by
coprecipitation as well as for the 8 nm sphere seeds. In these examples,
the nanoparticles are magnetic monodomains and are mono-crystalline. The
magnetic diameter is slightly smaller than the physical diameter due to the
dead nonmagnetic layer. For the twins and seeded growth spheres, there is
high discrepancy between the size distributions obtained from TEM, XRD,
and magneto-granulometry. These nanoparticles have crystalline and mag-
netic disorder, due either to polycrystallinity, to defects or to amorphous
phase content.

Information about the superparamagnetic state of the nanoparticles can
be obtained from the ZFC-FC procedure. In the ZFC measurements, the
system is cooled from an initially assumed superparamagnetic state down to

Figure 4.35 Volume fraction dependence of the magnetic diameter average and
standard deviation as obtained by means of nonlinear regression
magneto-granulometry.
Reprinted with permission from Journal of Colloid and Interface
Science, Volume 373, D. Susan-Resiga, V. Socoliuc, T. Boros, T. Borbath,
O. Marinica, A. Han and L. Vekas, The influence of particle clustering
on the rheological properties of highly concentrated magnetic nano-
fluids, 110–115, Copyright 2011, with permission from Elsevier.
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the lowest achievable state without any applied field. The magnetization is
then measured at increasing temperatures using a weak measuring field in
the mT range, which introduces a small asymmetry parameter D{KV [see
Figure 4.38 and eqn (4.24)]. In the FC (field cooling) procedure, the mag-
netization is measured at decreasing temperatures from the super-
paramagnetic state to the lowest temperature in the measuring field. This
curve is identical to that measured at increasing temperatures after cooling
the system in the measuring field. By cooling the system in zero field, the
initial magnetization at the lowest temperature is close to zero because both
energy minima are equally populated. As can be seen from the corres-
ponding asymmetrical anisotropy energy landscape in Figure 4.38, when
measuring the magnetization at increasing temperature under a weak ap-
plied field, the jumping probabilities of the magnetic moments between the
two minima are different [eqn (4.24)]. This initially leads to an over-
population of the absolute minimum and thus an increase in magnetization.
When the temperature is high enough, however, the two relaxation times
become equal, t�Et0. This leads to equal populations of the two minima
and hence to a net magnetization decreasing to zero.

Accordingly, the maximum in the ZFC experimental curve distinguishes
between the magnetic frozen regime, which occurs at low temperature, and
the superparamagnetic regime, which occurs at high temperature. The
temperature corresponding to this maximum and which delimitates the two

Figure 4.36 Magnetic nanogels magnetization curve: experiment and theoretical fit.
Insert: nanoparticle size distributions from transmission electron
microscopy and magneto-granulometry-VSM.
Adapted from ref. 330 with permission from The Royal Society of
Chemistry.
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Figure 4.37 Transmission electron microscopy pictures and granulometry results from
TEM, VSM, and XRD for particles synthesized by different methods.333

Adapted with permission from B. Luigjes, S. M. C. Woudenberg,
R. de Groot, J. D. Meeldijk, H. M. T. Galvis, K. P. de Jong, A. P. Philipse
and B. H. Erné, J. Phys. Chem. C, 2011, 115, 14598. Copyright (2011)
American Chemical Society.

406 Chapter 4



magnetic regimes is called the blocking temperature, TB. The observed spin
relaxation process actually depends on the value of t* and its comparison to
the measurement time of the method, tm. If t{tm, the magnetic relaxation
is so fast that the particle system behaves as a paramagnet with a giant spin
per particle. This is the super-paramagnetic regime. If tctm, however, the
magnetic relaxation is so slow that quasi-static properties are observed. This
is the spin blocked regime.

Quantitatively, the blocking temperature, TB, is defined as the tempera-
ture where t¼ tm; therefore, its value depends on the time window of the
experimental method. The system behaves as a paramagnet above TB with
respect to the measurement technique used. However, the transition to the
real paramagnetic state, which is associated with the bulk material of the
nanoparticle, appears at the higher Curie or Néel temperature. Physically,
the difference between the super-paramagnetic state and the real
paramagnetic state resides in all of the spins inside the particles jumping
coherently (altogether) along the easy axis of magnetization in the super-
paramagnetic state. In the paramagnetic state, however, the spins jump
independently and in random directions. Accordingly, in the case of zero
or weak applied fields, the blocking temperature can be expressed by
eqn (4.26).317

TB¼
KV

k lnðtm=t0Þ
(4:26)

Once TB has been determined experimentally by the maximum of the ZFC
curve for a measurement technique of known tm, the anisotropy energy can
be evaluated from the time constant t0. Note that t0 can vary by four orders
of magnitude.

In the FC experiment, the magnetization increases continuously as the
temperature decreases. This increase follows a 1/T like paramagnetic law
above TB and is weaker at lower temperatures. This trend is expected and
follows a continuous increasing population of the absolute energy minimum
as shown in Figure 4.38. A characteristic of quasi-noninteracting magnetic
nanoparticles is the superposition of the FC and the ZFC curves above TB,
and the larger magnetization values observed in the FC curve compared to
the ZFC one below TB. The position of the branching temperature with re-
spect to TB gives information on the distribution of magnetic volumes.334

ZFC-FC magnetization curves collected on two samples of iron oxide
nanoparticles functionalized with polyethyleneimine are shown in
Figure 4.38. The magnetization curves collected on the same samples at 2 K
are shown in the insets. The two samples consist of 4 nm iron oxide nano-
particles (as measured by TEM) coated with a polyethyleneimine polymer at
an iron oxide/polymer mass ratio of either (a) 1 or (b) 0.5. Both samples of
iron oxide nanoparticles were synthesized in a single step according to a
hydrothermal procedure at high pressure and low temperature.335 The
characteristics of the ZFC-FC curves described above are observed in both
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samples. These magnetic nanoparticles have a TB of about 30 K [27 K for (a)
and 23 K for (b)]. The fact that the branching temperature is very close to TB

indicates that the nanoparticles have a narrow size distribution. The in-
complete saturation of the magnetization shown in the insets, which is ty-
pical of ferrimagnetic structures, can provide information about the
spontaneous magnetization of the nanoparticles, MS, if the high field tail of
the curve is suitably fitted by a law of approach.318 In this case, the two
samples have MS¼ 13(1) and 7(1) emu g�1. The final specific spontaneous
magnetizations of the magnetic phase of each sample are calculated to be
27(1) and 22(1) emu g�1, respectively, based on their inorganic/organic
weight ratio. In comparison, the Ms value of magnetite is 90 emu g�1. The
lower Ms values for the two synthetic samples suggest that the nanoparticles
have a disordered spin structure similar to a spin-glass.

Figure 4.38 ZFC-FC curves taken under an applied field of 8 mT induction for two
samples of iron oxide–polyethyleneimine nanoparticles. The sharp
maximum in the ZFC curves provides the blocking temperature and
the close-branching temperature (between ZFC and FC curves) pro-
viding evidence for narrow size distribution of the analyzed nanopar-
ticles.
Adapted from Materials Chemistry and Physics, Volume 161, L. M.
Popescu, R. M. Piticescu, M. Petriceanu, M. F. Ottaviani, M. Cangiotti,
E. Vasile, M. M. Dı̂rtu, M. Wolff, Y. Garcia, G. Schinteie and V. Kuncser,
Hydrothermal synthesis of nanostructured hybrids based on iron oxide
and branched PEI polymers. Influence of high pressure on structure
and morphology, 84–95, Copyright 2015, with permission from Elsevier.
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Although the blocking temperature TB can be determined precisely, both
tm and t0 are imprecise. The time window in DC magnetometry ranges be-
tween 1 and 100 s. Therefore, the anisotropy energy calculated from eqn
(4.26) is also imprecise. On the other hand, in the magnetic frozen regime
(e.g. at 0 K), the magnetic monodomain of the nanoparticles behaves as an
assembly of Stoner–Wohlfarth magnetic entities characterized by a coercive
field B0

C¼BSW/2.320 In the superparamagnetic regime above TB, the coercive
field decreases to zero, as is typical for any paramagnetic system. The tem-
perature dependence of the coercive field can be expressed as:317

BC¼B0
C[1� (T/TB)1/2] (4.27)

Therefore, both TB and the effective anisotropy constant K can be deter-
mined from the linear decrease of BC versus T1/2 observed in DC magnetic
hysteresis loops collected at increasing temperatures.

The two hysteresis loops of the previous iron oxide/polyethyleneimine
samples obtained in the magnetic frozen regime and in the super-
paramagnetic state are shown in Figure 4.39. A blocking temperature of
about 10 K and a switching field BSW of about 0.7 T were calculated for both
samples from eqn (4.27). These numbers indicate that under the applied
fields used in MRI, both transverse and longitudinal relaxivity mechanisms
are contributing to the observed magnetic behavior. Effective anisotropy
constants of about 40 and 30 kJ m�2 are calculated for these two samples
based on their switching fields and spontaneous magnetizations. In this
case, if the calculated switching fields and anisotropy constant are reliable,
then the derived TB is questionable due to the lack of the corresponding time
window in a hysteresis loop measurement. A more reliable investigation of
magnetic relaxation phenomena can be performed by magnetometry or al-
ternating current (AC) magnetic susceptibility measurements.

4.5.3.2 AC Magnetic Susceptibility

This technique measures the magnetic response of a sample excited by a
weak oscillatory (ac) magnetic field below 0.4 mT. Magnetic susceptibility is
defined as the variation of magnetization relative to the field. The in-phase,
w0, and the out-of-phase, w00, part of the Ac magnetic susceptibility can be
expressed by eqn (4.28) and (4.29), respectively.317

X0 ¼ w0/(1þ (ot*)2) (4.28)

X00 ¼ w0ot*/(1þ (ot*)2) (4.29)

where o is the angular frequency of the applied ac magnetic field, t* is the
effective relaxation time, and w0 is the real part of the susceptibility in the
superparamagnetic regime which has a typical 1/T dependence. ZFC pro-
cedures can be applied for this technique. The advantage of this approach is
that no static fields are required and that a measurement time window
directly related to 1/o can be defined.
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Typically, the temperature dependence of the real part of the susceptibility
has a maximum at a temperature that, conveniently, approaches the
blocking temperature. This dependence is defined by eqn (4.26), which can
be rewritten as:

lntm¼ lnt0þKV/kBTB (4.30)

Therefore, both the time constant t0 and the average anisotropy energy KV
can be obtained from a set of ZFC ac susceptibility measurements performed
at different frequencies of the AC magnetic field according to the linear
dependence lntm¼ f (1/TB). Such data obtained for 6 nm iron oxide nano-
particles coated with a carbon shell is shown in Figure 4.40. Although in this
case this procedure can determine both parameters of the relaxation process
accurately, it can also lead to unreliable results for different materials.
A main limitation of this technique is that AC magnetometers usually cover a

Figure 4.39 Magnetic hysteresis loops collected above and below the blocking
temperature as shown in Figure 4.38 for the same iron oxide–
poly(ethylene imine) samples. The coercive field in the low temperature
curves can provide information about the switching field (above which
relaxation is accessible by the classical Langevin treatment).
Adapted from Materials Chemistry and Physics, Volume 161, L. M.
Popescu, R. M. Piticescu, M. Petriceanu, M. F. Ottaviani, M. Cangiotti,
E. Vasile, M. M. Dı̂rtu, M. Wolff, Y. Garcia, G. Schinteie and V. Kuncser,
Hydrothermal synthesis of nanostructured hybrids based on iron oxide
and branched PEI polymers. Influence of high pressure on structure
and morphology, 84–95, Copyright 2015, with permission from Elsevier.
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narrow range of frequencies for the excitation field (up to 10 kHz); whereas
the associated range of magnetic fluctuations induced in iron oxide nano-
particles can reach the GHz range. Therefore, a reliable determination of the
relaxation parameters obtained from the lntm¼ f (1/TB) dependence of AC
magnetometry should be complemented with data obtained from techni-
ques with shorter time windows, such as Mössbauer spectroscopy (Section
4.5.3.6).

4.5.3.3 Granulometry by Light Scattering

For iron oxide nanoparticles to behave as MRI contrast agents, their specific
surface must be preserved. A design value for the specific surface can be set
using the diameter of nanoparticles or nanoparticle composites from
transmission electron microscopy or other granulometry techniques, as-
suming a perfect colloidal stability of the liquid dispersion. However, a loss
of specific surface in a dispersion of iron oxide nanoparticles can occur as a
consequence of colloid aggregation due to various factors. Spontaneous
aggregation can occur due to bridging interactions between layers of par-
ticles, van der Waals interactions between iron oxide cores of poorly stabil-
ized particles, entropic interactions, loss of electrostatic repulsion due to pH
or salinity imbalance, and magnetic dipole–dipole interactions between
large monodomain magnetic nanoparticles. Spontaneous aggregation can
be observed and characterized using dynamic light scattering or static light
scattering using commercial instruments.

Magnetically induced aggregation is critical for dispersions of iron oxide
nanoparticles used in MRI. As a result of the synergistic action of magnetic
dipole–field and dipole–dipole interactions, iron oxide nanoparticles can

Figure 4.40 (Left side) In-phase AC susceptibility ZFC measurements at different
excitation frequencies and (right side) the plot of the logarithm of the
measurement time window versus the inverse of the blocking tempera-
ture, providing in principle both the anisotropy energy and the relaxation
time constant. By completing this dependence via an additional blocking
temperature obtained using a specific method of much shorter measur-
ing time window (in this case Mössbauer spectroscopy), a more realistic
value is obtained for t0 (verified also by alternative methods).
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agglomerate on both the nano and micro scales. Nanoscale aggregation
in single core iron oxide nanoparticles can lead to the formation of one-
dimensional chains336 with small losses of specific surface. Magnetically
induced dichroism and birefringence can be used to detect and characterize
one-dimensional chains of iron oxide nanoparticles.337 Microscale aggre-
gation, however, leads to the formation of large and highly packed aggre-
gates of iron oxide nanoparticles either as condensed phase drops or
zippered aggregates that are elongated in the direction of the magnetic field
(Figure 4.41). Magnetically induced microscale aggregates with mm range
diameters and 10–100s mm length have drastically reduced specific surface
compared to colloidal iron oxide nanoparticles. This aggregation noticeably
reduces MRI T2-weighted signal intensity.338 Magnetically induced mm ag-
gregation can be detected and characterized by optical microscopy338,339 or
static light scattering.330,339 Static light scattering enables the determination
of the magnetic-field-intensity-dependence of iron oxide nanoparticle mag-
netic supersaturation, which is the percentage of iron oxide nanoparticles
that will eventually become entrapped in the aggregates.330

Figure 4.41 shows the time evolution of the forward light scattering in an
aqueous dispersion of magnetic nanogels at different values of magnetic
field intensity.330 The field is turned on at t¼ 0 and off at tE2–3 min.
Magnetically induced aggregates start to form and grow after the field is
applied, leading to the forward scattered light decay. The scattered light

Figure 4.41 Optical microscopy of magnetically induced micron scale aggregates (the
bar is 5�25 mm). Insert: B50 nm multicore magnetic nanogels.
Adapted from ref. 330 with permission from The Royal Society of
Chemistry.
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increases with field intensity. After the field is removed, the aggregates
dissolve rapidly. Socoliuc applied a theoretical model330 to the scattering
data to determine the sample initial supersaturation as a function of the
applied field intensity (Figure 4.42). The initial supersaturation grows lin-
early with field intensity in the range 0–40 kA m�1, reaching a maximum of
about 10% from the total volume of nanogel in the sample. The magnetic
supersaturation of many types of magnetic colloids can be determined from
this technique.

4.5.3.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis method. It
consists of irradiating a material by X-rays and determining the kinetic en-
ergies of the ejected photoelectrons, Ekin. This technique enables the de-
termination of the binding energies of the electrons in the initial atomic
states, Eb from Eb¼ h�n� Ekin, where h�n is the energy of the incident X-ray
photons. This technique provides the elemental composition of the surface,
as well as the valence states, oxidation degree, and ligands of the emitting
atoms. The valence and oxidation state of the metal is inferred from the
areas of the photoelectron peaks. Information about the ligands can be
obtained from the chemical shifts of the peaks compared to the elemental
state. A chemical shift represents a change in Eb of a core electron of an
element due to a change in the chemical bonding of that element.
Core binding energies are determined by electrostatic interactions between
electrons and the nucleus and are reduced by electrostatic shielding of the
nuclear charge by other electrons in the atom. Removal or addition of
electronic charge as a result of changes in bonding will alter shielding.
Oxidation, which decreases valence electron charge, increases Eb whereas
reduction, which increases valence electron charge, decreases Eb.

Figure 4.42 Left: kinetics of forward light scattering at different magnetic field inten-
sities, and right: magnetic field intensity of the initial supersaturation.
Adapted from ref. 330 with permission from The Royal Society of
Chemistry.
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Chemical shifts in XPS provide information on the presence of functional
groups, the nature of the chemical environment, and the oxidation state of
the element. Depending on the chemical bonds and the neighboring atoms,
the binding energy of a given element can be shifted from a fraction of an eV
up to several eV. The presence of different chemical bonds types splits the
spectral peaks into multiple peaks that can sometimes merge. Appropriate
software can deconvolute these peaks into their components, each corres-
ponding to a particular bond type.

XPS is one of the most powerful techniques to quantitatively analyze the
chemical composition of the organic layer of magnetic nanoparticles coated
with organic shells. XPS can determine the oxidation state of the metal in
the magnetic core, differentiate between magnetite (Fe3O4) and maghemite
(g-Fe2O3), and identify possible additional phases that could alter the mag-
netic properties of the nanoparticles. Magnetic properties are affected by the
distributions of cations and vacancies, nonstoichiometry, the nature of
surface ligands, spin canting or surface contribution due to nanometric size,
and oxidation effects. Understanding these contributions to magnetism re-
quire careful characterization techniques such as Mössbauer spectroscopy
(Section 4.5.3.6).86,225,340–343

For biomedical applications, iron oxide nanoparticles must have an or-
ganic coating that ensures electrostatic or steric stabilization of the nano-
particles at physiological pH.304 Various anchoring groups, such as
carboxylates, phosphonates, catecholates, and silanes,184 interact in differ-
ent ways with the surface of nanoparticles and can influence their magnetic
properties (Section 4.3).344,345 For example, carboxylate surface coatings in-
duce spin canting in the oxidized layer, but no canted surface structure is
observed with phosphonated ligands.86 Optimizing the relaxivity of iron
oxide nanoparticles requires identifying the surface complex formed and
understanding how the surface chemistry affects the magnetic properties of
the nanoparticles. XPS is the most appropriate method to evaluate the for-
mation of surface complexes.

Stabilization of magnetic nanoparticles is often accomplished in such a
way that the magnetic contribution of the particle surface layer is main-
tained with phosphate ligands.184,197 XPS, in concert with other character-
ization techniques such X-ray diffraction, Mössbauer and infrared
spectroscopies, can be used to investigate the type of phosphate complex
formed at the surface of the magnetite nanoparticles. For example,184 XPS
spectra indicate that the Fe2p bands in phosphate-coated magnetite nano-
particles are similar to those of magnetite. This similarity suggests that some
FeII ions remain at the surface of phosphate-coated magnetite but also that
the amount of FeIII increases with increasing concentrations of phosphate
ligand. The contribution of surface species has been analyzed from XPS
spectra. This analysis indicates that the contribution of the Fe–OH bond was
replaced by the contribution of an Fe–O–P bond and a P¼O bond. XPS and
Mössbauer techniques concluded that the phosphate-coated nanoparticles
are magnetite with a small deviation from stoichiometry (Fe2.90� 0.02O4).
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The phosphates interact with FeIII in octahedral sites via the formation of
monoprotonated binuclear species.197 XPS was also used to characterize
magnetite nanoparticles coated with poly(glycidyl methacrylate) (pGMA), a
precursor for further functionalization via nucleophilic ring opening of
glycidyl–oxirane moieties.346

Core–shell magnetic nanoparticles can also be prepared by adsorption of
monomers followed by their in situ surface polymerization. This approach
combines the advantages of physicochemical surface modification and
chemical binding.347 For instance, gallic acid was adsorbed onto magnetite
nanoparticles and in situ surface polymerized resulting in a polygallate
coating that protects the magnetic nanoparticles from aggregation at
physiological pH and salt concentration. The polymer gives the nano-
particles the colloidal and chemical stability necessary for biomedical ap-
plications. XPS was used to elucidate the mechanism of surface-induced
polymerization of gallic acid. The high-resolution XPS spectra of O, C, and Fe
in a pollygallate-coated magnetic nanoparticle sample are shown in
Figure 4.43. The FeIII/FeII atomic ratio at the surface of pollygallate-coated
magnetic nanoparticle as calculated form the FeIII and FeII 2p peak areas
decrease from 2 (bulk magnetite (Fe(III)2Fe(II)O4)) to 1.77. This decrease in-
dicates that iron is reduced at the surface of the nanoparticle by gallic acid.
The C1s peaks of pollygallate-coated nanoparticles were assigned to aro-
matic carbons (C–C, 284.72 eV), phenolic OH groups (C–O, 285.6 eV, alcohols
and ethers), carboxylic groups (O¼C–O, 288.87 eV, carboxylic acids and es-
ters) and carbonates (O–CO2, 290.58 eV). The carbonate contamination in
the pollygallate-coated magnetic nanoparticle is due to the prolonged sur-
face polymerization process under ambient conditions. The carbonate was
successfully removed by acidifying the dispersions to pH of B4 using HCl
(Figure 4.43, bottom row). Iron reduction is accompanied by the oxidation of
gallic acid as inferred from the doubling of the O¼C–O/C–O ratio in the
coating layer relative to its original value in gallic acid: 0.675 and 0.33,
respectively. These XPS results elucidated the mechanism of chemical
stabilization of iron oxide nanoparticles by pollygallate.

4.5.3.5 Small Angle Neutron Scattering Techniques

Small angle neutron scattering (SANS) is one of the most efficient technique
to investigate the structure of magnetic colloidal suspensions and magnetic
fluids.348 The broadening of a beam of thermal neutrons with wavelengths of
0.1–1 nm passing through a sample is determined in terms of differential
scattering cross-section per sample volume. The scattering intensity, I(q

-
), is

a function of the scattering vector q
-

with the module q¼ (4p/l)sin(y/2),
where l is the incident neutron wavelength and y is the scattering angle.

The scattering intensity is sensitive to the structural features of magnetic
nanoparticles ranging between 1–100 nm in size. Because the sizes of single
magnetic nanoparticles and the characteristic correlation lengths between
particles are most often in this dimensional range, SANS allows for in-depth
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Figure 4.43 O 1s, C 1s, and Fe 2p spectra of the (top row) original and (bottom row) acidified pollygallate-containing magnetic
nanoparticles (bottom row) aged for 4 weeks at pH B6.5 and 10 mM NaCl.347

Adapted with permission from I. Y. Tóth, M. Szekeres, R. Turcu, S. Sáringer, E. Illés, D. Nesztor and E. Tombáz, Langmuir,
2014, 30, 15451. Copyright (2014) American Chemical Society.
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study of the structure of a wide range of magnetic nanoparticles of interest to
biomedical applications. Using cold neutrons with wavelengths longer than
1 nm, it is possible to extend the range of correlations to more than 100 nm.

Unlike SANS, which uses neutron scattering on atomic nuclei, small
angle X-ray scattering (SAXS) is based on radiation scattered on electron
shells. Another significant difference between SANS and SAXS scattering
techniques is that the intrinsic magnetic moment of neutrons give rise to an
additional interaction between the neutrons and the electron shell of an
atom. Consequently, in a SANS experiment, the differential cross section of
the distribution of nuclear and magnetic scattering length densities (SLDs)
inside inhomogeneities such as magnetic core, surfactant shells, or carrier
liquid can be determined. The SLDs for a usual (H-based) carrier and the
organic shell are quite similar. However, for a deuterated (D-based) carrier,
the SLD is closer to the magnetic cores. This difference enables contrast
variation by means of hydrogen–deuterium substitution, a powerful tech-
nique for structure investigation. The application of a magnetic field to a
magnetic colloid in a SANS experiment gives rise to anisotropic magnetic
scattering with respect to the radial angle in the plane of the detector.

The SANS technique can be modified with a neutron spin flipper device,
which polarizes the neutron beam and orients the neutron magnetic
moments in a direction collinear with the magnetic field. Together with
contrast variation, this technique, known as small angle neutron scattering
with polarization (SANSPOL),350–352 can elucidate structural processes in
magnetic colloids.

The SANS technique and its derivatives, which use contrast variation and
scattering of polarized neutrons, provide information about particle struc-
ture (including nanoparticle size, surfactant shell thickness, composition of
core and shell, solvent rate penetration in surfactant layer), magnetic
structure (size and composition of magnetic domains), particle interaction
(interparticle potential, magnetic moment correlation, and phase separ-
ation) and cluster formation (aggregation and chain formation). Due to the
high penetrability of neutrons, samples used in SANS investigations do not
require any special preparation; unmodified (nondiluted) and bulk systems
can be investigated. As opposed to other techniques such as TEM, clusters of
magnetic nanoparticles detected by SANS are not artifacts due to the pre-
treatment of samples.

SANSPOL can provide information on the magnetic moments of nano-
particles in a magnetic fluid because experimental magnetic scattering data
are often different from those of model noninteracting polydisperse spheres,
and because the corresponding magnetic correlation length is greater than
the size of the nanoparticles. This technique is illustrated in two samples of
synthetic highly stable colloidal magnetic fluids in deuterated cyclohexane
that are almost free of aggregates. These samples of magnetite nanoparticles
are coated either with a monolayer of oleic acid or myristic acid.

Because these samples are purely superparamagnetic and nonaggregated,
the procedure described by Kohlbrecher and co-workers and Vekas and
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co-workers for separating nuclear and magnetic scattering contributions can
be applied.353,354 This procedure yields the form-factors of the nuclear and
magnetic scattering, FN

2(q) and FM
2(q) (Figure 4.44). Because the nuclear

scattering curves of both fluids fit well with the core–shell model, this model
can provide the parameters of the log-normal size distribution function
DN(R) for the magnetic nanoparticles. The thickness of the surfactant shell h
(B1.4 nm) is the same for both samples. The magnetic scattering component
reflects the correlation between the magnetic moments in the fluids, which
is complex because their length exceeds the size of the magnetic nano-
particles. This correlation is demonstrated for both samples in Figure 4.44
by the radius gyration, the parameter obtained from the Guinier approxi-
mation to the initial parts of the curves. Note, however, that the poly-
dispersity of the samples can influence the magnetic correlations.354

The same approach for the separation of the nuclear and magnetic scat-
tering components was used by Perzynski and co-workers to characterize
water-based magnetic fluids composed of charge-stabilized maghemite
nanoparticles.355 The magnetic scattering signal shows that under a mag-
netic field, the fluid behaves as a purely superparamagnetic system of in-
dependent particles. The magnetic scattering length density indicates that
the magnetization of the maghemite nanoparticles is approximately 25%
lower than that of bulk maghemite. The citrate layer that stabilizes the na-
noparticle is 0.5 nm thick, which is much smaller than the carboxylic acid
monolayer of the sterically stabilized samples discussed above.

Krycka and co-workers expanded the capability of SANSPOL to directly
probe the three-dimensional magnetic morphology in any field of magnetite
nanoparticles prepared by thermal decomposition (Figure 4.45a,b).356,357

The enhanced method indicated that under conditions of nominal satur-
ation and at temperatures above 160 K, 9.0 nm magnetite nanoparticles have
a uniformly canted magnetic shell 1.0 to 1.5 nm thick that is canted 901 to
their ferrimagnetic cores (Figure 4.45c). The particles self-assemble, and the
nanoparticle packing distance was determined to be an important parameter
in the canting. Consequently, dipolar interparticle coupling might play a role
in the magnetic core–shell morphology.

The microscopic internal magnetic (intracore) structures of three samples
of magnetic iron oxide-dextran nanoparticles were investigated by polar-
ization analyzed small angle neutron scattering (PASANS).358 The three
samples were: (a) bionized nanoferrite (BNF) nanoparticles synthesized by a
high temperature, high pressure homogenization process that leads to the
formation of ordered iron oxide crystallites cores coated by a dextran shell;
(b) JHU nanoparticles synthesized by a high gravity controlled precipitation
method that also leads to the formation of iron oxide crystallites cores
coated by dextran; and (c) commercially available nanomag-D-SPIO nano-
particles synthesized by coprecipitation of iron salts in the presence of
dextran.

Unlike the BNF and JHU colloids, nanomag-D-SPIO particles have a diffuse
core formed by multiple crystallites dispersed in a dextran matrix, similar to
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Figure 4.44 Separated nuclear and magnetic scattering components from SANSPOL for magnetic fluids (jm¼ 2.8%) based on deuterated
cyclohexane and stabilized by (left) oleic and (right) myristic acids. Solid lines show fits of a core–shell model that takes into
account particle size distribution function of log-normal type. Results of the fits are the following: OA – R0¼ 3.4 nm; S¼ 0.38;
(hRi¼ 3.7 nm; s¼ 1.4 nm); h¼ 1.38 nm; MA – R0¼ 2.3 nm; S¼ 0.28; (hRi¼ 2.4 nm; s¼ 0.7 nm), h¼ 1.35 nm. Dashed lines
show Guinier approximations; obtained radii of gyration are given (adapted from M. Balasoiu et al. Rom. Rep. Phys., 2006,
58(3), 305–311; see also ref. 348a and ref. 349.
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the most common magnetic iron oxide colloids used in medical imaging.
Single magnetic nanoparticles (crystallites) can combine to form a magnetic
core. This core can be formed of densely packed (as in the BNF and JHU
samples) or loosely packed (as in the nanomag-D-SPIO sample) crystallites
within the polymer matrix. Subtle variations among the crystallites and their
spatial arrangements lead to complex micromagnetic structures that can be
examined by SANS. The powerful polarization analyzed SANS technique can
measure differences in magneto-structural properties among the nano-
particles, as evidenced by the magnetic interactions between crystallites
within a core (intra-core) or between cores of neighboring nanoparticles
(inter-core).

The resulting structural configurations of the composite particles are
summarized in Figure 4.46.358 For BNF nanoparticles, analysis of the
structure reveals that each dense core is comprised of stacked parallelepiped
crystallites (roughly 8 nm�26 nm�66 nm). Dipolar coupling between the
crystallites favors alignment of the collinear components of the magnetic
moments along the same direction, while the side-by-side components of
the moments arrange antiparallel to one another. The magnetization com-
ponents extracted from the PASANS results are consistent with the magnetic
structure depicted in Figure 4.46D. Structural scattering measurements of
the JHU nanoparticles (not shown here) suggest that each core is B48 nm in

Figure 4.45 (a) Experimental setup includes a polarizing supermirror (FeSi multi-
layer diffraction grating), an electromagnetic precession coil flipper,
sample holder with cryostat and variable magnetic field, 3He analyzer,
and a position sensitive gas detector. Arrows indicate the neutron
polarization direction. (b) Two-dimensional SANS images (shown here
at 1.2 T, 200 K) are corrected for polarization efficiency. (c) Composite
model involving a ferrimagnetic core of diameterE7 : 4 nm with a 901
canted magnetic shell of thickness between 0.8 and 1.2 nm is depicted.
Adapted with permission from K. L. Krycka, R. A. Booth, C. R. Hogg,
Y. Ijiri, J. A. Borchers, W. C. Chen, S. M. Watson, M. Laver, T. R. Gentile,
L. R. Dedon, S. Harris, J. J. Rhyne and S. A. Majetich, Phys. Rev. Lett.
2010, 104, 207203. Copyright r The American Physical Society.
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Figure 4.46 Magnetic scattering contributions, (blue) parallel and (red) perpendi-
cular to the guide field with respect to the polarized beam SANS data of
(A) BNF; (B) JHU; and (C) nanomag-D-spio (SPIO) nanoparticles in D2O at
room temperature. The fits use models illustrated in schematic diagrams
D, E, and F. Domain structures of (D) BNF; (E) JHU; and (F) nanomag-D-
spio particles obtained from analysis and modeling PASANS data. Error
bars (1s) might be smaller than the symbol. Scattered neutron intensity
from JHU and nanomag-D-spio particles is lower than from BNF particles.
Adapted with permission from C. L. Dennis, K. L., J. A. Borchers,
R. D. Desautels, J. van Lierop, N. F. Huls, A. J. Jackson, C. Gruettner
and R. Ivkov, Adv. Funct. Mater., 2015, 25, 4300. Copyright r 2015
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany.
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diameter and is comprised of many small, approximately spherical crystal-
lites B16 nm diameter. According to Dennis, Ivkov, and co-workers, the
cores can be considered to have a magnetic core–shell-like structure with a
magnetic core that is 36 nm in diameter and coherently magnetized parallel
to the guide field. The magnetic shell has an average thickness of about 7 nm
and is broken into smaller subdomains magnetized perpendicular to the
guide field (Figure 4.46E). The nuclear scattering component measured for
the nanomag-D-spio nanoparticles (not shown here) is accurately described
by a collection of independent and approximately spherical crystallites
of B9 nm diameter that form aggregated diffuse cores in which the crys-
tallites are dispersed throughout the polymer matrix (diameterE100 nm)
(Figure 4.46F). The magnetic scattering perpendicular to the field is statis-
tically significant (Figure 4.46C) and can be modeled as spherical domains of
14 nm in diameter, consistent with the average cluster size of 2–3 crystallites
suggested by transmission electron microscopy analysis.

4.5.3.6 Mössbauer Spectroscopy

Mössbauer spectroscopy provides useful information regarding phase
composition, local electronic configurations, and magnetic interactions,
including relaxation phenomena in iron oxide nanoparticles.359 The best
isotope for Mössbauer spectroscopy is 57Fe both in terms of spectral reso-
lution and appearance in magnetic phases. The natural abundance of 57Fe is
approximately 2%. Mössbauer spectroscopy is a nuclear resonance spec-
troscopy based on the resonant emission and absorption of g radiation
without loss of energy due to the recoil of the nucleus. The technique is
specific to the solid state so only the solid part of a biomedical colloid can be
investigated. A transmission spectrum records the intensity of the absorbed
radiation following the Mössbauer events as a function of the relative vel-
ocity between an oscillatory moving radioactive source and the absorber.

Local configurations of the iron within the nanoparticles give rise to small
shifts or splittings of the nuclear levels due to the hyperfine interactions of
the nucleus with the electron surrounding it. These hyperfine interactions
are the same as in NMR spectroscopy, but are specific to 57Fe. For 57Fe, the
range of these nuclear perturbations is tuned via the Doppler effect at a
relative velocity in the order of 10 mm s�1. One (singlet), two (doublet), or six
(sextet) resonant absorption lines can appear for each configuration of the
57Fe nuclide. These specific Mössbauer spectral patterns are described by the
hyperfine parameters, including the isomer shift (d), the quadrupole split-
ting (D), and the hyperfine magnetic field (Bhf). The first two parameters are
electrostatic in nature and provide valuable information about the electron
configuration of the central iron, including its valence and spin state, its
coordination, its symmetry or asymmetry, the strength of the crystal field,
and any electron delocalization phenomena. The hyperfine magnetic field is
specific only to the sextet and can be uniquely determined from the nuclear
magnetic splitting caused by the interaction between the nuclear spin and
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the local magnetic field generated at the nucleus by the surrounding elec-
trons. The hyperfine magnetic field is proportional to the net magnetic
moment of the iron and is antiparallel to it when provided by spin-only
contributions. This field gives information regarding the effective spin and
magnetic moment. The averaged hyperfine magnetic field displays similar
evolution as a function of temperature to the net magnetic moment. Reliable
information describing magnetic relaxation phenomena can be obtained by
following either the broadening of the sextet lines or the transition from the
sextet, which characterizes a magnetically ordered state, to a doublet or
singlet, characterizing a paramagnetic or superparamagnetic state.321

Information about the direction of the atomic spin versus either the dir-
ection of the incoming radiation (laboratory axis) or the main direction of
the electric field gradient (internal axis connected with crystalline directions)
can be obtained via the intensity ratios or by comparing the quadrupole
correction, which are specific to the magnetic state, to the quadrupolar
splitting, which is specific to the paramagnetic state. Such local information
is accessible for each Fe position and configuration in a sample, giving rise
to a distinct spectral pattern. Hence, whereas magnetic measurements or
macroscopic techniques provide average magnetic information about ef-
fective magnetic moments or relaxational mechanisms as if the sample is a
homogeneous magnetic entity, Mössbauer spectroscopy provides this in-
formation for each Fe phase in a sample. In this regard, Mössbauer spec-
troscopy is more adequate for the study of iron oxide nanoparticles, where
mixture of iron phases, bi-modal particle size distributions, or nanoparticles
with core–shell structures are present.

A brief investigation of three samples demonstrates the capabilities of this
technique in the investigation of iron-based nanoparticulate systems.
Temperature-dependent Mössbauer spectra of iron oxide nanoparticles ob-
tained via (A) laser pyrolysis, (B) chemical routes, and (C) hydrothermal
synthesis are shown in Figure 4.47. In each case, the synthesis was
expected to yield magnetite nanoparticles encapsulated in carbon, silica, or
polyethyleneimine. XRD and TEM characterizations indicated that, in each
sample, the nanoparticles had spinel-like structures and a broad size
distribution with an average size of 4 nm (samples A and C) or 14 nm
(sample B).

As expected, the Mössbauer spectra of these samples measured at the
lowest temperature (4.5 to 5 K) consist of broad sextets. This is primarily due
to the gradiental configuration of Fe ions along the particle diameter. At this
temperature, the nanoparticles are in the magnetic frozen regime. In sample
C, only one broad magnetic sextet is observed, suggesting that only one
magnetic phase is present. Therefore, only one type of nanoparticle is pre-
sent and a low number of Fe are involved in bonding with the polymer
chains. The Mössbauer spectra of samples A and C, however, have two
magnetic components. This observation suggests that two distinct Fe con-
figurations are present. This can be explained either by the presence of two
types of nanoparticles or by a core–shell structure. According to the
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hyperfine parameters, the two Fe phases in sample A can be assigned to a
defected spinel structure of the type Fe3O4-gFe2O3 and to Fe3C. In sample B,
however, the two phases belong to Fe3O4 and to the same spinel structure
strongly penetrated by Si atoms. The type of phases formed provides evi-
dence for two types of nanoparticles in sample A and for particles with a
core–shell structure in sample B. The hyperfine parameters corresponding to
the low-temperature spectrum of sample C provide evidence for goethite
(a-FeOOH) nanoparticles.

Information regarding the magnetic relaxation regime can be obtained by
studying the temperature dependence of the hyperfine magnetic field, which
is proportional to the atomic moment of Fe, following the same dynamics of
the magnetic moment of a monodomain-like nanoparticle. Even though in
the static regime the broad sextets impose a fitting with distributed hy-
perfine magnetic fields (the corresponding hyperfine field distributions are
always shown on the right hand of the spectra), the relaxation regime follows
the temperature evolution of the hyperfine magnetic field distribution and
its characteristic parameters, including the average hyperfine magnetic field,
hBhfi, and the distribution width, dBhf. Both the collective excitation regime
and the superparamagnetic regime can provide information describing t0

and the anisotropy energy of each type of nanoparticle. In the collective
excitations regime,317,359 the hyperfine magnetic field decreases linearly
according to eqn (4.31).

hBhfi=hB0
hfi¼ 1� k

2KV
T (4:31)

where hB0
hfi is the average hyperfine field in the magnetic frozen regime at

the lowest temperature. The relationship for the blocking temperature [eqn
(4.17)] can also be used if the Mössbauer time window, tm¼ 5�10�9 s, is
taken into account and if TB can be determined from the temperature-
dependent Mössbauer spectra. Kuncser proposed to define the blocking
temperature in Mössbauer spectroscopy as the temperature where the

Figure 4.47 Mössbauer spectra of different temperatures as collected on three sets
of nanoparticles: (A) iron oxide/C hybrids, (B) ion oxide/SiO2 hybrids,
and (C) iron oxohydroxide/polyethyleneimine hybrids (the evolution of
the average hyperfine field versus temperature corresponding to both
spectral components is shown only for the first case). The capability of
Mössbauer spectroscopy is highlighted with respect to providing evi-
dence of a particular phase composition and particle morphology in
each case, as well as the power to analyze the magnetic relaxation
mechanism for each phase.
Reprinted from Materials Chemistry and Physics, Volume 161, L. M.
Popescu, R. M. Piticescu, M. Petriceanu, M. F. Ottaviani, M. Cangiotti,
E. Vasile, M. M. Dı̂rtu, M. Wolff, Y. Garcia, G. Schinteie and V. Kuncser,
Hydrothermal synthesis of nanostructured hybrids based on iron oxide
and branched PEI polymers. Influence of high pressure on structure
and morphology, 84–95, Copyright 2015, with permission from Elsevier.

Iron-oxide Nanoparticle-based Contrast Agents 425



average hyperfine field decreases at half at its maximum value.321 Two ex-
amples are shown in Figure 4.47. In these examples, blocking temperatures
of 25 and 65 K were determined for the Fe oxide and Fe carbide nanopar-
ticles, respectively. In these cases, the anisotropy energy KV can be obtained
from eqn (4.31) from the linear decrease of the hyperfine magnetic field
at temperatures much lower than TB and the time constant t0 [eqn (4.17)]
using the anisotropy energy and TB determined from Mössbauer
spectroscopy.

Alternatively, if t0 is determined by another method, such as using the
power transferred to the ferrofluid by an induced AC magnetic field,360 both
the anisotropy energy and the average size of the nanoparticles can be de-
termined from eqn (4.17). For example, in Figure 4.47, in sample A,
this approach determined that the average size of the Fe oxide nanoparticles
is 2–3 nm, whereas that of the Fe carbide nanoparticles is 7–8 nm. Moreover,
the relative spectral areas of the components determined that each type of
nanoparticle is present in almost equal amounts. In comparison, trans-
mission electron microscopy and magnetometry cannot provide evidence for
the bimodal distribution of nanoparticles and their different relaxation
mechanism.

For the SiO2-coated magnetite nanoparticles of sample B, the average
particle size as determined by Mössbauer spectroscopy using the regime of
collective excitations (valid up to the highest measuring temperatures)
agrees well with the results obtained from transmission electron microscopy
results. The thickness of the Si-penetrated layer, which is about 3 nm, was
deduced from the relative spectral areas belonging to the core and to the
shell Fe configurations. Finally, for sample C, a blocking temperature of 34 K
was determined by Mössbauer spectroscopy, whereas a t0¼ 10�10 s and an
anisotropy constant K of 30 kJ m�3 were measured by DC magnetometry.
From eqn (4.17), an average size of 4 nm was obtained for the goethite/
polyethyleneimine nanoparticles, which is in excellent agreement with the
results obtained from transmission electron microscopy,335 thereby con-
firming the relaxation time.

In spite of its numerous advantages, Mössbauer spectroscopy is rarely
used to characterize iron oxide nanoparticles for MRI applications. None-
theless, it is a powerful technique to evaluate scaling laws and to determine
how the morpho-structural and magnetic parameters are connected to
relaxivity.
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4.6 Acquiring Phantom Images with Nanoparticles

PAULA FOSTER AND ROBERT BARTHA*

4.6.1 Contrast in T2- and T2*-weighted MRI

Several formulations of iron oxide nanoparticles have been tested for human
use, including Feridex, Resovist, and Endorem (Section 4.1.1).164 This sub-
chapter contains information regarding the acquisition of phantom images
using iron oxide nanoparticles. For articles summarizing the use of iron
oxide nanoparticles in cancer, cell tracking, drug delivery, and as biosensors,
interested readers are referred to other sources.40,361–367

Iron oxide nanoparticles shorten the T2 relaxation time constants of
nearby hydrogen nuclei. This effect on relaxation is due to local magnetic
field inhomogeneities induced by the agents that cause rapid loss of phase
coherence (Section 4.1.2 and Figure 4.48).

In T2- and T2*-weighted images, this rapid dephasing of the magnetization
results in a decrease in signal intensity observed in the material (for example,
tissue or solvent) surrounding the agent. Because magnetic field distortions
induced by the agents extend beyond the iron nanoparticles themselves, the
region of signal loss observed in an image is greater than the dimension of the
agent. This blooming artifact can be exploited to increase the detection sen-
sitivity in some applications, including for the detection of single cells.368

The characterization of nanoparticles as contrast agents for magnetic
resonance imaging is often achieved using specially prepared phantoms
that attempt to replicate in vivo conditions. Observed image contrast is
dependent on many factors including the concentration of the agent and the

Figure 4.48 Numerical simulations of the phase and amplitude response of the fast
imaging employing steady-state acquisition (FIESTA) pulse sequence
for voxels containing a single, centered superparamagnetic-iron-oxide-
labeled cell. The cross section through a 100 mm voxel shows the phase
response surrounding a superparamagnetic-iron-oxide-loaded cell.
Adapted with permission from C. Heyn, C. V. Bowen, B. K. Rutt and P. J.
Foster, Magn. Reson. Med., 2005, 53, 312. r 2005 Wiley-Liss, Inc.
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magnetic field strength, which directly impact T2 and T2* relaxation and
imaging-relevant parameters, including pulse sequences, image resolution,
and signal-to-noise ratios (SNR) of images. Superparamagnetic iron oxide
nanoparticles achieve greatest sensitivity as contrast agents for MRI due to
their ability to shorten T2 relaxation time.369,370

One example of the use of specially designed phantoms for iron
oxide nanoparticles was the study of the detection threshold of single su-
perparamagnetic-iron-oxide-labeled cells.368 In this work, the authors
examined the effects of modifying image resolution and signal-to-noise
ratio, and they derived an expression to predict the minimum amount of
superparamagnetic iron oxide needed to observe a single cell in a homo-
geneous phantom. Phantoms compatible with magnetic resonance and
optical imaging were created by placing iron-labeled cells on a single plane
between two layers of gelatin (Figure 4.49).

A variety of imaging pulse sequences can be used to measure the presence
of nanoparticles. Three-dimensional pulse sequences are most often used to
provide optimal tissue coverage, tissue contrast, and image resolution.371

The steady state balanced free precession sequence has been extensively
investigated for the detection of iron oxide nanoparticles.

The steady state balanced free precession sequence is a type of gradient
echo sequence372 that produces images with large signal-to-noise ratios per
unit time and is sensitive to flip angle and T2/T1 ratio, providing unique
contrast relative to other sequences. Of particular interest for the detection
of nanoparticles was the finding that images produced using the steady state
balanced free precession sequence are insensitive to signal loss caused by

Figure 4.49 A three-dimensional-fast imaging employing steady-state acquisition
image (100 mm isotropic pixel size) of a single plane of superparamag-
netic-iron-oxide-labeled cells (10 pg per cell) (black holes) overlaid with
a fluorescence microscopy image of cell distribution (white points).
Adapted with permission from C. Heyn, C. V. Bowen, B. K. Rutt and P. J.
Foster, Magn. Reson. Med., 2005, 53, 312. r 2005 Wiley-Liss, Inc.
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hemorrhage, which is not the case with T2- or T2*-weighted images. Under
some conditions, steady state balanced free precession sequences can dis-
criminate between iron associated with blood products in hemorrhage and
the iron associated with cells labeled with superparamagnetic iron oxide.373

Although the majority of studies using iron oxide nanoparticles are based
on detection using T2- or T2*-based imaging methods, the negative contrast
induced in these images limits their interpretation. Voids in in vivo images
could be due to the presence of iron nanoparticles or could be caused by
other factors, including the presence of blood. In addition, quantification of
the concentration of iron nanoparticles is only possible over a narrow range
of low concentration values.

4.6.2 Contrast in T1-weighted MRI and Magnetic-field-
strength Dependencies

Iron oxide nanoparticles also modulate T1 relaxation in nuclei surrounding
the nanoparticle, but the effect is usually less than the effect on T2

Figure 4.50 Magnetic resonance images of colloidal suspensions of cetrimonium-
bromide-coated monocrystalline iron oxide nanocompounds of various
sizes in water. In each case, [Fe]total¼ 4 mM. Top: average crystal
size (nm) of nanocompounds imaged in each tube. (a) T1-weighted
image acquired using sweep imaging with Fourier transform and
(b) T2*-weighted gradient echo image.
Adapted from ref. 379 with permission from The Royal Society of
Chemistry.
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relaxation.374 Nevertheless, T1-weighted imaging approaches can be used to
detect iron-containing nanoparticles. Higher field strengths are expected to
increase the contrast obtained from iron-containing nanoparticles. Gener-
ally signal-to-noise ratios increase in magnetic resonance images as a
function of field strength. The additional signal-to-noise ratio available at
higher fields can be used increase the spatial resolution of the image,
which alone improves the detection of iron-labeled cells.375–377 In addition,
intra-voxel dephasing (T2*) increases with field strength, which increases
contrast in images acquired with steady state balanced free precession
sequences.378

Several studies have examined the effect of magnetic field strength on the
potential contrast derived from iron oxide nanoparticles. Longitudinal re-
laxivity was found to be increased at lower magnetic field strengths with a
plateau below B0.02 T (B1 MHz for proton).379 In the same study, no change
in transverse relaxivity was observed between 0.5 and 11.7 T (20–500 MHz for
proton).379 This study went on to demonstrate the use of sweep imaging with
Fourier transform (SWIFT) to produce a positive contrast for iron-containing
nanoparticles (Figure 4.50a).379 The negative contrast observed for the same
phantoms using T2*-weighted images is demonstrated in Figure 4.50b.
Selective excitation of off-resonance water has also been used to generate
positive contrast from iron-containing nanoparticles,380 as have methods
that dephase background signal using gradients that are designed to
maintain signals near nanoparticles.381
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249. R. L. Mössbauer, Recoilless Nuclear Resonance Absorption of Gamma

Radiation: Nobel Lecture, December 11, 1961, in Nobel Lectures, Physics
1942–1962, Elsevier, Amsterdam, 1964.

250. N. N. Greenwood and T. C. Gibb, Mössbauer Spectroscopy, Chapman
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Mössbauer Spectroscopy Applied to Inorganic Chemistry, ed. G. J. Long,
Modern Inorganic Chemistry Series, Plenum Press, New York, 1987,
ch. 2, vol. 2, p. 89.

267. Magnetic Properties of Fine Particles, ed. J. L. Dormann and D. Fiorani,
North-Holland, Amsterdam, 1992.

268. E. Tronc, Nuovo Cimento Soc. Ital. Fis., D, 1996, 18D, 163.
269. J. L. Dormann, D. Fiorani and E. Tronc, Adv. Chem. Phys., 1997, 98, 283.
270. S. Mørup and M. F. Hansen, Superparamagnetic Particles, in Handbook

of Magnetism and Advanced Magnetic Materials, ed. H. Krönmuller and
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348. (a) L. Vékás, M. V. Avdeev and D. Bica, Magnetic Nanofluids: Synthesis

and Structure, in NanoScience in Biomedicine, ed. D. Shi, Springer,
Berlin, 2009, ch. 25, pp. 650–704; (b) M. V. Avdeev and V. L. Aksenov,
Phys.–Usp., 2010, 53, 971.
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CHAPTER 5

Transition Metal-based T1
Contrast Agents

ROSA PUJALES-PARADELA, MARTÍN REGUEIRO-FIGUEROA,
DAVID ESTEBAN-GÓMEZ AND CARLOS PLATAS-IGLESIAS*

Centro de Investigacións Cientı́ficas Avanzadas (CICA) and Departamento
de Quı́mica, Universidade da Coruña, 15008, Coruña, Spain
*Email: carlos.platas.iglesias@udc.es

5.1 Differences and Similarities Between GdIII and
Transition Metal Complexes

5.1.1 Historical Perspective

Transition metal ions such as MnII and FeIII played a key role in the devel-
opment of MRI. These metal ions were among the first to be studied as
T1-shortening agents by investigating their binding to DNA.1 Pioneering MRI
work by Lauterbur2 and Goldman3 used an MnII salt to distinguish normal
myocardial tissue and infarcted zones in dogs. Normal myocardial tissue
accumulates MnII, and thus exhibits greater signal intensity than infarcted
regions. Later, Young and co-workers used FeCl3 to enhance the gastro-
intestinal track in humans.4 A few years later, the GdIII complex of diethyl-
enetriaminepentaacetate [Gd(DTPA)](H2O)]2� was demonstrated to be
efficient in enhancing cerebral tumors in humans upon intravenous
injection.5 This breakthrough triggered intense research into GdIII-based
contrast agents that led to the commercialization of several agents based on
polyaminopolycarboxylate complexes of GdIII.6 Shortly after the success
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of GdIII-based contrast agents, research into transition-metal-based
T1-shortening contrast agents almost vanished for about 20 years. During
this period occasional reports were published, notably the work of Raymond,
who developed the well-known hepatocyte-specific contrast agent manga-
fodipir trisodium (Na3[Mn(DPDP)], TELASCANs, Figure 5.1).7 However,
in vivo contrast does not arise from this contrast agent but from the MnII

released from the complex. More recently, a contrast agent denoted as
CMC-001, composed of a mixture of MnCl2, alanine, and vitamin D3, has
been proposed for visualization of liver and bile and is currently in phase III
clinical trials.8 It is also noteworthy that deoxyhemoglobin is used as an
endogenous contrast agent providing a means to measure blood-oxygen-
ation-level-dependent functions.9

Contrast agents based on MnII or FeIII complexes present some advantages
over GdIII complexes. Both MnII and FeIII are essential elements present in
the human body, and thus humans have mechanisms to manage excesses of
these free ions within limits. On the other hand, free GdIII is toxic, and the
release of the toxic metal ion after the administration of some GdIII-based
contrast agents to patients suffering from severe renal failure was shown to
cause a disease called nephrogenic systemic fibrosis.10,11 Thus, MnII- and
FeIII-based contrast agents might have better toxicity profiles than some GdIII

complexes. This point has revitalized the research into transition-metal-
based T1-shortening contrast agents over the last decade.12–16

5.1.2 Similarities and Differences between the Coordination
Chemistry of GdIII, MnII, and FeIII

The coordination chemistry of MnII and FeIII is different than that of GdIII in
terms of the preferred coordination numbers and geometries. The large
ionic radius of GdIII (1.107 Å for CN 9)17 and the predominantly ionic
bonding usually render complexes with high coordination numbers (8–10),
and coordination geometries that are largely controlled by the nature of the
ligands.18 Both MnII and FeIII complexes in high-spin electronic configu-
rations lack ligand field stabilization energy, and therefore coordination
numbers and coordination geometries are substantially determined by the
crowding of the coordination sphere. The smaller ionic radii of MnII and
FeIII (0.830 and 0.645 Å for CN 6, respectively)17 result in coordination
numbers typically lower than those of GdIII. Thus, the coordination number
of MnII and FeIII in aqueous solution is predominantly 6, although
typical complexes with polyaminocarboxylate ligands, such as ethylenedia-
minetetraacetate (EDTA)—for example, [Mn(EDTA)(H2O)]2� and
[Fe(EDTA)(H2O)]2�—present coordination numbers of seven.19–21 Con-
cerning the nature of the ligand donor atoms, MnII, FeIII, and GdIII are rela-
tively hard Lewis acids that have preferential affinity for hard donor atoms
such as oxygen and, to a lesser extent, nitrogen. The design of ligands for the
synthesis of MnII- or FeIII-based contrast agents should take into account these
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Figure 5.1 Non-macrocyclic ligands for transition-metal-based T1 contrast agents.
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basic coordination chemistry issues. An inspection of the non-macrocyclic
(Figure 5.1) and macrocyclic (Figure 5.2) ligands investigated for MnII com-
plexation in the context of contrast agents for MRI demonstrates the pre-
dominant role of polyaminopolycarboxylate ligands, which sometimes include
other hard oxygen donor atoms from phosphonate or phenolate groups.

The spherical electronic distribution associated with the [Ar]3d5 electronic
configuration that is responsible for the slow electron spin relaxation times
T1e of MnII and FeIII influences complex stability. Typically, thermodynamic
stability constants of MnII and FeIII complexes are determined using
potentiometric or spectrophotometric pH titrations. The application of these
techniques to transition metal complexes or LnIII ions does not differ
significantly. The lack of ligand field stabilization energy and the relatively
low charge density of MnII generally results in complexes with rather low
thermodynamic stability constants. For instance, the stability constant of
[Mn(EDTA)]2� is log KMnL¼ 13.88,22 eleven orders of magnitude lower than

Figure 5.2 Macrocyclic ligands for transition-metal-based T1 contrast agents.
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that of the FeIII analogue (log KFeL¼ 24.95).23 In comparison, [Gd(EDTA)]�,
which is too unstable for in vivo use, has a stability constant of
log KGdL¼ 17.3,24 whereas that of the benchmark [Gd(DTPA)]2� is yet higher
log KGdL¼ 20.73.22 The thermodynamic stability constants of MnII com-
plexes with some macrocyclic ligands such as DO3A (Figure 5.2) are higher
(log KMnL¼ 19.40)25 than with EDTA, but the [Mn(DO3A)]� complex lacks
inner-sphere water molecules and therefore presents a rather low relaxivity
(1.3 mM�1 s�1 for the DO3A complex versus 3.3 mM�1 s�1 for the EDTA
complex).26 Removing one of the acetate pendant arms of DO3A to yield
1,4-DO2A leads to space for water to coordinate to the inner-sphere of MnII

and, consequently, to an increase in the relaxivity of MnII ([Mn(1,4-DO2A)]�

relaxivity¼ 2.1 mM�1 s�1) due to the inner-sphere contribution.26 However,
this increase in relaxivity comes at the expense of complex stability
(log KMnL¼ 16.13).25

An important aspect that distinguishes the aqueous chemistry of FeIII with
respect to MnII and GdIII is the high acidity of ferric complexes, which leads
to the formation of hydroxide species at rather low pH values.27 The
formation of hydroxide and oxo species is observed above pHB5 for
[Fe(EDTA)]�,23 but this effect is expected to occur at lower pH values if the
positive charge of the complex increases. As a result, most FeIII complexes
investigated as potential contrast agents for MRI do not contain inner-
sphere water molecules.28 Consequently, the relatively low observed
relaxivity values are the result of outer-sphere contributions. The species
distribution diagrams shown in Figure 5.3 illustrate the speciation of MnII

Figure 5.3 Species distribution diagrams of the MnII:EDTA and FeIII:EDTA systems
([MnII]¼ [FeIII]¼ [EDTA]¼ 1 mM). Ligand protonation constants and
stability constants were taken from ref. 22.
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and FeIII as a function of pH. The [Mn(EDTA)]2� complex dissociates at a
relatively low pH (o5.5), but no dissociation of [Fe(EDTA)]� was observed in
the pH range 2–11 as a result of the high thermodynamic stability of this
complex. No hydroxide species were detected in solution for [Mn(EDTA)]2�,
but [Fe(EDTA)]� forms a mononuclear hydroxo complex [Fe(EDTA)(OH)]2� at
pH45.0. This hydroxo complex dimerizes to give an oxo-bridged complex
[{Fe(EDTA)}2(m-O)]4� above pHB6.5.22

The mechanisms leading to the dissociation of MnII complexes do not
differ significantly from those of GdIII complexes. The main dissociation
pathways that operate in vivo are spontaneous dissociation, acid-catalyzed
dissociation, and dissociation promoted by endogenous metal ions (for ex-
ample, MgII, CaII, ZnII, or CuII) or endogenous ligands (for example, car-
bonate, citrate, or lactate).29 However, although the dissociation
mechanisms of GdIII- and MnII-based contrast agents are the same, MnII

complexes generally present much faster dissociation kinetics.30 Thus, the
design of thermodynamically stable and kinetically inert MnII-based contrast
agents remains a challenge for coordination chemists. The number of
studies reporting on the dissociation kinetics of FeIII complexes with rele-
vance to contrast agents for MRI is rather limited, and they focus mainly on
the acid-catalyzed pathway.31–33 Nevertheless, FeIII complexes are expected to
be more inert than their MnII analogues.

Certain ligands possess the ability to stabilize both the divalent and tri-
valent oxidation states of Mn, thereby offering opportunities for the design
of redox-responsive MRI probes.34 Among the ligands that have been tested
for this purpose are porphyrins such as TPPS (Figure 5.2)35 and the non-
macrocyclic derivative HBET (Figure 5.1)36 and closely related derivatives.37

Typically MnII complexes behave as potent T1-shortening relaxation agents
compared to MnIII analogues, resulting in an enhancement in relaxivity
upon reduction.

5.1.3 Contributions to 1H Relaxivity and Interpretation of
NMRD Profiles

Early NMRD studies (Chapter 2.3.) performed by Koenig and co-workers
showed that some transition metal complexes behave as efficient T1-short-
ening relaxation agents and could therefore be applied as contrast agents in
MRI.38,39 Among the different transition metal ions, high-spin MnII and FeIII

complexes appeared to be the best candidates because their [Ar]3d5 con-
figuration results in slow electron spin relaxation times.40,41 As described in
detail in Chapter 2, the observed longitudinal 1H relaxivity (r1) can be ex-
pressed as the sum of the inner-sphere ðrIS

1 Þ and outer-sphere contributions
ðrOS

1 Þ:

r1¼ rIS
1 þ rOS

1 (5:1)

Transition Metal-based T1 Contrast Agents 453

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

48
View Online

http://dx.doi.org/10.1039/9781788010146-00448


The longitudinal relaxation time of a coordinated water molecule is, ac-
cording to the Solomon–Bloembergen–Morgan (SBM) theory, proportional
to S(Sþ 1), with S being the total spin of the paramagnetic ion.6 Further-
more, outer-sphere relaxivity is also proportional to S(Sþ 1), in addition to
the diffusion coefficient dMH

298 and the distance of closest approach of an
outer-sphere water molecule aMH. These last two contributors are expected to
be similar for GdIII-, MnII-, and FeIII complexes. Thus, one would expect
somewhat higher relaxivities for complexes of GdIII (S¼ 7/2) with respect to
MnII and FeIII derivatives (S¼ 5/2) containing the same number of co-
ordinated water molecules. However, this relaxivity decrease is partially
compensated by shorter MnII� � �Hwater and FeIII� � �Hwater distances compared
to GdIII� � �Hwater.

Figure 5.4 shows 1H-NMRD profiles simulated for typical complexes of
these metal ions with one coordinated water molecule: [Gd(DTPA)]2�,
[Mn(EDTA)]2�, and [Fe(EDTA)]�. The parameters used for the simulations
are compiled in Table 5.1. The NMRD profiles of [Gd(DTPA)]2� and
[Mn(EDTA)]2� show similar shapes, with a single dispersion in the range of
2–30 MHz, but the relaxivity of the GdIII complex is higher than that of
[Mn(EDTA)]2�. This difference is a direct consequence of the lower para-
magnetism of the MnII complex, which is not compensated by the shorter
Mn� � �Hwater distance (rMnH¼ 2.83 Å versus rGdH¼ 3.1 Å). In the case of
[Fe(EDTA)]�, proton relaxivity is rather low in the proton Larmor frequency
range 0.01–6.0 MHz, decreases from B6 to 30 MHz, and increases at higher
fields. Thus, compared to the NMRD profiles of the GdIII- and MnII com-
plexes, the dispersion for FeIII is shifted to higher fields. Furthermore, while
the relaxivity of [Fe(EDTA)]� is low at low fields, it becomes comparable or
even higher than that of [Mn(EDTA)]2� above 100 MHz. Given the increasing
magnetic fields used in modern MRI scanners,42 FeIII complexes might offer

Figure 5.4 1H-NMRD profiles calculated with the parameters shown in Table 5.1
(25 1C).
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opportunities for the design of contrast agents that are alternatives to those
based on GdIII.

The different shapes of the NMRD profiles of MnII- and FeIII complexes is
related to the faster electron spin relaxation of FeIII derivatives (Table 5.1).
The parameters describing the electron spin relaxation of [Gd(DTPA)]2� and
[Mn(EDTA)]2� (the electronic correlation time for the modulation of the
zero-field-splitting interaction, tv, and the mean square zero-field-splitting
energy, D2) are similar. However, the value of D2 obtained from the analysis
of NMRD profiles of [Fe(EDTA)]� is considerably higher, resulting in a
shorter electron spin relaxation time. The longitudinal and transverse re-
laxation rates of the electron spin, 1/T1e and 1/T2e, are often approximated
using eqn (5.2)–(5.3).46

1
T1e
¼ 1

25
D2tf4SðSþ 1Þ � 3g 1

1þ o2
st2 þ

4
1þ o2

st2

� �
(5:2)

1
T2e
¼ 1

50
D2tf4SðSþ 1Þ � 3g 5

1þ o2
st2 þ

2
1þ 4o2

st2 þ 3
� �

(5:3)

Traditionally, the correlation time t was assumed to be connected to the
modulation of the zero field splitting due to distortions of the coordination
geometry of the complex, tv. Simulations of 1/T1e and 1/T2e using eqn (5.2)
and (5.3) and the parameters given in Table 5.1 (Figure 5.5) show that
electron spin relaxation is considerably faster for [Fe(EDTA)]� compared to
[Mn(EDTA)]2�.

NMRD studies have been carried out for several MnIII porphyrins.35,47–49

1H-relaxivity is generally constant for these complexes in the range
0.01–1 MHz, increases at faster frequencies to reach a maximum near
10–20 MHz, and decreases at higher fields. The different shapes of the
NMRD profiles of the MnII and MnIII derivatives are likely related to a rela-
tively fast electron spin relaxation in the trivalent state, but quantitative
analysis of the relaxivity data for these complexes needs to be performed.

Table 5.1 Parameters characterizing the relaxivities of [Gd(DTPA)]2�, [Mn(EDTA)]2�,
and [Fe(EDTA)]�.a

Parameter [Gd(DTPA)]2� a [Mn(EDTA)]2� b [Fe(EDTA)]� c

kex
298/106 s�1 3.3 471 72

tR
298/ps 58 57 57

tV
298/ps 25 27.9 7.0

dMH
298/10�10 m2 s�1 20 23 23

D2/1019 s�2 4.6 6.9 130
rMH/Å 3.1 2.83 2.75
aMH/Å 3.5 3.6 3.6
aData from ref. 43.
bData from ref. 26.
cElectron spin relaxation parameters taken from ref. 44 and water exchange rate from ref. 45.
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The NMRD profiles of a few MnII complexes, such as [Mn(H2O)6]21,
[Mn2(ENOTA)(H2O)2], and [Mn(trans-PC2A)], present a second dispersion at
low fields. This second dispersion is associated with a scalar contribution to
1H relaxivity that can be expressed with eqn (5.4).50–52

1
TSC

1
¼ 2SðSþ 1Þ

3
AH

�h

� �2 te2

1þ o2
st

2
e2

� �
(5:4)

In this equation, AH/�h represents the 1H hyperfine or scalar coupling
constant, and 1/te2 is the sum of the exchange rate constant and the trans-
verse (1/T2e) electron spin relaxation rate expressed by eqn (5.5).

1
te2
¼ 1

T2e
þ kex (5:5)

The values of the scalar coupling constants determined for [Mn(H2O)6]II,
[Mn2(ENOTA)(H2O)2], and [Mn(trans-PC2A)] amount to 5.43�106, 2.9�106,
and 2.9�106 rad s�1, respectively. The important scalar contribution to
proton relaxivity in these complexes is related to a slow electron spin re-
laxation and a rather low water-exchange rate of the inner-sphere water
molecule.53 Figure 5.6 shows simulations of 1H-NMRD profiles obtained
using different values of the mean square zero-field-splitting energy, D2.
The NMRD curves show that the second dispersion at B0.3 MHz is only
visible for small D2 values, which lead to slow electron spin relaxation rates
[1/T2eo5�108 s�1, eqn (5.3)].

An important parameter that influences proton relaxivities is the exchange
rate of the coordinated water molecule (kex). Water-exchange rates can be
measured using 17O-NMR spectroscopy following the same methodology

Figure 5.5 Electron spin relaxation rates calculated using the parameters in
Table 5.1: [Mn(EDTA)]2� blue; [Fe(EDTA)]� green; 1/T1e: full lines,
1/T2e: dotted lines.
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described for GdIII complexes (Chapter 2). Generally, a simultaneous fitting
of 17O-NMR and 1H-NMRD data provides more reliable fitted parameters
than using only one technique, as discussed in detail for GdIII complexes
(Chapter 2.3).54 This point is particularly important for the determination
of tv and D2, which are strongly correlated in fittings that use only
17O-NMR data.

The exchange rate of the inner-sphere water molecules in [Gd(H2O)8]31 is
very fast (kex

298¼ 8.04�108 s�1), but complexation slows the water-exchange
rate (Figure 5.7).43 As a result, water-exchange rates of GdIII expand over a
range of about four orders of magnitude from the fastest determined for the
aqua-ion to the slowest reported for DOTA-tetraamide derivatives
(kex

298¼ 5.0–12.5�104 s�1).55 The water-exchange rate of [Mn(H2O)6]21,
kex

298¼ 2.1–2.8�107 s�1,53,56 is slower than that of [Gd(H2O)8]31, but often
complexation of MnII accelerates the water-exchange rate. As a result, the
ranges of water-exchange rates determined for GdIII and MnII complexes
present a wide overlap, although some six-coordinate MnII complexes present
very fast water exchange rates ([Mn(DO1A)]1, kex

298¼ 5.96�109 s�1;26 [Mn(12-
PyN4A)]1, kex

298¼ 3.03�109 s�1;57 [Mn(NOMPA)]1, kex
298¼ 2.77�109 s�1).58

On the lower side of the scale are MnII complexes with NO2A derivatives that
contain bulky substituents in one of the nitrogen atoms of the macrocyclic
unit (for example, [Mn(NODABA)], kex

298¼ 1.3�106 s�1).59 Nevertheless, the
data reported to date for MnII and GdIII complexes suggest that water-
exchange rates of MnII chelates, which span four orders of magnitude, can be
up to one order of magnitude faster than GdIII complexes.

The water-exchange rates of several MnIII porphyrins relevant as
T1-shortening agents have also been determined using 17O-NMR

Figure 5.6 NMRD profiles calculated at 25 1C using the SBM equations for
a hypothetical MnII complex using different values of D2. Other par-
ameters are tv¼ 28 ps; tR

298¼ 57 ps; dMnH
298¼ 23�10�10 m2 s�1;

rMnH¼ 2.83 Å; aMnH¼ 3.6 Å; kex¼ 30�106 s�1; AH/�h¼ 5�106 rad s�1.
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measurements.61 They were found to be in the range kex
298¼ 4.1�106–

27.4�106 s�1, depending upon the charge density of the metal center and the
steric compression around the coordinated water molecules. The parameters
characterizing the electron spin relaxation (tv and D2) determined for MnII

complexes from 17O-NMR and NMRD measurements should be taken with
some caution for several reasons. First, eqn (5.2) and (5.3) are only valid
within the motional narrowing condition or Redfield limit, while outside the
extreme narrowing limit electron spin relaxation is expected to be a multi-
exponential process.62 Second, both transient and static zero field splitting
can contribute to electronic relaxation. Within the Redfield limit eqn (5.2)
and (5.3) can be used to describe transient as well as static zero field splitting
relaxation. In such a case, the correlation time t in eqn (5.2) and (5.3) is
expected to take values between the correlation time characterizing the
transient zero field splitting (tvo0.1 ps)63 and the rotational correlation time
tR that modulates the static zero field splitting.64,65 Therefore, the values of
tv listed in Table 5.2 should be considered as effective correlation times,
taking values in the range B1–70 ps. Third, the values of tv and D2 deter-
mined using only 17O-NMR data are strongly correlated. For instance,
17O-NMR measurements provided tv¼ 1.4 ps and D2B1.4�1019 s�2 for
[Mn(EDTA)]2�,19,41 while simultaneous analysis of NMRD and 17O-NMR
transverse relaxation rates and chemical shift data gave tv¼ 28 ps and
D2B6.9�1019 s�2.26 However, the kex

298 values determined using the two
approaches are identical within experimental error. The D2 values listed
in Table 5.2 suggest that zero-field-splitting energies of MnII may vary by up
to 1 order of magnitude.

Figure 5.7 Water-exchange rates measured for MnII and GdIII complexes at 298 K.
The MnII data are compiled in Table 5.2, and the data for GdIII were
taken from ref. 60.
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Table 5.2 Water exchange rates, ZFS parameters and scalar 17O and 1H hyperfine coupling constants of selected transition-metal-based T1
contrast agents.

Parameter kex
298/107 s�1 tv

298/ps D2/1019 s�2 � AO/�h/106 rad s�1 AH/�h/106 rad s�1 a Ref.

[Mn(H2O)6]II 2.8/2.1/15b 10/3.3/1.5 0.60/0.56/0.39 34.6/33.3 5.43/4.3/ 53/56/50
[Mn(EDTA)(H2O)]2� 41/44/47 1.4/1.4/28 1.3/1.4/6.9 40.2/42.5/40.5/40.7d 2.0d 19/41/26
[Mn(diPhEDTA)(H2O)]2� 23 66
[Mn{EDTA(BOM)}(H2O)]2� 9.3 24.7 7.3 37.9 67
[Mn{EDTA(BOM)2}(H2O)]2� 13.0 35.3 5.3 37.9 67
[Mn(CyDTA)(H2O)]2� 14.0 1.8 1.36 31.4 20
[Mn(PhDTA)(H2O)]2� 35.0 38.0 68
[Mn(HBET)]2� 2.4 25.1 37
[Mn(CyHBET)]2� 6.7 25.3 37
[Mn(PyC3A)]� 5.4 28.7 69
[Mn(TMDTA)(H2O)]2� 13.2 75.4 19
[Mn(DPAMA)] 30.6 39.2 2.38 45.8/50.3d 70
MnAAZ3A 4.7 30 3.3 35.2c 71
MnMeAAZ3A 12.6 32 3.5 27.6c 71
MnAAZ3MA 13.3 36 4.5 26.4c 71
[Mn(9-aneN2O-2A)(H2O)x] 119 12.4 79 33.3 72
[Mn(9-aneN2O-2P)(H2O)x] 1.2 30.7 60 33.3 72
[Mn(MeNO2A)] 62.6 21.4 7.2 46/47.8d 73
MnNODAHep 0.27 60 7 30 59
MnNODABA 0.13 60 7 33 59
MnNODAHA 0.27 69 7 30 59
[Mn(NOMPA)(H2O)]1 276.8 32.8 3.7 73.3/77.7d 58
[Mn(ENOTA)(H2O)2] 5.5 7.7 0.47 32.7c 2.9 51
[Mn(BP2A)(H2O)] 18.1 1.6 26 46.2 52
[Mn(12-pyN4A)(H2O)]1 303 8.7 4.0 36.6 57
[Mn(12-pyN4P)(H2O)] 177 14.3 30.2 39.9 57
[Mn(trans-PC2A)] 15.2 1.3 27 47 2.1 52
[Mn(DO1A)(H2O)] 595.7 13.9 12.8 39.4 26
[Mn(1,4-DO2A)(H2O)]� 113.4 4.4 48.1 43.0 26
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Table 5.2 (Continued)

Parameter kex
298/107 s�1 tv

298/ps D2/1019 s�2 � AO/�h/106 rad s�1 AH/�h/106 rad s�1 a Ref.

[Mn(1,4-DO2AM)(H2O)]II 11.5 5.5 51 37.1 74
[Mn(DO3A)]� 18.1 7.4 26
[Mn(Me2-15-py-eneN5)(H2O)2]II 2.0 75
[Mn(15-pyN3O2)(H2O)2]II 0.38 3.3 0.66 38.6 76
[Mn(15-pyN5)(H2O)2]II 6.9 3.9 0.46 38.6 76
[Mn(Me2-15-pyaneN5)(H2O)2]II 5.3 75
[Mn(15-aneN5)(H2O)2]II

Z10 75
[{Mn(15-py-aneN5)(H2O)2}2]41 5.0 2.8 28.9 38.3 77
[{Mn(Me2-15-py-eneN5)(H2O)2}2]41 1.7 1.8 10 37.7 77
[Mn(EDTA-pBzOH)]2� 16.8 29.2 78
aThe correct sign of the scalar 17O coupling constant of coordinated water molecules is negative, corresponding to negative spin densities at the point
nucleus that originate upfield shifts of the 17O resonance.

bValue at 308 K.
cThe original papers report AO/h.
dObtained with density functional theory calculations.
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5.1.4 Characterizing Manganese and Iron Complexes

The techniques used for the characterization of MnII and FeIII complexes do
not differ much from those used for GdIII-based analogues. From the per-
spective of structural characterization, X-ray diffraction plays a major role,
although structures observed in the solid state might be different from those
in solution. In the case of GdIII, the analysis of high-resolution NMR spectra
of complexes with other LnIII ions represents a powerful tool to gain struc-
tural information in solution, as usually a given ligand forms an iso-
structural series of complexes with the whole or a part of the lanthanide
series.79,80 Unfortunately this strategy is not applicable to MnII and FeIII

complexes. In terms of absorption and emission spectroscopy, d–d transi-
tions in high-spin MnII and FeIII complexes are forbidden by the spin se-
lection rule, and thus are extremely weak and usually not informative.
Conversely, high-spin MnIII complexes present considerably more intense
d–d transitions that can be used to monitor the oxidation of responsive
probes based on the MnII/MnIII pair.37,57

Both MnII and FeIII are active in electron paramagnetic resonance (EPR)
spectroscopy, and thus this technique often provides structural insight.
The EPR spectrum of [Mn(H2O)6]21 shows hyperfine splitting,81 which is
often not observed for chelates as a result of line-broadening associated to
a faster electronic relaxation.26 Thus, EPR and electron nuclear double
resonance (ENDOR) studies of high-spin metal ions is a challenge, espe-
cially at the conventional X-band frequencies.82 Nevertheless, ENDOR
spectroscopy can in principle provide access to weak hyperfine couplings
from ligand nuclei, thereby revealing structural details.83,84 EPR spec-
troscopy also allows determination of the zero field splitting parameters D
and E that relate to the ZFS energy D [eqn (5.2) and (5.3)].85,86 Thus, EPR
spectroscopy is a valuable tool to understand electron spin relaxation of
transition metal-based T1-shortening contrast agents. Another technique
that is specifically useful for the characterization of FeIII complexes is 57Fe-
Mössbauer spectroscopy, which is normally applied to solid samples or
frozen solutions at low temperatures.87 Mössbauer spectroscopy provides
structural information (for example, coordination numbers), but it has
been scarcely exploited for the characterization of potential MRI contrast
agents.88

The relative stabilities of the MII and MIII oxidation states of redox-
sensitive probes can be conveniently assessed by using electrochemical
techniques, notably cyclic voltammetry (CV) measurements. Cyclic voltam-
metry is an electrochemical experiment in which potential is changed over
time in a reversible fashion. A typical set-up used for CV experiments is
shown in Figure 5.8.89 The electrochemical cell contains a working electrode,
where the reaction of interest takes place; a counter electrode, which bal-
ances the Faraday process, and a reference electrode. The cell should be
purged with an inert gas, typically N2 or Ar, to exclude oxygen. The electrodes
are connected to a potentiostat that controls the experiment by imposing on
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the working electrode a back-and-forth linear potential sweep. A typical
cyclic voltammogram is a current versus potential plot characterized by the
initial (Ei), switching (Es), and final (Ef) potentials.

A standard CV experiment typically requires a 1–5 mM solution of the
electroactive species (i.e. the MnII or FeIII complex) as well as a supporting
electrolyte to enhance the conductivity of the solution (i.e. 0.15 M NaCl to
mimic biological fluids). The working electrode is normally a solid disk
electrode made of platinum, gold, or glassy carbon, and the counter elec-
trode is typically a Pt rod. The mercury-drop electrode is useful for electro-
chemical measurements in aqueous solutions when large negative
potentials need to be investigated; however, it is not generally required for
the investigation of redox-responsive contrast agents for MRI because solid
disk electrodes work well within the threshold for typical bioreductants
(�0.4 V versus normal hydrogen electrode).90 The most common reference
electrodes used in aqueous solutions are Ag/AgCl and calomel electrodes.
Care should be taken when comparing potentials obtained with different
reference electrodes because potentials vary with the type of electrode used
and with seemingly small changes to the same electrode, such as the con-
centration of the filling solution.91

Figure 5.8 Typical setup used for cyclic voltammetry measurements. R, C, and W
refer to the reference electrode, counter electrode, and working elec-
trode, respectively.
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Figure 5.9 shows representative cyclic voltammograms recorded for MnII

complexes showing a quasi-reversible system ([Mn(BCPE)] and an irrevers-
ible system ([Mn(PC2A)(H2O)]).52,70 The voltammogram recorded for
[Mn(BCPE)] shows a well-defined anodic peak at EPA¼þ0.70 V that corres-
ponds to the oxidation of MnII to MnIII. The MnIII species deposited on the
electrode surface is reduced in the reverse scan that shows a cathodic peak at
EPC¼þ0.48 V. The difference in cathodic and anodic peak potentials is
around B60 mV for fully reversible electron transfer process (60/n for mul-
tielectron transfer processes, where n is the number of electrons in the
process). Another feature of a reversible electron transfer process is that the
ratio of the anodic to cathodic peak currents should be unity. An increase of
irreversibility is reflected by an increased separation between anodic and
cathodic peaks and a decrease in the peak current relative to the reversible
case. Generally, the extent of irreversibility increases upon increasing the
sweep rate. In the case of an irreversible system, no inverse peak is observed
on inversing the scan direction. A typical irreversible voltammogram is
shown in Figure 5.9 for [Mn(PC2A)(H2O)]. The irreversibility of the oxidation
process in this example has been attributed to the deprotonation of the
coordinated water molecule, which may cause slow kinetics of the reverse
reaction or precipitation on the electrode surface.57

5.1.5 Computational Methods

The computational approaches available for the investigation of first-row
transition metal complexes are essentially the same as those described for
GdIII complexes (Chapter 2.9). Density functional theory (DFT) methods
are the most popular for the investigation of the electronic structure of

Figure 5.9 Cyclic voltammograms recorded from ca. 2 mM aqueous solutions
(0.15 M NaCl, pH 7, scan rates 0.05 V s�1, Ag/AgCl reference electrode)
of [Mn(BCPE)] (solid line) and [Mn(PC2A)(H2O)] (dashed line).52,70
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transition metal complexes.92 Relativistic effects can be generally neglected
for the computation of molecular geometries, and thus common all-electron
basis sets usually perform well. DFT studies of MnII and FeIII complexes in
aqueous solutions typically employ functionals based on the hybrid GGA (i.e.
B3LYP),93,94 meta-GGA or hybrid meta-GGA approximations (for example,
TPSSh)73 in combination with polarized double- or triple-x basis sets
(Chapter 2.9). Bulk solvent effects can be included by using the different
polarized continuum approaches implemented in most of the program
packages for electronic structure calculations. Because potential MRI con-
trast are often charged or neutral species with highly concentrated regions of
charge density, the inclusion of bulk solvent effects often has an important
impact on the calculation of geometries and energetics of the complexes.

DFT methods have been used to gain information on several parameters
relevant to contrast agents for MRI. Among the structural parameters
important for the interpretation of 1H-NMRD and 17O-NMR data are the
M–Owater and M� � �Hwater distances and the scalar 1H and 17O hyperfine
coupling constants AH/�h and AO/�h. For GdIII complexes, an accurate estima-
tion of these parameters requires the explicit inclusion of a few second-sphere
water molecules (typically two) involved in hydrogen bonds with the co-
ordinated water molecule.73 The presence of second-sphere water molecules
provokes a remarkable shortening of the M–Owater distances and increases the
absolute values of calculated AO/�h values.73 The hyperfine coupling constants
obtained by using DFT methods are often in excellent agreement with the
experimental values determined from 17O-NMR transverse relaxation rates
and chemical shifts, with deviations typicallyo10% (Table 5.2).

The electronic 6S ground states of high-spin MnII and FeIII ions are
characterized by electronic spin states S¼ 5/2, which implies that the de-
generacy of the magnetic sublevels MS¼ �5/2, �3/2 and �1/2 is broken in
the absence of any applied magnetic field due to zero-field splitting effects.95

Different computational studies calculated zero-field splitting parameters
using DFT and multiconfigurational CASSCF calculations.63,96,97 The phe-
nomenological zero-field splitting Hamiltonian can be expressed in terms of
the symmetric tensor D [eqn (5.6)].98

bHZFS¼ ŜDŜ (5:6)

Taking a coordinate system that diagonalizes the D tensor allows writing
the zero-field splitting Hamiltonian as in eqn (5.7), where D and E are the
axial and rhombic zero-field splitting parameters given by eqn (5.8) and (5.9).

bHZFS¼D Ŝ2
z �

1
3

Ŝ2
� �

þ EðŜ2
x � Ŝ2

yÞ (5:7)

D¼Dzz �
1
2
ðDxx þ DyyÞ (5:8)

E¼ 1
2
ðDxx � DyyÞ (5:9)
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Zero-field splitting arises from a direct electron–electron magnetic dipole
spin–spin interaction involving unpaired electrons and the spin-orbit
coupling of excited states into the ground state. The zero-field splitting
parameters calculated using DFT methods for different MnII complexes vary
depending on the particular functional employed in the calculation, with
accuracies of B0.1 cm�1.63,96,97 On the other hand, ab initio CASSCF/NEVPT2
calculations were shown to provide zero-field splitting parameters in excel-
lent agreement with experiments for both MnII and MnIII complexes.63,98 The
values of the axial and rhombic zero-field splitting parameters D and E relate
to the zero-field splitting energy given in the McLachlan equations [eqn (5.2)
and (5.3)] as described in eqn (5.10).

D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
3

D2 þ 2E2

r
(5:10)

CASSCF/NEVPT2 calculations were found to provide values of D in good
agreement with those obtained from the analysis of NMRD data for a small
set of MnII complexes63 and the aqua ion.99

5.2 Determining Effective Magnetic Moment (leff)
Measurements of magnetic properties have been widely used to characterize
a wide range of transition metal complexes having at least one oxidation
state with an incomplete d subshell. Magnetic measurements provide in-
formation regarding electronic configuration, particularly for the first row
transition ions for which electronic configuration is related to the oxidation
state of the metal ion. The magnetic moment of a substance (meff) cannot
be determined using a direct measurement; it must be calculated from
magnetic susceptibility values, which can be measured using different
experimental techniques either in solution or in the solid state. Methods
for solid-state samples include the use of Gouy and Faraday balances
(force methods) or a vibrating sample magnetometer (VSM) or a super-
conducting quantum interference device (SQUID) magnetometer (induction
methods).100 In solution, the determination of magnetic susceptibility can
be achieved using an NMR spectrometer (Evans’ NMR method).101

The molar susceptibility of a paramagnetic compound expressed in SI
units (m3 mol�1) is given by Curie’s law [eqn (5.11)], where NA is Avogadro’s
number, m0 is the vacuum permeability (4p�10�7 N A�2), kB is the Bolztmann
constant (1.380�10�23 J K�1) and T is the absolute temperature.

wm¼
m0NAm2

effm
2
B

3kBT
(5:11)

The experimental value of wm includes both paramagnetic and dia-
magnetic contributions. Because the paramagnetic contribution contains
the relevant information, the diamagnetic contribution must be subtracted
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from the experimental susceptibility to give the corrected value (sometimes
called corrected magnetic susceptibility, is wcorr

m ):

wcorr
m ¼ wm�wD (5:12)

The diamagnetic contribution is often estimated using Pascal’s constants
according to eqn (5.13).102

wD¼
X

i

wDi þ
X

i

li (5:13)

Here, wDi represents the diamagnetic contribution of atom i in the mol-
ecule and li the contribution of bond i. The corrected magnetic suscepti-
bility can be related to the effective magnetic moment by rearranging
eqn (5.11) to give eqn (5.14), where meff is expressed in Bohr magnetons per
formula unit (BM) and wcorr

m is normally given in cm3 mol�1 (SI units) or
emu mol�1 (cgs units).

meff ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kB

m0NAm2
B

s ffiffiffiffiffiffiffiffiffiffiffiffi
wcorr

m T
p

(5:14)

Using SI units the first term in eqn (5.14) equals 797.8, so that
meff ¼ 797:8

ffiffiffiffiffiffiffiffiffiffiffiffi
wcorr

m T
p

, and the use of cgs units gives meff ¼ 2:827
ffiffiffiffiffiffiffiffiffiffiffiffi
wcorr

m T
p

.
Although the magnetic moment of a substance can be reported in electro-
magnetic units (emu) (1 emu¼ 1 erg G�1¼ 10�3 J T�1), inorganic chemists
commonly use of the Bohr magneton (mB¼ 9.274�10�24 J T�1), which cor-
responds to the magnetic moment of a 1s electron in a hydrogen atom.

The vast majority of FeIII and MnII complexes investigated as potential
contrast agents for MRI are mononuclear complexes with high-spin [Ar]3d5

configurations. Thus, these systems present relatively simple magnetic
properties due to the presence of a unique magnetic center without first-
order orbital momentum. As a consequence, the magnetic susceptibility of
these complexes often follows the Curie law, as plots of wm versus the inverse
temperature (or 1/wm versus T) give straight lines with slopes of
C¼ m0NAm2

eff m2
B=kB (or 1/C, Figure 5.10). A convenient way of confirming that

a given compound follows the Curie Law is to obtain a horizontal straight
line in a plot of wmT versus T (Figure 5.10).103 In the particular case of high-
spin d5 complexes, wmT is expected to be 4.37 cm3 K mol�1 using the spin-
only formula mS¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4SðSþ 1Þ

p
.

Because magnetic measurements are normally recorded in the solid state,
the magnetic species are rarely perfectly isolated from the environment,
leading to deviations from Curie behavior. These deviations are often ac-
counted for by the Curie–Weiss law, which can be written as wm¼C(T�Y),
where C is the Curie constant and Y is the Weiss constant or Weiss tem-
perature. Thus, plots of 1/wm versus T for systems following the Curie–Weiss
law give a straight line with slope 1/C, while Y is obtained from the intercept
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of the straight line with the T axis. A positive Y value is indicative of ferro-
magnetic intermolecular interactions, and Yo0 indicates antiferromagnetic
intermolecular interactions.

The zero-field splitting operating on the electronic 6S ground states of
high-spin MnII and FeIII ions can also have consequences for magnetic
properties. Zero-field splitting is expected to be small for undistorted
octahedral complexes (B0.01 cm�1 for FeIII) and increase upon symmetry
lowering (Figure 5.11).104 For instance, D values of B15 cm�1 are rather

Figure 5.11 Plots of wmT versus T simulated for a hypothetical high-spin d5 FeIII

complex with zero-field splitting energies of D¼þ15 cm�1 and
D¼�15 cm�1. The expressions used to simulate the curves were
taken from ref. 104.

Figure 5.10 Plots of wmT and 1/wm versus T simulated for a hypothetical high-spin d5

metal complex that obeys the Curie law.
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common for FeIII porphyrins.105 Simulations showing plots of wmT versus T for
a hypothetical FeIII complex with a |D|¼ 15 cm�1 provide support that wmT
decreases upon cooling, with the shape of the curve varying slightly depending
upon the sign of D. In the case of MnII complexes, the zero-field splitting
energies are typically lower than B2 cm�1, and thus the zero-field splitting
has a negligible effect on magnetic properties. As a result, the product wmT
remains constant with temperature, even at low temperatures.103

The wmT product in MnIII porphyrins at room temperature was found to be
practically identical to that expected for one isolated high-spin d4 metal ion
(3.0 cm3 mol�1 K), and lowering temperature provoked a decrease of the wmT
values as a consequence of the zero-field splitting of the MnIII ion.106

5.2.1 Bulk Magnetic Susceptibility (BMS) Shifts

Evans’ NMR method is a quite simple, reliable, and widely used method for
determination of the magnetic susceptibility of paramagnetic molecules in
solution. This method is based in the bulk magnetic susceptibility (BMS)
shift that an inert compound (for example, tert-butyl alcohol or dioxane)
experiences in the presence of a paramagnetic solute that influences nuclear
spins, induces chemical shifts, and increases nuclear relaxation rates. There
are several experimental procedures to measure BMS shifts. The most
common one involves the use of a 5 mm co-axial NMR tube containing two
separate solutions. Generally, the solution of the paramagnetic species and a
known amount of the inert compound are placed in the inner coaxial tube,
and the solvent containing an identical amount of the inert compound is
placed in the outer coaxial tube (Figure 5.12). The difference between the
chemical shifts obtained for the resonances of the inert compound in the
inner and outer compartments are related to the BMS shift, DdBMS, by eqn
(5.15), where c is the molar concentration of the paramagnetic substance
and T is the absolute temperature.101,107

DdBMS¼ 4pc
3T

meff

2:83

� �2
�103 (5:15)

Thus, this expression allows determination of the concentration of the so-
lution containing the paramagnetic compound knowing meff, and vice versa. In
the specific case of MnII and FeIII complexes, the meff values of mononuclear
complexes at ambient temperature do not differ significantly from that pre-
dicted by the spin-only formula (5.9 BM). Octahedral high-spin MnIII com-
plexes have a 5Eg electronic ground state, and thus the orbital contribution to
the magnetic moment is small. As a result, Evans’ NMR method can be used
to estimate the concentration of the paramagnetic complex in solution.108

One should bear in mind, however, that for certain complexes such as high-
spin FeII complexes with a 5T2g electronic ground state, the observed magnetic
moment likely presents a sizeable orbital contribution.
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5.2.2 Superconducting Quantum Interference Device
(SQUID) Measurements

One of the most common ways of performing magnetic measurements in an
effective and sensitive way is via the use of a superconducting quantum
interference device (SQUID) magnetometer.109 Functionally, it is a magnetic-
flux-to-voltage converter with extremely low magnetic flux noise. The
electrical device is shown schematically in Figure 5.13. It consists of a
superconducting loop interrupted by two Josephson junctions (SQUID
sensor) that is inductively coupled through an input coil to a suitable
detection system (pick-up coil). The SQUID sensor is placed away from the
sample in a liquid helium bath below a magnet and inside a super-
conducting shield, and the detection system is placed in the outside of the
chamber at the center of the magnet.

Figure 5.12 Schematic representation of the tubes and data used in the determi-
nation of bulk magnetic susceptibility shifts of paramagnetic solutions
using Evans’ NMR method.
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Figure 5.13 Schematic representation of a SQUID magnetometer.
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The measurement is performed when the sample moves up and down
through the pick-up coil. Due to the magnetic moment of the sample, the
movement induces an electric current in the detection system that is in-
ductively coupled with the SQUID sensor through the input coil. When
properly configured, the SQUID electronics produces an output voltage that
is proportional to the current flowing in the SQUID input coil. The output
voltage is measured as a function of sample position in the pick-up coil, and
based on the resulting voltage profile (and thus flux) versus position, the
magnetic moment can be determined using different computer fits. Thus,
the device is capable of amplifying small changes in the magnetic field of the
detection system into measurable electrical signals that are proportional to
the magnetic moment of the sample.

It is necessary to emphasize some aspects that ensure an accurate
magnetic measurement: (1) The system must be accurately calibrated using
a reference material with known mass and magnetic susceptibility. There
are several calibration materials with magnetic susceptibilities that are
known to a high degree of accuracy. Nevertheless, it is advisable to use a
standard with a bulk susceptibility that is close in magnitude to that of
the sample being studied. (2) It is critical to achieve as close to perfect a
calibration as possible of the parameters that will be modified during the
measurements, including the working temperature and applied magnetic
field. (3) The purity of the sample must be high to prevent sources of
magnetic response that do not arise from the sample. Single crystals
or microcrystalline samples with known elemental analysis are preferable.
(4) All experimental data must be corrected for magnetic signals that
cannot be avoided (for example, sample holders). (5) When performing
measurements with liquid helium, it is important to ensure that the in-
strument is vacuum-tight to prevent possible small leaks in the chamber
that might introduce undesirable magnetic signals associated to conden-
sation of gases over the sample.

5.3 Measuring q for Transition Metal Complexes
The determination of the number of water molecules coordinated to the
metal ion (q) in transition metal complexes is not as straightforward as for
GdIII complexes. For instance, in the latter case luminescence lifetime
measurements performed using solutions of the analogous EuIII or TbIII

complexes in H2O and D2O provide access to hydration numbers (Chapter 2.4).
These lanthanide ions possess ionic radii and coordination properties that are
similar to those of GdIII, and thus the q values obtained by these methods
usually reflect accurately GdIII hydration in solution. Furthermore, the pres-
ence of hydration equilibria in solution involving complex species with dif-
ferent q values can be assessed by analyzing the 5D0’

7F0 transition observed
in the absorption spectra of the EuIII analogues.110,111 Unfortunately, less
progress has been achieved in developing methods to determine hydration
numbers of transition metal complexes.
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Caravan and co-workers developed a method to determine q of MnII

complexes based on the analysis of transverse 17O relaxivity that is defined
analogously to proton relaxivity.112

r2¼
1=T2;obs � 1=T2;ref

½Mn2þ� ¼ q
1000�55:5

1
T2m þ tm

(5:16)

In eqn (5.16), concentration is given in units of mM, so that r2 is expressed
in mM�1 s�1 units. The relaxation rate of the coordinated water molecule
T2m is dominated by the scalar mechanism and can by approximated by
eqn (5.17) and (5.18).

1
T2m
¼ SðSþ 1Þ

3
AO

�h

� �2

tSC (5:17)

1
tSC
¼ 1

T1e
þ 1
tm

(5:18)

Because tm decreases and T2m generally increases with increasing tem-
perature, the sign of the temperature dependence of r2 depends on which
term dominates in the denominator of eqn (5.16). A change from the fast-
exchange regime at high temperature [where T2m dominates the denomi-
nator of eqn (5.16)] to a slow exchange regime at low temperatures, where tm

is the principal term, is characterized by a maximum in the temperature
dependence of r2 where T2m¼ tm. This is illustrated in Figure 5.14 for two
MnII complexes with different hydration numbers. Caravan hypothesized
that at sufficiently high magnetic fields the contribution of the 1/T1e term in
eqn (5.18) would be negligible, so that tSCBtm¼T2m. Combining eqn (5.16)

Figure 5.14 Transverse relaxivities determined for [Mn(DPAMA)(H2O)2] (circles,
11.7 T)70 and [Mn(BP2A)(H2O)] (squares, 9.4 T).52 The maxima of the
r2 versus the inverse temperature provide an estimate of the hydration
number.
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and (5.17) and solving for q this gives eqn (5.19) assuming a value of
33.3�106 rad s�1 for the scalar coupling constant AO/�h:

q¼ r2 max � 1000� 55:5
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SðSþ 1Þ
3

r
AO

�h

0
BB@

1
CCA� r2 max

510
(5:19)

This method relies on several approximations, the most important ones
being that the contribution of the 1/T1e term in eqn (5.18) is negligible, and
that the scalar hyperfine coupling constants of MnII complexes do not differ
significantly from the value of 33.3�106 rad s�1 determined for the aqua ion.
An inspection of the AO/�h values reported in the literature reveals a typical
range of 25�106 to 47�106 rad s�1, with only one case well out of the com-
mon interval (Table 5.2).58 Thus, the variability of the AO/�h values depending
upon the ligand coordinated to MnII introduces an error in the calculated q
values of �0.3 q units (for a q¼ 1 complex). The main limitation of this
method is that it cannot be applied to systems in the fast exchange regime in
the temperature range limited by the freezing and boiling points of the so-
lution. In this situation, a simultaneous fit of NMRD data and 17O-NMR
relaxation rates and chemical shifts represents the best alternative to assess
q and the remaining parameters that govern 1H relaxivity.
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46, 238.

52. V. Nagy, K. Pota, Z. Garda, J. L. Barriada, R. Tripier, C. Platas-Iglesias,
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CHAPTER 6

Fluorine-based Contrast Agents
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6.1 Compositions for Fluorine-19 MRI Molecular
Imaging Applications

EMMA STARES, JUNSUNG RHO AND ERIC T. AHRENS*

6.1.1 Fluorine-19 MRI Probes

Fluorine-19 (19F)-MRI is increasingly used in the field of in vivo cellular
and molecular imaging. Imaging probes based on 19F potentially offer high
detection specificity, quantitative imaging abilities, and an excellent safety
profile. The renewed interest in 19F imaging probe development also
coincides with the increased use of fluorine chemistry in biomedicine, where
drug candidates are increasingly incorporating the fluorine atom. Fluorine
can profoundly change the properties of compounds, including metabolic
stability, binding interactions, and reactivities. A further motivator for 19F
probe development stems from increased interest in alternatives to
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traditional metal-ion-based contrast agents for MRI for cellular molecular
imaging due to technological challenges associated with image specificity
and quantification.

This chapter focuses on fluorine-based probes used for cell tracking with
MRI and applications related to the detection of inflammation. These probes
are mostly based on perfluorocarbon (PFC) molecules that are formulated as
colloidal suspensions or emulsions in aqueous buffer. For cell tracking with
MRI, which monitors the behavior of stem cells or immune cells in vivo, cells
are intracellularly labeled in culture using a fluorine probe (Figure 6.1).
Following transfer to the subject, cells are detected repeatedly in vivo using
19F-MRI. Intracellular fluorine yields positive-signal ‘hot-spot’ images, with
no background signal due to the absence of detectable fluorine atoms in
host tissues. Images can be quantified to estimate cell numbers at sites of
accumulation, thereby enabling ‘in vivo cytometry’.1,2 The sensitivity limits
of detection are on the order of 105 cells voxel�1.3 Alternatively, 19F agents
are formulated for direct intravenous injection. Often these injectable
emulsion probes are scavenged by resident phagocytic cells, such as

Figure 6.1 Schematic of the 19F imaging schemes using PFC emulsions. (A) The
‘in vivo cytometry’ approach, where cells of interest are co-cultured
ex vivo with PFC emulsion, resulting in intracellular uptake. The labeled
cells are then inoculated into a subject and imaged using MRI. Both
19F-MRI (labeled cells) and 1H-MRI (background anatomy) are acquired
in the same imaging session. Spin-density-weighted 19F-MRI yields a
positive-contrast signal from labeled cells with no background. A 19F/1H-
fusion image is constructed showing the regions containing labeled cells
(red) in their anatomical context. Cell quantification is performed by
integration of the total 19F signal in a region of interest.1 Alternatively,
intact tissue samples excised from the subject are rapidly assayed using
conventional 19F NMR to determine cell number or cell density, thereby
minimizing histological endpoints. (B) In situ cell labeling using an
injectable PFC emulsion. PFC emulsion droplets are scavenged by
phagocytic monocytes and macrophages that participate in sites of
inflammation, or alternatively, accumulate at tissues of interest if a
targeting moiety is used, yielding a 19F hot-spot in MRI.

480 Chapter 6

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

79
View Online

http://dx.doi.org/10.1039/9781788010146-00479


monocytes and macrophages, thereby labeling these cells. Since the cells’
innate behavior is not disrupted, they can home to sites of inflammation,
which are revealed as 19F-MRI hot-spots.4–7 In other formulations of inject-
able 19F probes, a targeting moiety (e.g., peptide or antibody) is attached to
the emulsion droplet surface, resulting in selective probe uptake in tissues
harboring the receptor of interest.8–10 A detailed overview of the plethora of
in vivo biological applications using 19F-based MRI probes is provided
elsewhere in several excellent review articles.3,11–17 This chapter focuses on
19F imaging probe compositions using PFC molecules.

6.1.2 Perfluorocarbons (PFCs)

6.1.2.1 Basic Physiochemical Properties of PFCs

PFCs are aliphatic hydrocarbon derivatives, in which each hydrogen atom is
replaced by a fluorine atom. Fluorine is a larger element than hydrogen, but
its nine electrons occupy a proportionally smaller volume than the lone
electron of hydrogen, giving fluorine a much greater electron density. The
dense electron cloud of fluorine is not readily distorted: fluorine has a lower
polarizability than every element except neon. In addition, fluorine has a
very high ionization energy, and it is the most electronegative element on the
periodic table.18

Perfluorocarbons display structural differences from their parent
hydrocarbons. Due to the greater space required by fluorine atoms, PFCs are
twisted into helical conformations, in contrast to the planar zigzag of
hydrocarbons. PFCs are also bulkier and more rigid than the corresponding
hydrocarbons.18 PFCs can be gaseous or liquid at room temperature,
depending on the chain length.19 Liquid PFCs are of primary interest for
cellular and molecular applications with MRI, although fluorinated gases are
currently being explored for clinical lung–airway imaging.20

The low polarizability of fluorine confers a set of interrelated physical
properties upon PFCs. Because the fluorine electron cloud is not prone to
fluctuation, few instantaneous dipoles occur. The resulting weak van der
Waals forces cause liquid PFCs to exhibit low molecular cohesiveness. Thus,
PFCs have an unusually high capacity for dissolving gases such as O2, N2,
and CO2.18 Other physical properties common to PFCs include low
boiling points, surface tensions, viscosities, dielectric constants, and re-
fractive indices and high densities, compressibilities, spreading coefficients,
and vapor pressures.18,21 Perhaps the most unusual feature of PFCs is their
extreme hydrophobicity, in conjunction with usually substantial lipophobi-
city. Due to this phobic nature, PFCs tend toward aggregation and phase
separation in mixtures.18

The chemical behavior of PFCs is characterized by great thermodynamic
stability and chemical inertness, arising primarily from the strength of the
intra-chain C–F covalent bonds. The enormous strength of the C–F bond
is due to the energetic overlap of the carbon and fluorine atomic orbitals.18
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In addition, the difference in electronegativity between the two atoms con-
fers partial ionic character upon the bond. The strength of the C–C bonds in
PFCs is enhanced by the inductive effect of the electronegative fluorine
atoms. Furthermore, reactions such as oxidation are energetically prevented
by the lack of low-lying molecular orbitals for interaction with molecules
like O2 and are hindered electrostatically by the densely repellent electron
cloud surrounding the PFC chain.18

6.1.2.2 Biocompatibility

The biocompatibility of PFCs has been well-described over the investigation
into their potential medicinal applications. Along with their chemical
stability, perfluorocarbons exhibit immense biological inertness. PFCs do
not undergo metabolism by enzymes or degradation within acidic lyso-
somes.22 They do not integrate with cellular membranes or structures, and
they are excreted in vapor form by exhalation following uptake by the
reticuloendothelial system.23,24 Due to the insolubility of PFCs in water, as
well as their tendency not to interact with lipid membranes, in vivo appli-
cations generally require the formulation of PFCs into stable, biocompatible
emulsions.

Early pre-clinical and clinical research into PFCs focused on their high
capacity for O2 dissolution.25 PFCs were initially explored for the liquid
ventilation of patients in respiratory distress.26 The same property was
harnessed for use in PFC-based oxygen-delivery systems (i.e., ‘blood substi-
tutes’), with some success.27–29

6.1.2.3 Survey of Perfluorocarbons

Perfluorocarbons have several features that make them suitable tracers for
19F-MRI, including chemical and biological inactivity. In theory, an enor-
mous array of perfluorocarbons is synthetically accessible, with varying
chain lengths and branched structures. However, a relatively small number
of PFCs have been considered for MRI. These may be divided into structural
classes: linear perfluorocarbons, cyclic perfluorocarbons, perfluoroamines,
and perfluoroethers. Representative molecules from each class are shown in
Figure 6.2. Overall, the ideal 19F-MRI probe should have a simple 19F-NMR
spectrum, preferably with a single, narrow resonance and a high concen-
tration of equivalent fluorine atoms, for increased sensitivity. In addition,
the molecule should ideally have a short spin-lattice (T1) and long spin-spin
(T2) relaxation time to minimize image acquisition time. A given per-
fluorocarbon might possess some, or all, of these properties, depending
upon its specific chemical structure.

Linear perfluorocarbons include the saturated straight-chain molecule
perfluorooctyl bromide. Perfluorooctyl bromide was one of the first PFCs
explored for 19F imaging30 and has been used for oxygen-sensing,31 tumor
imaging,32 and cellular tracking.33 The terminal bromide confers slight
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Figure 6.2 Representative perfluorocarbons considered as 19F-MRI probes.
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lipophilicity to the molecule and enhances its clearance rate from the body.
However, perfluorooctyl bromide is less than an ideal tracer agent due to
the unsymmetrical nature of perfluorooctyl bromide. Its NMR spectrum
comprises eight peaks, corresponding to the eight distinct CFn units. The
presence of multiple peaks leads to unwanted chemical shift artifacts. In
addition, the most intense peak results from only three equivalent fluorine
atoms, yielding a low signal-to-noise ratio. Other linear PFCs include per-
fluorononane, which was briefly studied as a gastrointestinal imaging agent
in its non-emulsified form,34 and trans-perfluoro-5-decene, an unsaturated
molecule with four unique fluorine environments, which was considered for
inflammation imaging applications.35

Cyclic perfluorocarbons are promising 19F tracer agents due to the large
number of equivalent fluorine atoms possible in ring structures. The six
fluorine atoms of the aromatic compound hexafluorobenzene give rise to a
single NMR resonance, which is desirable for imaging purposes. The
molecule is sensitive to changes in oxygen pressure,36 and has been used as a
probe for tumor oxygenation.37 The saturated polycyclic structure per-
fluorodecalin was investigated as a possible inflammation tracker because of
its rapid clearance from the body. However, perfluorodecalin exists in two
diastereomeric forms, resulting in a complex NMR spectrum and low
sensitivity as a probe for MRI.35

Tertiary perfluoroamines have nine equivalent fluorine atoms due to their
three-fold symmetry. Examples include perfluorotripropylamine and per-
fluorotributylamine, which have been used for in vivo pO2 sensing in animal
models.38–40 However, both compounds display reduced sensitivity due to
the presence of multiple 19F resonances.

Perfluoroethers are a class of PFCs that are the most characterized 19F
tracer agents to date for preclinical and clinical applications. Perfluoro-tert-
butyl groups [C(CF3)3, PF-t-Bu] each contain nine equivalent fluorine atoms.
Molecules that incorporate multiples of this moiety in a symmetrical fashion
have potential as sensitive 19F probes. The bis(dioxolane) compound PTBD
contains four equivalent PF-t-Bu groups. The simple two-peak spectrum
of PTBD does not result in the chemical shift artifacts caused by the
more complex perfluorooctyl bromide. PTBD is thus more sensitive than
perfluorooctyl bromide, and does not require specialized MRI pulse
sequences.41 A family of highly branched, symmetric perfluoro-tert-butoxy
oils (Figure 6.2) was synthesized with a view toward potential 19F-MRI
applications.42 The 27 fluorine atoms of each compound give rise to one
sharp peak. Perfluoro-15-crown-5-ether is a cyclic, highly symmetrical
molecule with 20 equivalent fluorine atoms that give rise to a single narrow
resonance. Perfluoro-15-crown-5-ether has been extensively used for pre-
clinical in vivo cell tracking.3,33,43 Perfluoro-15-crown-5-ether has also been
used for oxygen sensing in tumor tissue,44–47 and for the detection of
atherosclerosis in mice.48 Perfluoropolyethers are linear oligomeric mol-
ecules that are widely used for both preclinical and clinical cell tracking
applications.1,2,49,50 Perfluoropolyethers have an inherently low T1/T2 ratio, a
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desirable property for rapid MRI data acquisition, and one main resonance
corresponding to the often 440 repeating –CF2CF2O– units. A generalized
perfluoropolyether is depicted in Figure 6.2.

6.1.2.4 Synthetic Modifications

6.1.2.4.1 End-group Chemistry. Perfluoropolyethers with reactive term-
inal groups can be chemically modified to introduce additional function-
alities into the molecule. Primary and secondary amines, appended to
useful moieties, react with di-ester perfluoropolyethers to form amide link-
ages. Unreacted reagents are readily removed by liquid–liquid extraction
with an organic solvent, while the PFC-based components separate into a
fluorous phase.51 For example, the fluorescent dyes BODIPY-TR, FITC, and
Alexa 647 were successfully conjugated to perfluoropolyethers in this
manner (Scheme 6.1).49 A mixture of mono- and di-functionalized per-
fluoropolyether molecules were synthesized, and the resulting fluorescent
blended perfluoropolyethers amides were used to form dual-modality im-
aging agents.

In another approach, amine-functionalized poly(ethylene) glycol and
perfluoropolyethers were combined to yield a poly(ethylene) glycol–
perfluoropolyether block copolymer, via a reactive acyl chloride intermedi-
ate.52 This unique fluorosurfactant was formulated into a stable, bio-
compatible PFC emulsion.

6.1.2.4.2 Incorporation of Metals. The incorporation of metal ions into
a PFC emulsion can significantly enhance probe sensitivity. Certain para-
magnetic metal ions can decrease T1; a long T1 increases the acquisition
time and limits the amount of signal averaging and the signal-to-noise
ratio that can be achieved for a fixed scan time. However, this synthetic
modification is non-trivial. A suitable ligand must be soluble in the fluor-
ous phase, and the resulting complex should be neutral, coordinatively
saturated, and thermodynamically stable. These conditions were satisfied
by the synthesis of a PFC emulsion containing a stable FeIII complex
firmly bound within the fluorous phase (Figure 6.3).53 Perfluoropolyethers
were conjugated to p-methoxyacetophenone, yielding the highly fluorin-
ated b-diketone ligand pAn-FDK (Figure 6.3A). Emulsions formulated from
a blend of pAn-FDK and other PFCs efficiently extracted and retained FeIII

from the aqueous phase. The presence of high spin, paramagnetic FeIII

Scheme 6.1 General reaction of a perfluoropolyether methyl ester and a primary
amino fluorescent dye to form a mono-amide.49
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within the emulsion resulted in an increase in probe sensitivity predicted
to be 8-fold at a clinically relevant magnetic field strength (3 T).53

6.1.2.5 Multimodal and Theranostic Agents

PFC-based emulsions are also an emerging platform for the development of
agents for dual-modality imaging and theranostic potential. Dual-modality
agents integrate 19F-MRI with additional types of imaging moieties, such
as fluorescence dyes. Fluorescent dyes have been covalently linked to
perfluoropolyethers via end-group chemistry to yield combination MRI–
fluorescence imaging agents (Scheme 6.1).49 Near-IR dyes have also been
encapsulated within PFC emulsions at the formulation stage. A near-IR PFC
probe was successfully used to label tumor infiltrating macrophages in a
rodent tumor model, enabling qualitative near-IR imaging as well as three-
dimensional and quantitative 19F-MRI.54 PFC-based agents have also been
used as dual-modality agents for ultrasound and MRI.19 In a tri-modal
example, human pancreatic islet cells were labeled with a perfluorooctyl-
bromide-based emulsion. The islets were successfully implanted below the
renal capsule in mice and rabbits, and visualized by MRI, ultrasound,
and X-ray computed tomography, where the cells became sufficiently
brominated to provide a discernable X-ray cross section.55

Theranostic agents include both therapeutic and diagnostic function-
alities. Several examples of disease-targeted PFC probes with drug molecules
linked to or contained within the emulsion have been reported. In an
early example, perfluorooctyl bromide emulsions containing the anti-
proliferation drugs doxorubicin or paclitaxel were targeted to vascular
smooth muscle cells.56 The proliferation and migration of vascular smooth
muscle cells is a major complication following coronary angioplasty. The
drug-carrying, vascular-smooth-muscle-cell-targeted emulsions effectively
reduced cell proliferation and were readily quantified by 19F-MRI.56 A similar
strategy was used for the targeted treatment of plaque angiogenesis, a
characteristic feature of atherosclerosis.9 An avb3 integrin-targeted per-
fluorooctyl bromide emulsion was loaded with the anti-angiogenic com-
pound fumagillin, enabling the delivery of the drug and quantification of its
effect by 1H-MRI.9 More recently, a fluorescent perfluorocarbon emulsion

Figure 6.3 Representative approach for metallating PFC. (A) The fluorinated
b-diketone ligand pAn-FDK and (B) the saturated coordination sphere
of Fe(III) in a PFC emulsion.53
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loaded with the anti-inflammatory drug celecoxib was reported for the
simultaneous visualization and treatment of inflammation in a murine
model.57 19F-NMR confirmed that the theranostic emulsion was specifically
taken up by CD68-positive macrophages expressing cyclooxygenase-2 at the
inflammation site, while the therapeutic response (decrease in macrophage
infiltration) was monitored by fluorescence. Importantly, these results and
others provide proof-of-principle that targeted PFC emulsions allow visual-
ization of the delivery and effectiveness of a therapeutic drug.10

6.1.3 Emulsion Formulations for Imaging

6.1.3.1 Background and Features

Using PFCs for cell labeling applications requires formulation into a
biocompatible colloidal suspension in an aqueous buffer, i.e., emulsion.
Emulsification is typically achieved with lipids, non-ionic surfactants, or
both to stabilize the emulsions by reducing the large interfacial tension from
hydrophobicity of PFCs. Formulation of PFCs into emulsions has been
extensively studied in the setting of developing PFCs as artificial blood
substitutes.58 These early efforts paved the way for developing PFCs as
imaging probes. Moreover, emulsion formulation is not unique to PFCs but
is rather widely used in the pharmaceutical industry, and advances in the
field can be applied to PFCs.59

In the context of 19F-MRI, cells can be labeled ex vivo or in situ depending
on the experimental design. Depending on the route of cell labeling, optimal
emulsion formulation will differ. For ex vivo labeling, a PFC emulsion needs
to efficiently label the cells while in culture in a time-efficient and non-toxic
manner. Furthermore, ideally these emulsions should have mean droplet
sizes of less than B200 nm so that unincorporated emulsion droplets can be
easily separated from labeled cells via centrifugation after labeling because
larger droplets can sediment with the cell pellet during centrifugation,
causing unwanted contamination for subsequent applications. A small
droplet size is also desirable for sterilization of the emulsion by filtration,
e.g., via passage through a 0.2 mm filter. For in situ labeling, emulsion
stability in the bloodstream to promote vascular circulation for extended
time periods is also desirable. For developing a clinical PFC probe for in situ
labeling where large doses must be delivered, the clearance rate from
the body is also an important factor; different PFCs have a wide range of
retention times, in the order of days to greater than a month.35

6.1.3.2 Emulsion Formulation

PFC emulsification should yield a non-toxic emulsion with physical and
chemical stability, low polydispersity, and droplet surface properties ap-
propriate for the desired biological application. Droplet size instability over
time can be attributed to coalescence and molecular diffusion. Coalescence
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is the formation of larger droplets by direct merging of smaller ones,
facilitated by factors such as temperature.60 Molecular diffusion, namely
Ostwald ripening, is a process in which the larger particles gradually grow at
the expense of smaller ones.61 Given these degradation mechanisms, the
overall stability and size of a PFC emulsion depends on a number of factors,
including the emulsification method, the chemical structure of the PFC, and
the choice of surfactant.

To achieve an emulsion less than 200 nm in diameter (i.e., loosely
termed ‘nanoemulsion’) with low polydispersity (o0.2), high-energy
processes such as sonication, high-shear homogenization, or high-pressure
microfluidization are often employed.62 Sonication is often used in the
research laboratory but tends to yield wide particle size distributions, suffers
from poor reproducibility, and presents challenges with respect to manu-
facturing at large scale.58 The process of sonication is also prone to
unfavorable heat generation.62 Microfluidization, which uses high-pressure
extrusion of the emulsion premix solution through a small orifice, is
generally the preferred emulsification method because it delivers improved
efficiency and produces emulsions with a narrow size distribution compared
to sonication.59

The properties of the PFC are the key factors affecting the degradation
of emulsions.58,60,61,63 Because molecular diffusion (Ostwald ripening) is
known to play a role in emulsion degradation, the solubility of PFCs in the
aqueous phase effectively predicts emulsion stability.61,63,64 As a general
rule, solubility decreases with increasing molecular weight. Therefore, a PFC
of high molecular weight produces a more stable emulsion than a PFC of low
molecular weight. Between PFCs of similar molecular weights, the presence
of a cyclic structure increases solubility and compromises emulsion
stability.65 In terms of the molecular weight of the PFC, there is a trade-off
between the resulting emulsion stability and the biological excretion rate.58

Poloxamers and phospholipids (e.g., Pluronic and egg yolk phospholipid,
respectively) have historically been extensively used as surfactants for PFC
emulsion formulation. Poloxamers are non-ionic triblock copolymers con-
sisting of a central hydrophobic block and two flanking hydrophilic blocks.
Emulsion formation does not require large amounts of surfactant and
provides a steric barrier against coalescence.66 Poloxamers are inexpensive
and widely used in the cosmetic and pharmaceutical industries.67 Indeed,
one of the earliest reported PFC emulsions used Pluronic F68,68 as did the
first artificial blood substitute based on PFC (Fluosol). Fluosol was approved
by the US Food and Drug Administration for use during angioplasty;
however, side effects were reported.69–72 Fluosol was subsequently taken off
the market due to difficulty in handling prior to use and short shelf life, not
necessarily due to toxicity.73 Poloxamers have other limitations. Their
surface activity is relatively poor compared to egg yolk phospholipid and
confers lower stability. Pluronic F68 also has a cloud point of 110–115 1C,
below the 121 1C typical for terminal autoclave sterilization;58 however, add-
ition of soya oil can raise the threshold temperature for destabilization.74,75
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Egg yolk phospholipid was used for second-generation artificial blood
substitutes. Egg yolk phospholipid has a long history of use in pharma-
ceuticals for delivering parenteral lipid nutrition,76,77 and it has an excellent
safety profile and well-documented pharmacology.78 Emulsions prepared
with egg yolk phospholipid have shown longer intravascular half-lives
compared to emulsions prepared with poloxamers.79 This is especially
beneficial for intravenous applications, such as in situ macrophage labeling
for inflammation MRI, in which a long circulation time is desired. Import-
antly, egg yolk phospholipid delivers better stability compared to
poloxamers,63,65,80 although some contradictory reports exist.74,75 The differ-
ence between poloxamers and egg yolk phospholipid in terms of emulsion
stability is particularly remarkable with perfluorooctyl bromide,81–83 which is
often used for 19F imaging. The stabilization effect is attributable to low
interfacial tension. The slight lipophilic character of perfluorooctyl bromide
owing to the presence of the bromine atom results in a better hydrophilic–
lipophilic balance between egg yolk phospholipid and perfluorooctyl bromide
compared to other PFCs. Factors including phospholipid composition, degree
of unsaturation, and presence of trace metals can all affect hydrolysis
and oxidation of egg yolk phospholipid, which in turn limit the stability of
such emulsions.84 To maximize shelf-life, addition of metal chelators and
antioxidants can be beneficial.58 Overall, chemical modification of both
poloxamers and egg yolk phospholipid is an active area of research in
molecular imaging, including, for example, molecularly targeted agents.

Other surfactants include fluorosurfactants and fluorocarbon–
hydrocarbon diblocks. In principal, fluorosurfactants (i.e., hydrophilic block
combined with fluorocarbon block) can substantially lower PFC–water
interfacial tension and have been effectively used to stabilize PFC emul-
sions.85–87 Some formulations using fluorosurfactants produced emulsions
that remained stable for at least six years.88 Fluorocarbon–hydrocarbon di-
blocks have been used to supplement egg yolk phospholipid for enhanced
stabilization. Fluorocarbon–hydrocarbon diblocks anchor themselves at the
interface of PFCs and egg yolk phospholipid89 and, as a consequence, slow
molecular diffusion of PFCs.90 A potential limitation of using fluorous
surfactants for MRI applications is that disparate 19F peaks from the sur-
factant can cause chemical shift artifacts in images.

6.1.3.3 Technical Considerations and Other Additives

In addition to the constitutive chemical components of the emulsion, there
is considerable art in the optimization of formulation parameters for PFC
nanoemulsions. For example, the amount of egg yolk phospholipid used
largely determines the size of the emulsion droplet. With increasing egg yolk
phospholipid/PFC ratio, the droplet size decreases and then levels off, and
excess egg yolk phospholipid can form PFC-free vesicles that can negatively
impact the stability of the emulsion.82,91 Similarly, energy applied to
formulating the emulsion (e.g., pressure, the number of passes through a

Fluorine-based Contrast Agents 489

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

79
View Online

http://dx.doi.org/10.1039/9781788010146-00479


microfluidizer, or both) initially decreases the size of the emulsion droplet.
However, excess energy can strip the phospholipid layers, resulting in less
emulsion instability.88 Therefore, the number of passes and pressure for
microfluidization need to be optimized for each type of PFC formulation. For
intravenous use of PFC emulsions, osmolarity and pH also need to be con-
trolled. In the context of artificial blood substitute formulation, researchers
have successfully used various combinations of sodium chloride, potassium
chloride, magnesium chloride, calcium chloride, calcium bicarbonate,
glycerol, dextrose, sodium bicarbonate, monosubstituted sodium phos-
phate, phosphate buffer, and alginate.69 In addition, a-tocopherol and
ethylenediaminetetraacetic acid have also been used to prevent oxidation of
egg yolk phospholipid.69

6.1.3.4 Characterization of PFC Emulsions

A thorough characterization of PFC emulsions is needed for optimization.
The size distribution of the emulsion droplets can be measured by dynamic
light scattering. Dynamic light scattering provides a reliable size estimate for
single-peak populations of nanoparticles, which is usually the case for
microfluidizer-prepared emulsions. Zeta potential can also be a predictor for
colloidal stability. A large zeta potential (e.g.,4|30| mV) implies electrostatic
repulsion between the droplets and a relatively stable emulsion. However,
this trend might not hold for poloxamer-based emulsions because polox-
amers provide stabilization via hydrophilic steric hindrance rather than
charge repulsion; thus, a stable poloxamer-based emulsion can have a
relatively low zeta potential value.92

Physical and biological stability of PFC emulsions can undergo further
stress testing in settings that mimic in vivo environments. Specifically, a
prepared emulsion can be subjected to proteinacious cell culture media or
incubated at 37 1C for both physiological and accelerated stability testing.
Size measurements and quantitative 19F-NMR can be used to assess the
stability of the emulsion in this condition, as discussed in detail elsewhere.93
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6.2 Acquiring Fluorine-19 Phantom Images

PAULA FOSTER, ALEX LI AND ROBERT BARTHA*

6.2.1 Fluorine-19 Imaging

The testing of 19F-based contrast agents for MRI requires hardware that is
not found on typical MRI scanners. Although the 19F nucleus has a spin of 1

2
similar to 1H, the gyromagnetic ratio of the 19F nucleus is slightly smaller
than that of 1H. As a result, the Larmor frequency of 19F is slower than that of
1H, requiring the use of broadband amplifiers and dedicated radiofrequency
coils that are tuned to the 19F resonance frequency for excitation and de-
tection. At the low magnetic fields used for clinical imaging, it is sometimes
possible to use existing amplifiers for excitation of the 19F nuclei. The design
of dual tuned radiofrequency coils for the detection of both 1H and 19F can
simplify data acquisition. When using such coils, the 1H coil is used for
optimization of magnetic field homogeneity within the sample (shimming)
and imaging of the phantom (solvent). 19F images acquired with a 19F coil
can then be overlaid directly on 1H images acquired during the same session
to provide context. For example, Figure 6.4 shows a phantom composed of a
hollow outer cylinder filled with water and an inner cylinder filled with 19F
perfluoropolyether. Images of both the 1H and 19F signal were obtained
using a custom built dual tuned 1H/19F birdcage coil, tuned to 400.2 MHz for
proton and 376.8 MHz for 19F imaging. Images were acquired on a 9.4 T
Agilent small animal MRI system using a balanced steady state free
precession imaging sequence.

Several different types of pulse sequences can be used for imaging
phantoms containing 19F-based contrast agents that typically have short T2

relaxation time constants and long T1 relaxation time constants. The most
common and widely available sequences used are the fast spin-echo

Figure 6.4 Cross-sectional phantom images acquired of a cylinder of 19F
surrounded by a concentric cylinder of water. Images were acquired
using a three-dimensional balanced steady state free precession
imaging sequence (field of view¼ 25.6 mm�25.6 mm�25.6 mm, matrix¼
128� 128�128, flip angle¼ 301, TR/TE¼ 7.0/3.5 ms, 1 average, and 4 phase
cycles, resulting in a scan time of B8 minutes) with a dual tuned birdcage
coil. The 1H image of the water signal in A has significantly higher signal-
to-noise ratio than the 19F image in B. The overlay of the two images in
(C) shows the spatial localization of the signals.
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type,5,43,94–96 which reduce signal loss due to T2* relaxation effects. Balanced
steady state free precession33,97,98 and ultra-short echo-time99 types of
sequences have been used to increase the signal-to-noise ratio per unit
time. These sequences have short echo-times that decrease signal loss due
to transverse relaxation, which has the added benefit of producing spin-
density-weighted images suitable for quantification.

One application of 19F imaging is the labeling of cells with
perfluorocarbons (Section 6.1.1). Although the detection sensitivity of
perfluorocarbon-labeled cells is much lower than that of superparamagnetic
iron oxide agents, 19F imaging can be used for the quantification of cell
numbers. Such measurements are possible because there is a linear
relationship between perfluorocarbon content within a voxel and signal-to-
noise ratio. The sensitivity for detecting perfluorocarbon-labeled cells can be
improved by increasing the number of 19F spins per cell. Studies suggest that
any cell type can be labeled with perfluorocarbons and that increased la-
beling efficiency depends on cell type and cell size.50 Using higher field
strengths, optimized pulse sequences, and cutting-edge radiofrequency coil
technology all lead to higher signal-to-noise ratios and improved sensitivity.

For cells preloaded with perfluorocarbons, it is possible to quantify the
number of cells from MR images.17 This type of quantification requires three
measurements: the number of 19F spins per cell as determined by NMR
spectroscopy from a labeled cell sample, the signal-to-noise ratio obtained
from a uniform reference phantom (typically the dilution of the original cell-
labeling agent), and the signal-to-noise ratio obtained from the regions of
interest containing the cells themselves in the MR image. Phantoms can be
created from labeled cell pellets to verify the linear relationship between 19F
signal and number of labeled cells. An example calibration is shown in
Figure 6.5, demonstrating the linear relationship between the number of
cells calculated using 19F MRI and the actual number of cells.

6.2.2 Complications of 19F Imaging: Chemical Shift
Dispersion and Multiple Peaks

Although many perfluorocarbon nanoparticle emulsions used as imaging
agents have only a single peak in the 19F spectrum, some agents, including
perfluoroocyl bromide, have multiple peaks each with different relaxation
time constants.100 The presence of multiple peaks can complicate the ac-
quisition of images using standard techniques, as can the short T2 relaxation
time constants that might be associated with each peak.41 Spectra with
multiple peaks will lead to phase cancelation when imaging at non-zero echo
times leading to complicated signal variation requiring careful optimization
of pulse sequence parameters101 (also see Figure 1 in ref. 100). Refocusing of
j-coupling modulation can also improve detection.102 A number of creative
solutions have been proposed to optimize signal detection in 19F-MRI,103,104
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including the use of iterative decomposition of water and fat with echo
asymmetry and least-squares estimation.105 One of the most attractive
methods to image 19F is the application of ultra-short echo-time sequences
that reduce phase modulation from multiple peaks and signal loss due
to transverse relaxation.106 For example, an ultra-short echo-time with a
balanced steady state free precession sequence incorporating a three-
dimensional radial readout was used for imaging of non-proton nuclei
including 19F.100
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CHAPTER 7

Standard Biological and
in vivo Methods
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7.1 Cell Toxicity, Binding, and Uptake

TANG TANG AND ANGELIQUE Y. LOUIE*

7.1.1 Introduction and Biological Characterization of
Molecular Imaging Agents

MRI contrast agent development requires knowledge of organic and
inorganic chemistry to produce probes of high signal generating capability.
However, the chemistry alone is insufficient to create the most effective
agents, and many promising candidates show properties in the test tube that
never translate to in vivo applications. The effective development of contrast
agents requires study and keen understanding of their effects on biological
targets, including targeted cells or biomarkers, and bystander cells, such
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as in clearance pathways. It is important to obtain detailed in vitro profiles
of these contrast agents for optimization of biotolerance and image
enhancement capabilities before further investigation in vivo. In this
subchapter, a number of in vitro assessments of MRI contrast agent behavior
for: (i) cytotoxicity; (ii) cell binding; and (iii) cell uptake will be discussed.

The design of molecular imaging agents requires an in-depth knowledge
of the biological effect of the agents. For agents to be viable for future clinical
use they ideally should be nontoxic and interact specifically with intended
targets. Thus, common biological assays used for investigating imaging
agents include toxicity studies and assays to characterize binding of imaging
agents to, and uptake by, the intended targets. Binding studies can be per-
formed on purified and isolated targets, using methods such as immobil-
ization to membranes or phage display. However, the process of isolating
biological targets can be nontrivial, especially if they are not commercially
available. Moreover, purification and immobilization of the biological target
can perturb its structure and affect its recognition, particularly in the case of
transmembrane receptors. Thus, when possible, characterization studies
are performed directly on intact cells expressing the targets. As an ethical
consideration, lack of toxicity to cultured cells should be considered before
proceeding to animal models.

What type of cells should be used for assays? Cell lines or primary cells
selected for cytotoxicity studies should be reflective of the tissue type of
interest in the imaging application. For example, for nanoparticle imaging
agents, because these often are cleared through the liver, the retention of
particles in the liver may give rise to concern about liver toxicity. Thus,
selecting hepatocytes and other resident liver cells may be recommended
to assess nanoparticle toxicity. Macrophages are involved in clearance of
large particles, thus toxicity assessment of larger particles (e.g. 4100 nm)
might include studies of macrophages. Similarly, applications in the brain
may consider assessing toxicity on glial cells, neurons, and microglia. For
uptake and binding studies, care should be taken to select cell types that
express the desired target at sufficient levels to be detected, and which
recapitulate, as much as possible, the in vivo condition. For this reason,
researchers sometimes prefer to work with primary culture cells, which are
cells isolated from freshly harvested tissue, as opposed to immortal cell lines,
which are cells that were harvested from tissue in the past and grown
continuously in culture since then. Not all cells can be successfully grown in
culture. If the desired cell type is not available, researchers must select the
next closest representative, such as using a mouse cell if the human version is
not available.

This chapter assumes a working knowledge of cell culture techniques. For
the interested reader without this background there are many books, articles
and videos available to aid in gaining familiarity with the topic.1–4 The assays
are presented with methods for adherent cells, but methods can be modified
for cells in suspension by addition of centrifugation steps.
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7.1.2 Cytotoxicity

7.1.2.1 Introduction to Cell Death and Assays for Cytotoxicity

Perhaps the most important assessment of any potential in vivo contrast
agent is its lack of toxicity to tissues. In vitro assessment of potential tox-
icants is performed through cytotoxicity assays. Cytotoxicity is the quality of
being toxic to cells. Cells that are treated with cytotoxic compounds may be
perturbed to express markers of cell stress, stop proliferating, or, in the most
extreme case, die. There are two major classes of toxicity assays: those that
measure cell death and those that measure cell proliferation. This can be
achieved by either counting the population of dead cells (e.g. trypan blue
staining) or the population of viable cells [cell viability assays, such as
adenosine triphosphate (ATP) assays] after treatment with a tested com-
pound. Cell death assays, including both apoptotic and necrotic mech-
anisms of cell death, are widely used to assess cytotoxicity. Apoptosis is a
controlled process of programmed cell death and an essential part of normal
human development that continues into adulthood.5–7 It produces cell
fragments that phagocytic cells are able to engulf and remove to avoid the
contents of the cell spilling onto surrounding cells and causing damage.
Apoptosis can be initiated by intrinsic (self-signaling) or extrinsic (signals
from other cells) pathways and cannot be stopped once initiated.5 The
apoptotic cell does not affect surrounding tissues, and this pathway is a
nonpathogenic ‘‘pruning’’ mechanism for development of biological struc-
tures. On the contrary, necrosis is a form of traumatic cell death where the
cell dies rapidly as a result of cell lysis, and is detrimental to surrounding
tissues.8 Cells undergoing necrosis typically exhibit rapid swelling, lose
membrane integrity, shut down metabolism, and release their contents into
the environment.

In this chapter, the focus is primarily on assays for cell death that do not
distinguish the mechanism of fatality. There are specific methods that dis-
tinguish apoptosis from necrosis, such as the Comet assay or TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end labeling) assays. The
Comet assay is a sensitive technique that uses single cell gel electrophoresis
to detect DNA strand breaks in eukaryotic cells.9,10 Cells are embedded in
agarose suspension on a microscope slide and lysed in neutral or basic
conditions. Electrophoresis of the lysed cells generates a pattern of DNA
migration that resembles a comet due to the free extension of broken loops
towards the anode. Further DNA staining offers visualization of the comet
structure by fluorescence microscopy and the intensity of the comet tail
relative to the head reflects the number of DNA breaks. On the other hand,
the TUNEL assay detects DNA fragmentation from apoptotic signaling
cascades by labeling the end of nicks, which are discontinuities in a double-
stranded DNA molecule.11,12 Nicks can be identified with the use of terminal
deoxynucleotidyl transferase, which catalyzes the addition of modified
dUTPs (20-deoxyuridine 50-triphosphate) at the 30-OH ends of fragmented
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DNA. dUTP modification can be detected either by direct fluorescent
labeling (e.g. fluorescein-dUTP) or indirect labeling with streptavidin or
antibodies. The most common methods to detect apoptosis are summarized
in Table 7.1. Because these topics will not be covered in detail in this
chapter, readers are referred to reviews of apoptosis.5,13

In general, cytotoxicity can be measured by: (1) in vitro assays performed in
multi-well plates where data are acquired using a plate reader or flow
cytometer; (2) microscopic analysis of intracellular localization (electron
microscopy and atomic force microscopy); and (3) gene expression analysis
or genotoxicity. Here, widely accepted in vitro assays to measure cell death or
cell proliferation will be reported, including: (a) membrane integrity assays,
such as trypan blue exclusion or lactate dehydrogenase (LDH) leakage
assays; (b) mitochondria and metabolic activity assays, e.g. tetrazolium
reduction and ATP detection; and (c) proliferation assays, such as bromo-
deoxyuridine (BrdU) staining. Methods for high content microscopy imaging
and gene expression analysis are beyond the scope of this chapter, and
interested readers can refer to other literature.19,20 There are also many other
assays that report on perturbations to normal cell function, such as oxidative
stress and lipid peroxidation caused by reactive oxygen species (ROS); these
methods are not provided here, but are discussed briefly at the end of
Section 7.1.

7.1.2.1.1 Membrane Integrity Assays. Live cells have intact membranes
that are selective with respect to which molecules can pass through the
membrane. Damaged or dead cells with compromised membranes, how-
ever, cannot strictly control the traverse of molecules that should be
excluded. This feature makes membrane integrity an excellent means
to assess cell viability. Trypan blue is one of the most widely used and easi-
est methods to assess viability. It simply stains dead cells that are unable to
stop the dye from traversing the compromised membrane.21 Similarly,
propidium iodide (PI) and 7-aminoactinomycin D (7-AAD) are membrane
impermeable and are generally excluded from viable cells. However, when a
cell membrane is damaged, these fluorescent dyes freely cross the
membrane and bind to nucleic acids, thus staining DNA in dead cells.22,23

There are now commercial LIVE/DEAD viability kits (e.g. LIVE/DEADs

Viability/Cytotoxicity Kit, Thermo Fisher Scientific) that use two different

Table 7.1 Methods for apoptosis detection.

Category Method

Caspase activation Substrate cleavage or caspase processing14,15

DNA fragmentation TUNEL (terminal dUTP nick end-labeling)11,12,16

Comet assay9,10

Membrane alternation Exposure of the phosphatidylserine to the outer cell
membrane by Annexin-V binding17

Mitochondrial damage Cytochrome c release18
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dyes to stain live and dead cells, respectively. Alternatively, membrane integ-
rity can also be evaluated by measuring the leakage of substances that are
normally confined inside cells. Lactate dehydrogenase (LDH) is an enzyme
that is found in nearly all living cells. A measurement of LDH leakage into
the cell culture medium is a commonly used cytotoxicity assay.24

7.1.2.1.2 Metabolic Activity Assays. Cells that are damaged lose the
ability to maintain and provide energy for their metabolism and growth.13

Thus, measurement of metabolic activities that take place in mitochondria
can reflect cell viability and can be an early sign of perturbation to the
cell. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
and resazurin (also known as Alamar Blue) are molecules that can be
reduced by oxidoreductase enzymes in the mitochondria and can thus
provide information on metabolic level in colorimetric assays by indicating
the redox potential of cells.25,26 ATP concentration can also be used as a
marker of viability. For example, bioluminescent-based ATP assays such as
the luciferase reaction can determine metabolic activity levels.27

7.1.2.1.3 Cell Proliferation Assays. Cell proliferation can also be used to
evaluate toxicity of compounds. Since DNA needs to be replicated before
cell division, measurement of DNA synthesis is an effective way to assess
cell proliferation. Bromodeoxyuridine (BrdU) is a dye that is used to moni-
tor DNA replication and can thus indicate the ability of cells to synthesize
DNA.28 Detection of specific antigens present on proliferating cells allows
quantification of cell growth as well. Examples of such antigens include
the KI-67 antigen, proliferating cell nuclear antigen, and phosphohistone
H3.29–31 Non-endpoint metabolic activity assays, assays in which the
measurement does not destroy the sample, can be used for continuous
monitoring of cell proliferation as needed to follow dynamic changes in
proliferation over time. Because there is a linear relationship between
cell number and ATP concentration, ATP concentration determination,
mentioned earlier in this chapter, also provides a sensitive readout for cell
proliferation.32

Contrast agents can affect cell morphology, membrane integrity, meta-
bolic activity, proliferation, oxidative stress, and inflammatory reactions
upon interaction with cell components, such as lipid membranes, proteins,
and DNA. As mentioned previously, MTT (or other tetrazolium dyes) assays
are the most commonly used method to evaluate the cytotoxicity of contrast
agents with reduced metabolic activities. Unfortunately, due to the addition
of dimethyl sulfoxide (DMSO), isopropanol or other solvents to dissolve
formazan, this assay is considered to be an endpoint assay where the cells
cannot be used for further monitoring. When compared to trypan blue
staining, endpoint assays that measure cellular enzyme activity over-
estimate cell viability due to the frequent interaction between the enzymes
and contrast agents.19 Contrast agents might also interfere with the assay
readout by interacting with assay components.33 For example, contrast

Standard Biological and in vivo Methods 503

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

99
View Online

http://dx.doi.org/10.1039/9781788010146-00499


Table 7.2 Comparison of common cytotoxicity assays.

Category Assay Principles Results How to measure Advantages Limitations

Membrane
integrity

Trypan blue
staining

Dyes can penetrate
into cells with
compromised
membrane

Dead cells are
stained blue

Count blue stained
cells under
microscopy or by
automatic cell
counter

Widely used,
simple,
inexpensive

Needs to be
completed
within 3–5 min

Underestimates
the damage of
intracellular
cytotoxic
compounds

LDH leakage Enzyme leaks into
cell culture
medium with
compromised
membrane

Presence of LDH in
the medium from
dead/damaged
cells

Evaluate the
amount of LDH
with molecules
that can be
catalyzed by LDH
to emit
fluorescence

Widely used Limited sensitivity
(high
background
interference
from FBS in
culture medium)

Metabolic
activity

Tetrazolium
salts (MTT,
MTS, XTT,
WST-1)

Dead and
damaged cells
have low levels of
metabolism,
thus have low
concentrations of
oxidoreductase
or ATP

Low concentration
of cellular
oxidoreductase
in mitochondria

Quantify the
conversion of
tetrazolium to
formazan
(absorbance at
B570 nm) in
mitochondria

Widely used,
inexpensive

Absorption
methods have
limited
sensitivity;
Sensitive to light
and pH; MTT
needs addition of
solubilization
solutions and
is toxic (an
endpoint assay)

Reflects cell
metabolism
but does not
directly
measure cell
number (the
reduction rate
can change
with culture
conditions);
cannot
evaluate
certain
reducing
agents
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Resazurin Measure the
conversion of
resazurin to
resorufin
(fluorescence at
B587 nm)

Inexpensive,
sensitive

Fluorescence
interference

ATP Low ATP
concentration

Measure ATP
concentration by
luciferase
reaction

Sensitive,
fast, no
fluorescence
interference

Lytic protocol dictates sequence for
multiplexing

Cell
proliferation

BrdU Damaged cells
have limited
proliferation,
thus have
reduced DNA
synthesis and
concentration of
ATP

BrdU is
incorporated
into newly
synthesized DNA

Use BrdU specific
antibody to
assess DNA
replication

Widely used,
sensitive

Requires specific antibody and more
steps, endpoint assay due to
denature of the DNA for binding

ATP ATP concentration
decreases with
time

Measure ATP
concentration by
luciferase
reaction and
monitor over
time

Sensitive,
fast, no
fluorescence
interference

Lytic protocol dictates sequence for
multiplexing

Standard
B

iological
and

in
vivo

M
ethods

505

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

99

View Online

http://dx.doi.org/10.1039/9781788010146-00499


agents that bind LDH and impede its release into the extracellular medium.
Combining assays from different categories—such as LDH-XTT-SRB
(sulforhodamine B) that measures membrane integrity, metabolic activity,
and protein content—can minimize false positive or false negative results
from any one single assay. This is referred to as multiplexing, where multiple
distinct signals from the same sample are obtained. Importantly, this
approach requires compatibility of the different reagents used. Studying
diverse cellular markers is a more rigorous approach to achieve a thorough
understanding of cytotoxicity caused by contrast agents. Although short term
in vitro results might not be a direct prognostic indicator of long-term in vivo
physiological effects, the knowledge of cytotoxicity assists in assessment of
the potential risks of materials in vivo.

In this subchapter, detailed methods are provided for widely applied
assays for cytotoxicity, including the lactate dehydrogenase leakage (LDH)
assay, the MTT and resazurin reduction assay, the ATP assay, and the
bromodeoxyuridine (BrdU) assay. A summary of these methods is presented
in Table 7.2. To choose the most appropriate assay for a contrast agent,
readers need to decide first what they want to measure: whether it is the
number of living cells, dead cells, apoptotic cells, or biomarkers for cell
stress or perturbation. Understanding of the assay mechanism, as well as its
limitations, compatibility, and potential artifacts is needed to correctly
predict and interpret assay results.

7.1.2.2 Lactate Dehydrogenase (LDH) Assay for Membrane
Integrity

Membrane integrity can be evaluated via dye exclusion or measurement
of lactate dehydrogenase leakage. The concepts of LDH leakage and dye
exclusion are similar. However, unlike for the trypan blue exclusion assay,
the exact mechanism and molecular cut-off points for each molecule to
pass the cell membrane are unknown with LDH leakage results, where the
cytotoxic effect is concentration-independent.19 On the other hand, fluo-
rescence-based protocols are more convenient, in general, than the trypan
blue-based exclusion assay because they can be measured at longer time
points after incubation with the fluorescent dye. The trypan blue assay must
be ideally completed within 3–5 minutes because the number of blue-
staining cells increases with time after addition of the dye.22

Lactate dehydrogenase catalyzes the interconversion of pyruvate and
lactate with concomitant interconversion of reduced nicotinamide adenine
dinucleotide (NADH) and oxidized nicotinamide adenine dinucleotide
(NAD1) (Scheme 7.1). Colorimetric or fluorescent assay reagents quantify the
amount of LDH released into cell culture media through damaged mem-
branes. These reagents either measure the absorbance of extracellular NADH
produced or consumed directly by the reaction catalyzed by LDH (Scheme 7.1),
or use reagents that react with NADH and are reduced to fluorescent products
(e.g. resorufin or formazan).19,24 The amount of absorbance or fluorescence
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generated is proportional to LDH leakage and reflects the time-dependent
membrane disruption caused by introduction of contrast agents and is a
measure of the severity of membrane damage.

A typical example of an LDH leakage assay of free doxorubicin (Dox) and
Dox encapsulated in calcium carbonate on osteosarcoma bone cancer cell
(MG 63) is shown in Figure 7.1.34 Positive control cells were lysed by lysis
buffer and assumed to have 100% release of LDH. Release of LDH from cells
incubated with free Dox or CaCO3/Dox nanocrystals increased over time and
was normalized against the positive control cells.

One limitation of membrane permeability assays is that they tend to
underestimate the damage due to intracellular cytotoxic compounds. Cells

Scheme 7.1 Reaction catalyzed by LDH.

Figure 7.1 Example of LDH leakage assay to evaluate free doxorubicin (Dox) and
Dox encapsulated in calcium carbonate on osteosarcoma bone cancer
cell (MG 63).
Adapted with permission from ref. 34.
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may be damaged and committed to die despite the plasma membrane being
intact.

7.1.2.2.1 LDH Assay Protocol. Adapted from ref. 19 and 35. The type of
cell used for a specific study is generally determined based on imaging
purposes. For example, liver cells might be of particular interest for
nanomaterial development because most nanoparticles eventually
accumulate in the liver. The methods described in this section are
designed for hepatocytes, but could be modified for any adherent cell
type of interest. Readers can also adapt the assay for non-adherent cell
lines. As for every assay described in this sub-chapter, all experiments
should be performed in replicates so as to provide statistical signifi-
cance. Culture cells in complete culture medium at 37 1C in a humidi-
fied 5% CO2 atmosphere. Complete culture medium normally consists of
culture medium, 10% fetal bovine serum, other supplements needed for
specific cell lines, and sometimes antibiotics such as penicillin and
streptomycin.

1. Seed cells into a 96-well plate (104 cells per well) in 100 mL of complete
culture medium and incubate for 24 h at 37 1C in a humidified 5%
CO2 atmosphere.

2. Dissolve contrast agent in complete culture medium and prepare
different concentrations samples (5–100 mg mL�1). Medium con-
taining phenol red is compatible with the assay, unless mentioned in
a specific commercial LDH kit. Pre-warm the medium at 37 1C.

3. Replace culture medium in the 96-well plate with the pre-warmed
medium containing increasing concentrations of contrast agent from
step 2.

4. Incubate cells for range of time points, e.g. 4, 24, and 48 h at 37 1C in
humidified 5% CO2.

5. Lyse cells using 10 mL of lysis buffers [e.g. HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid]-NaOH buffer, 1% Triton X-100) in the
positive control wells, and let the plate sit for about 45 min to 1 h.

6. Centrifuge the plate at 250�g for 3 min at 37 1C and place the
supernatant (50 mL) into a new plate.

7. Add 20 mL of lactate solution (36 mg mL�1 of 10 mM Tris
[Tris(hydroxymethyl)aminomethane) buffer, pH 8.5] to the supernatant,
followed by 20 mL of 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-
tetrazolium (INT) solution [2 mg mL�1 of PBS (phosphate-buffered
saline) prepared from a ten-fold concentrated stock solution in DMSO],
and 20 mL of a mixture solution of NAD1 (3 mg mL�1), diaphorase
(13.5 U mL�1), BSA (0.03%, w/v), and sucrose (1.2%, w/v) in PBS.

8. Allow the reactions to sit for 20–30 min at room temperature protected
from light. LDH catalyzes the conversion of lactate to pyruvate via
NAD1 reduction to NADH. Diaphorase then uses NADH to reduce INT
to a red formazan product.
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9. Add 20 mL of the LDH inhibitor oxamate solution (16.6 mg mL�1 of
PBS) to the wells to terminate the reactions.

10. Measure the absorbance of the samples at 490 nm on a microplate
reader.

11. Calculate the percentage of cytotoxicity in respect to the positive
control wells whereby the lysed cells were assumed to have 100% LDH
release. Percentage cytotoxicity¼ (fluorescence intensity of samples/
fluorescent intensity of positive control)�100.

7.1.2.3 Metabolic Activity Assays

MTT has been the most commonly used molecular probe in colorimetric
assays for cell viability due to its simplicity and speed. It was first developed
in the 1980s by Mosmann.36 It is a yellow tetrazolium salt that is reduced to
purple formazan after incubation for 1 to 4 h in the mitochondria of viable
cells with active metabolism. Dead cells, however, lose the ability to convert
tetrazolium to formazan. Due to the insolubility of formazan, a solubiliza-
tion solution (such as dimethyl sulfoxide, acidified ethanol solution, or
sodium dodecyl sulfate in diluted hydrochloric acid) is normally added to
facilitate spectroscopic detection. Acidification of culture media to change
the color of phenol red in the culture media to yellow minimizes interference
with absorbance readings. The absorbance at 570 nm of the colored solution
of dissolved formazan can be measured using a spectrophotometer. The
cytotoxic nature of MTT makes this an endpoint assay, which limits its use in
multiplexing.

An example of an MTT assay is shown in Figure 7.2.37 Three types of
superparamagnetic iron oxide nanoparticles (SPIONs) at different con-
centrations were assessed on various cell types and demonstrated distinct
toxic effects. The absorbance of formazan from cells incubated with the
blank ([SPIONs]¼ 0 mM) was set as 100% viability. The absorbance from
other samples was then normalized against the blank. This MTT assay shows
how the cytotoxic effect of SPIONs can be concentration-dependent. If
needed, readers can also monitor cytotoxicity of a contrast agent over time.

There are several factors that can affect MTT assays, including whether
cells are in the exponential phase of growth or if the pH of the medium is
neutral. A pHo5 will not enable the creation of formazan,38 but higher pH
values or long exposures to light might increase background absorbance.
Thus, MTT assays are usually performed in the dark and at a neutral pH. It is
also important to use consistent cell conditions (same cell cycle phases)
when comparing MTT assay results.

Other tetrazolium dyes to study cell viability, including XTT (2,3-bis-(2-
methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide), MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium),
and WSTs (water-soluble tetrazolium salts, such as Cell Counting Kit-8 from
Sigma Aldrichs), have been proposed as alternatives to MTT (Scheme 7.2).25

One important difference among these dyes is their charge. MTT is positively
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Figure 7.2 An example of MTT assay to evaluate (a) SPIONs-COOH, (b) SPIONs, and (c) SPIONs-NH2 samples on human cardiac myocytes
(HCM), human neuroblastoma (BE-2-C), and human embryonic kidney (293T) cell lines.37

Adapted with permission from M. Mahmoudi, S. Laurent, M. A. Shokrgozar and M. Hosseinkhani, ACS Nano, 2011, 5, 7263.
Copyright (2011) American Chemical Society.
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charged and readily penetrates viable cells; MTS, XTT, and WST-1 are
negatively charged and do not readily penetrate cells. The anionic dyes are
typically used with an intermediate electron acceptor, such as phenazine
methyl sulfate (PMS) or phenazine ethyl sulfate (PES), that transfers elec-
trons from the cytoplasm or plasma membrane to facilitate the reduction of
the tetrazolium into the colored formazan product.25,26 These newer dyes
form water-soluble formazans, avoiding the need for the final solubilization
step in the MTT assay.39,40 Note that XTT reduces less efficiently than MTT,
whereas WST-1 is more sensitive, reduces more efficiently and shows faster
color development compared to the other salts.26

Resazurin is a cell-permeable, blue nonfluorescent molecule that can be
irreversibly reduced by viable cells to the pink fluorescent dye resorufin
(Scheme 7.3).41 Resazurin-based assays use similar protocols as tetrazolium
salts, show excellent correlation with MTT assays, and are much easier and
safer methods that do not require the addition of solubilization solutions or
intermediate electron acceptors. Resazurin is nontoxic and enables con-
tinuous monitoring of proliferating cells. A derivative of resazurin, dode-
cylresazurin (C12-resazurin), surpasses resazurin by being more lipophilic
due to its C12-carbon chain, which leads to better permeability and cellular
retention (Vybrantt Cell Metabolic Assay kit). Due to the higher sensitivity
of fluorescence quantification compared to absorbance measurements,
resazurin assays are more sensitive than tetrazolium salt assays.25 They are
also more stable and reliable than MTT assays. Users should be cautioned to
look for potential interference with this assay if the contrast agent of interest
carries a fluorophore. The fluorescence signal from the contrast agents can
interfere with the emission from resorufin, thus providing false results for

Scheme 7.2 Reduction of tetrazolium to formazan and structures of common
tetrazolium dyes for cell viability measurements.
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the cell viability measured. Because the methods are similar, both methods
are presented in this subsection. An example of data obtained using re-
sazurin to evaluate dextran-coated superparamagnetic iron oxide contrast
agents is shown in Figure 7.3.42 These data present a similar result format
compared to the MTT assays in Figure 7.2 but demonstrates a biocompatible
contrast agent that showed almost no toxic effect even at high concen-
trations and long incubation times.

Although tetrazolium and resaruzin metabolic assays have been the most
widely used assays for cytotoxicity, there are several general limitations with
these assays. The reduction results reflect cell metabolism, but do not
directly report cell number. The reduction rate can be affected by cell culture
conditions, such as pH and glucose concentration. Additionally, tetrazolium
or resazurin reduction can also be performed outside the mitochondria.
Nicotinamide adenine dinucleotide (NADH) in cytoplasm or plasma
membranes can also account for the observed reductions. Reducing agents
that reduce tetrazolium salts or resazurin non-enzymatically can lead to

Scheme 7.3 Reduction of resazurin to resorufin.

Figure 7.3 Cytotoxicity by C12-resazurin assay. HepG2 cells were incubated for 4, 24,
and 48 h with different iron concentrations of sulfated dextran-coated
iron oxide nanoparticles (SDIO�DO3A-10). Fluorescent intensities
reflecting survival fractions were normalized against the signal from
the untreated cells. All error bars present the standard error of the mean
(n¼ 3).42

Adapted with permission from T. Tang, C. Tu, S. Y. Chow, K. H. Leung,
S. Du and A. Y. Louie, Bioconjugate Chem., 2015, 26, 1086. Copyright
(2015) American Chemical Society.
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increased absorbance or fluorescence that interferes with assay results. In-
cubation with cells increases the possibility of artifacts as a function of time
due to chemical interactions between the assay reagent, the contrast agents
being tested, and the biochemistry of the cell. Because apoptosis is an active
mode of cell death with metabolism continuing through the early stages,
these assays underestimate cellular damage and cell death by only detecting
the later stages of apoptosis when the metabolic activity of cells is reduced.

ATP is widely accepted as a marker of viable cells and is used to estimate
cell viability in culture.27 Damaged cells lose the ability to synthesize ATP,
and endogenous ATPases rapidly deplete ATP from the cytoplasm.25 Meas-
urement of ATP is normally achieved through the luciferase reaction, where
luciferase catalyzes the generation of bioluminescence from the substrate
luciferin in the presence of ATP. The luminescent signal reaches a steady
state and stabilizes within 10 minutes after addition of reagent and typically
glows with a half-life longer than 5 hours. The luciferin–luciferase reaction is
extremely sensitive, and most luminometers can detect picomoles of ATP. The
sensitivity and speed make the ATP assay the fastest and the most sensitive
method for measuring cell viability. This assay is also less prone to artifacts
compared to other viability assays.25 Typical result presentation is similar to
that of the MTT and resazurin assays, as shown in Figures 7.2 and 7.3.

7.1.2.3.1 MTT and Resazurin Assay Protocols. Adapted from ref. 37 and
43–46. The methods below are designed for adherent cell types but can
be modified for non-adherent cells.

1. Culture cells in appropriate complete cell culture medium at 37 1C in a
humidified 5% CO2 atmosphere.

2. Plate cells in 96-well plates at a concentration of 104 cells per well in
100 mL of complete medium and incubate in a 5% CO2 atmosphere at
37 1C overnight or 24 h.

3. Dissolve contrast agent in complete culture medium and prepare dif-
ferent concentrations.

4. Replace medium on cells with fresh medium containing varying con-
centrations of contrast agents and incubate for desired time (e.g. 24 h,
48 h, or even longer) at 37 1C in a humidified 5% CO2 atmosphere.

5. Remove the contrast-agent-containing medium, and wash cells with
pre-warmed PBS complete (with Ca21 and Mg21, to avoid detachment)
three times.

6. After removal of the washing buffer, add 100 mL of medium containing
MTT (0.5 mg mL�1 to 5 mg mL�1) or C12-Resazurin (5 mM) to the wells
and incubate at 37 1C in the humidified 5% CO2 atmosphere for 15 min
to 4 h (refer to the assay kit). For the MTT assay, remove the medium (if
mentioned in the assay kit protocol) and solubilize formazan crystals
by addition of about 150 mL of solubilization solution such as isopropyl
alcohol (refer to the kit protocol) for 20 min at 37 1C in a humidified 5%
CO2 atmosphere.
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7. Measure the absorbance of formazan (normally between 500 to
600 nm) or the fluorescence of resorufin (excitation B570 nm and
emission B587 nm) using a microplate reader.

8. Normalize absorbance or fluorescence intensity of different wells
against a blank-medium-only well. Take the absorbance or fluo-
rescence intensity of the blank well as 100%, and calculate the per-
centage of the experimental wells that represent the survival fraction
and reflect cytotoxicity.

7.1.2.3.2 ATP Assay Protocol. Adapted from ref. 25, 47 and 48).
1. Culture cells in complete culture medium at 37 1C in a humidified 5%

CO2 atmosphere.
2. Seed cells into a 96-well plate (104 well�1) in 100 mL of complete

culture medium and incubate for 24 h at 37 1C in a humidified 5%
CO2 atmosphere.

3. Dissolve contrast agent in complete culture medium and prepare
different concentrations as needed.

4. After 24 h, replace culture medium in the 96-well plate with medium
containing increasing contrast agent concentrations so that the final
volume is 100 mL in each well.

5. Incubate cells for range of time points (e.g. 4 h, 24 h, 48 h) at 37 1C in a
humidified 5% CO2 atmosphere.

6. Equilibrate plates to ambient temperature for 30 min to ensure uni-
form temperature across the plates during luminescent assays.

7. Add 20 mL of 1% Triton-X 100 to all wells to lyse cells.
8. After 10 min, centrifuge the 96-well plate at 250 g for 2 min.
9. Transfer 50 mL of the supernatant from each well to a new microplate.

10. Add 50 mL buffer [25 mM Tricine buffer, pH 7.8, 5 mM MgSO4, 0.1 mM
ethylenediaminetetraacetic acid (EDTA) and 0.1 mM sodium azide]
containing the reducing agent dithiothreitol (1 mM), D-luciferin
(0.5 mM), and luciferase (1.25 mg mL�1). Allow the plate to incubate at
ambient temperature for 10 minutes to stabilize luminescence.

11. Record luminescence with a luminometer.
12. Normalize luminescence intensity of different wells against the

control well. Take the luminescence intensity of the blank well as
100%, and calculate the percentage of the experimental wells, which is
the survival fraction and reflects cytotoxicity.

7.1.2.4 Bromodeoxyuridine (BrdU) Assay for DNA Proliferation

Traditionally, proliferation assays use radiolabeled nucleosides such as
3H-thymidine to measure DNA synthesis.36 The amount of 3H-thymidine
incorporated into the cellular DNA can be assessed by a scintillation counter.
Bromodeoxyuridine (5-bromo-20-deoxyuridine, BrdU) is a synthetic nucleo-
side that is a halogenated derivative of thymidine (Scheme 7.4) and is
commonly used to detect DNA proliferation, circumventing the limitations
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associated with radioactive handling.28,49 The results of BrdU assays strongly
correlate with those acquired by the 3H-thymidine methods, and BrdU assays
can be almost as sensitive as the radioactive method. BrdU is incorporated
into newly synthesized DNA during the S phase of the cell cycle and
substitutes for thymidine during DNA replication.50 Antibodies specific for
BrdU can then be used to detect the incorporated BrdU under fluorescence
microscopy, thus indicating that cells were actively replicating their DNA.
Binding of the antibodies requires denaturation of DNA, usually by exposing
the cells to acid or heat, making this an endpoint assay. The need for specific
antibodies and extra steps makes this method less favored compared to MTT
or other metabolic assays.

An example of a typical result from a BrdU assay is shown in Figure 7.4.20

The number of stained/BrdU incorporated nuclei was counted as a per-
centage and compared to control cells cultured only in complete medium. In
this case, the comparison suggested that contrast agents exert an influence
on cell proliferation: the albumin-derivatized particles induced cell pro-
liferation, whereas the plain and dextran-derivatized particles appeared to
inhibit proliferation.

7.1.2.4.1 BrdU Assay Methods. Adapted from ref. 20, 51 and 52. The
method below is designed for adherent cell types but can be modified for
non-adherent cells.

1. Culture cells in appropriate cell culture medium at 37 1C in a
humidified 5% CO2 atmosphere.

2. Seed cells in 96-well plate at a density of 104 cells per well in 100 mL of
complete medium and incubate in a 5% CO2 atmosphere at 37 1C
for 24 h.

3. Dissolve contrast agent in complete culture medium supplemented
with bromodeoxyuridin (10 mM).

4. Replace medium in the wells with 100 mL of fresh BrdU-supplemented
medium containing varying concentrations of contrast agents and
incubate for 24 h at 37 1C in humidified 5% CO2 atmosphere.

Scheme 7.4 Structures of thymidine and bromodeoxyuridine.
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5. Remove the contrast-agent-containing medium and wash cells with
pre-warmed PBS complete (with Ca21 and Mg21, the same as below)
three times.

6. Fix cells in 100 mL 4% formaldehyde in PBS complete for 15 min at
37 1C or 70% ethanol for 20 min at ambient temperature.

7. Wash cells with pre-warmed PBS complete for three times.
8. Denature DNA with 100 mL of 2 M HCl for 10 min at 37 1C.
9. Remove the HCl and add borate buffer (0.1 M, pH 9) to neutralize the

residual acid and wash cells once with PBS.
10. Treat cells with 50 mL of a blocking buffer (PBS complete containing

0.1% Triton X-100 and 2% normal goat serum) for 15 min at 37 1C.
11. Add 50 mL of anti-BrdU primary antibody (1 mg mL�1, in blocking

buffer), for 1 h at 37 1C.
12. Remove antibody and wash samples with 100 mL pre-warmed 0.1%

Triton in PBS complete three times.
13. Add 50 mL of a secondary, peroxidase-conjugated monoclonal goat

anti-mouse IgG (2 mg mL�1, in blocking buffer) for 30 min at 37 1C.
14. Remove secondary antibody. Wash samples with 100 mL pre-warmed

0.1% Triton in PBS complete three times and then with only PBS once.
15. Add 100 mL of 50 mM phosphate in citrate buffer at pH 5 containing

0.05% of the soluble chromogen o-phenylenediamine (OPDA) and
0.02% H2O2. Incubate for 15 min at 37 1C.

Figure 7.4 An example of the results of a BrdU assay for cell proliferation. Cell
proliferation over a 24 h period as determined by BrdU incorporation of
control cells, and cells incubated with plain (P), dextran derivatized (DD)
or albumin derivatized (AD) nanoparticles. (n¼ 3, mean� standard error
of the mean, *pr0.05).
Reprinted from Biomaterials, Volume 24, C.C. Berry, S. Wells, S. Charles
and A.S.G. Curtis, Dextran and albumin derivatised iron oxide nano-
particles: influence on fibroblasts in vitro, 4551, Copyright 2003, with
permission from Elsevier.
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16. Transfer 80 mL of supernatant from each well into a clean microplate
containing 40 mL well�1 of 2 N sulfuric acid to terminate the reaction.

17. Measure the absorbance at 490 nm using a microplate reader.
18. Wash the assay plate with the cell monolayer with PBS complete twice

and stain for BrdU-DNA by adding 100 mL well�1 of PBS complete
containing 0.05% of the insoluble chromogen diaminobenzedine
(DAB) and 0.02% H2O2.

19. Observe the staining by light microscopy, determine the percentage of
proliferating cells, those with stained nuclei, and compare to control
cells cultured without contrast agent.

7.1.2.5 Cell Perturbation Assays

Because many safety concerns of contrast agents, especially super-
paramagnetic iron oxide (SPIO) nanoparticles, arise from their contribution
to oxidative stress and the generation of reactive oxygen species (ROS), in-
vestigations of cell perturbation from ROS have attracted attention. The
presence of ROS can lead to secondary products, such as hydrogen peroxide,
that can cause lipid peroxidation on the cell membrane.19 This oxidative
degradation of lipids can result in severe cell membrane damage. Thus, ROS
levels and lipid peroxidation levels are strong indicators of cell perturbation
and cytotoxicity.53

ROS assays can determine oxidative stress levels caused by the
generation of free radical oxygen species. Because ROS have extremely
short half-lives and typically low concentrations, they are difficult to
measure directly. Instead, they can be assessed by reactions with other
molecules to yield more stable and long-lived analytes.54 For example, 2 0,7 0-
dichlorodihydrofluorescein diacetate (H2DCFDA) is a cell-permeable
chemically reduced form of fluorescein. Upon cleavage of an acetate groups
by intracellular esterases and oxidation by the ROS in the cell, the
non-fluorescent H2DCFDA is converted to a highly fluorescent 2 0,7 0-
dichlorofluorescein (DCF). The fluorescence can then be monitored by a
microplate reader, fluorometer, or flow cytometer for sensitive and rapid
detection of ROS. Other fluorescent probes are MitoSOXt and Mito
Trackers red CM-H2XRos (Molecular Probest, Invitrogen). Compared to
H2DCFDA, which is a suitable agent for both mitochondrial and non-
mitochondrial (cytosolic) ROS detection, the other two are highly mito-
chondria-specific.53

The end products of lipid peroxidation of polyunsaturated fatty acids are
reactive aldehydes, such as malondialdehyde (MDA) or 4-hydroxynonenal,
which are markers for oxidative stress. A quantification of the amount of
MDA present in a cell can be used to estimate the degree of lipid perox-
idation.55 MDA is a thiobarbituric acid-reactive substance, and the inter-
action of MDA with thiobarbituric acid yields a fluorescent product that is
rapidly and easily measured. We refer the interested reader to detailed
examples of ROS and lipid peroxidation assays.19
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7.1.3 Cell Binding

7.1.3.1 Introduction to Cell Binding

Many targeted contrast agents, including nanoparticles, have been reported.
The efficiency of targeted nanoparticles has been described most often only
qualitatively and primarily by observed relative increases in signal for the
modality under consideration in cellular or animal studies. For example,
fluorescent dyes or radiolabels that are attached to contrast agents are
tracers to reflect the targeting ability of a contrast agent.56–58 Intensive
biological assays or cytometric analysis are highly desirable for elucidating
cell binding biology. Detailed binding studies provide an insight into how
targeted materials bind to biomarkers and offer a possible standard to
compare different imaging probes used for similar purposes. Optimization
of probe efficiency is desirable to enable minimal doses to be administered
to decrease side effects and toxicity, which is critical for clinical translation.

Detailed investigation of binding properties can take multiple forms, from
evaluating the extent and affinity of binding to assessing the kinetics of
interactions. Quantitative reporting of binding affinities offers an under-
standing of how targeting moieties attached to the contrast agents behave
compared to their free counterparts. Without a means to characterize the
binding affinities of contrast agents, it is difficult to understand what steps
can be taken to optimize target recognition for clinical applications.
Currently, there are a number of methods to quantify binding affinity:
(1) radio-labeled ligand or fluorescent ligand binding assays;59,60 (2) surface
plasmon resonance (SPR);61 (3) absorbance spectroscopy, e.g. O2 binding to
hemoglobin, based on red and infrared light absorption characteristics
of oxygenated and deoxygenated hemoglobin; (4) circular dichroism, e.g.
Ca21 binding to thrombocyte fragments;62 (5) enzymatic activity, e.g. Ca21-
dependent enzyme activation;63 and (6) calorimetry based on the thermo-
dynamic properties of interactions between proteins and ligands.64 Among
those methods, fluorescence, radioactive, and SPR assays are widely used
due to their high sensitivity and the generality of their applications. They are
also commonly used for studying contrast agents as well as investigating
protein–protein binding. Thus, this section focuses mainly on these
methods.

SPR is one of the standard tools for measuring adsorption of material onto
planar surfaces. It evaluates biomolecular events to elucidate kinetic con-
stants from interactions such as the binding of a free-flowing conjugate.65

However, it is a measurement based on the binding affinity and kinetics of
molecules to isolated proteins or peptides immobilized on sensor chips.66,67

The need to purify and immobilize the target of interest onto chips presents
a technical challenge and can also result in an unnatural presentation of the
target. Thus, the measurement might not reflect interactions that take place
when the target is in its native environment. This limitation is particularly
an issue for membrane-localized receptors, which are difficult if not im-
possible to display full length in their natural membrane-spanning
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conformation on chips. To address this issue, magnetic nanoparticles have
been immobilized on sensor chips and cells were flowed over the chips to
bind to the nanoparticles.68 This method provided a better SPR technique to
investigate interactions between nanoparticles and live cells but still re-
quired a great deal of method development.

Compared to the complicated system required by SPR, other in vitro
binding assays overcome the limitation of the need for immobilization on
sensor chips and are accessible to most researchers without specialized
equipment or chemistry knowledge. There are three commonly used
experimental protocols for fluorescent or radiolabeled binding assays:
(1) Scatchard analysis with a saturation binding assay:69–71 The extent of
binding is measured in the presence of different concentrations of the
ligand. From an analysis of the relationship between binding and ligand
concentration, the number of binding sites and dissociation constant—Kd—
can be determined; (2) Competitive IC50 (the half maximal inhibitory con-
centration) binding assay:72,73 Competition between a ligand with a known
binding affinity to the biological target enables the indirect measurement of
the interaction between the targeted contrast agent and the biological target.
(3) Kinetic experiments that measure the time course of association and
dissociation to determine rate constants for ligand binding and dissociation.
Scatchard analysis and competitive IC50 assays are described in this section.
Interested readers are referred to related papers about kinetic experi-
ments.59,74 A comparison of SPR, Scatchard analysis, and competitive IC 50 is
presented in Table 7.3.

Cell binding assays measure the process where a ligand molecule binds or
associates to a receptor or antibody on cell surface. This interaction does not
involve internalization of the molecule into the cell. Cell uptake, on the other
hand, includes molecules that are transported into cells.

To accurately determine binding, cellular uptake processes must be
blocked during the course of an assay. For cells with high phagocytosis ac-
tivity, incubating cells with contrast agents at low temperatures such as 4 1C
can reduce cellular uptake. Often, uptake is inhibited chemically by
endocytosis inhibitors. Chlorpromazine and potassium depletion are used
to inhibit the formation of clathrin-coated pits, thus hindering clathrin-
mediated endocytosis.75 Genistein, an inhibitor of tyrosine kinases, causes
local disruption of the actin network at the site of endocytosis and prevents
the recruitment of dynamin II, which leads to inhibition of caveolin-mediated
endocytosis.75,76 Cytochalasin and nocodazole suppress the polymerization of
actin and the microtubule cytoskeleton.76 Potassium depletion is also an
effective method to inhibit the formation of methyl-b-cyclodextrin (MbCD),
which inhibits cholesterol-dependent endocytic processes by reversibly ex-
tracting the steroid from plasma membranes.77 A brief description of these
endocytic pathways is provided in Section 7.1.4. As the toxicity and efficacy of
endocytosis inhibitors are cell-type-dependent, it is critical to choose the cor-
rect inhibitors for specific assays. The nonchemical inhibition by temperature
is found to be effective and produce little interference for macrophages.
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Table 7.3 Comparison of common cell binding assays.

Assay Principles What to measure Advantages Limitations

SPR Association and dissociation
of molecules on sensor
chips changes the
resonance angle with time

Association rate constant
kon, dissociation rate
constant koff

Widely accepted; provides
not only the Kd value, but
also kinetic information;
real time quantitative
analysis; can be performed
in automated fashion

Need to isolate and
immobilize the target of
interest on sensor chips;
cannot easily distinguish
between specific and
non-specific interactions;
washing between steps does
not completely dissociate
the bound materials

Scatchard
analysis

Using different
concentrations of the
ligand to saturate receptors

Maximum binding capacity
(total concentration of the
receptor) Bmax; dissociation
constant Kd

Widely accepted; can be
used for isolated targets
or cell-based assays;
suitable for multiple
binding sites with
different affinities

Amplifies the prominence of
binding data at low ligand
concentrations; linear
fitting of [bound]/[free]
versus [bound] introduces
error

Competition/
IC50

The ability of inhibition of
another known ligand
reflects the binding affinity
of the molecule in interest

IC50 and inhibitory
constant KI

Simple experiment if
labeled known ligand is
available; can be used for
isolated targets or
cell-based assays

Requires fluorescent or
radiolabeled known ligand;
does not reveal cooperative
binding
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7.1.3.2 Surface Plasmon Resonance (SPR)

SPR is one of the standard tools for measuring adsorption of material onto
planar surfaces.78 When light is directed to a solid or liquid interface, it
causes oscillations of the surface electromagnetic waves that propagate in a
direction parallel to the interface and are sensitive to changes of surface
properties. When the frequency of light photons matches the frequency of
oscillatory surface electrons, resonance is established and results in the
absorption of light. Adsorption of molecules on the surface causes changes
of the refractive index, and thus a change in the resonance angle (the angle
with the minimum reflected intensity), as shown in Figure 7.5.79 Therefore,
the reflected light provides information regarding surface molecular inter-
actions in real-time. The resonance angle change is normally reported as
resonance units (RU), where 1000 RU correspond to an angle change of
B0.11 or the binding of 1 ng of protein per square mm.

Normally, proteins are immobilized on a sensor chip using
coupling chemistry, such as those between amines and carboxylic acids
with the use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) or
N-hydroxysuccinimide (NHS) coupling agents.80 Through a microfluidic
system, a solution with the analyte is injected over the protein layer. As
analytes bind proteins, an increase in SPR signal is observed. Bound analyte
is removed through the injection of a regeneration solution. Regeneration

Figure 7.5 Principle of surface plasmon resonance. (A) Ligands (upside down black
Ys) are immobilized on a chip, and analytes (yellow circles) flow by in a
microfluidic system. When analytes bind to the ligands immobilized on
the sensor chip, the resonance angle changes causing the reflected light
to shift from I to II. (B) Binding of analytes results in a shift of the angle
of the minimum reflected intensity (the resonance angle) from I to II.
(C) The sensorgram is a plot of the change of the SPR angle versus time. It
displays the real-time progress of interactions at the sensor surface.
Adapted with permission from ref. 79.

Standard Biological and in vivo Methods 521

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

99
View Online

http://dx.doi.org/10.1039/9781788010146-00499


buffers are usually low-pH buffers, such as 10 mM glycine at pH 1.5–2.5, or
high-pH solutions, such as 10 mM NaOH, which break the interactions
between ligands and analytes to regenerate sensor chip surfaces.80 Values of
Kd can be calculated using the association rate constant, kon, and dissoci-
ation rate constant, koff.81 SPR is a complicated system and detailed
experimental protocols depend on the specific instruments and sensor chips,
as well as the ligand and analyte of interest. We briefly introduce an example
where amine-linked nanoparticles are immobilized on amine-reactive sensor
chips to allow free cells flowing in solution to bind (Figure 7.6).68 More
information about SPR and coupling chemistry can be found in review art-
icles.78,80 Readers are referred to several research articles using SPR to study
binding (immobilized isolated protein or peptides, not in vitro).67,82

7.1.3.3 Scatchard Analysis

Scatchard analysis is a well-known method adapted from Michaelis–Menten
enzyme activity studies to describe binding between ligands and receptors as
well as protein–protein interactions. In a typical assay, increasing amounts
of ligand are added to a fixed concentration of isolated receptors or to fixed
numbers of cells carrying the receptor. Eventually, the receptors become
saturated. An example of a saturated binding curve is shown in Figure 7.7 for
increasing concentrations of [125I]-PD151242, a radiolabeled ligand for en-
dothelin receptor A (ETA), binding to ETA on cryostat sections of human
heart.59 Non-specific binding (NSB) is determined by co-incubation of un-
labeled ligand with a 1000-fold excess over the Kd and is subtracted from
total binding to calculate specific binding. A Scatchard plot of the data is
shown in Figure 7.7B. By plotting bound/free versus bound, the slope of the

Figure 7.6 An example of association and dissociation of cells bound to blood group
H type 1- and Lewis b-conjugated fluorescent magnetic nanoparticles
(FMNP) detected by SPR. Amine-linked targeted nanoparticles were
immobilized on the NHS-activated CM5 sensor chip through amine
coupling. Cells (107 cells mL�1) were injected for 3 min at a flow rate
of 20 L min�1 through the modified CM5 sensor chip. Binding data were
acquired using a Biacore 3000 (GE Healthcare). The sensor chip was
regenerated by a 1 min pulse of 20 mM NaOH.68

Adapted with permission from S. Park, G.-H. Kim, S.-H. Park, J. Pai,
D. Rathwell, J.-Y. Park, Y.-S. Kang and I. Shin, J. Am. Chem. Soc., 2015,
137, 5961. Copyright (2015) American Chemical Society.
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line is equal to the negative reciprocal of Kd and the intercept of the line with
the abscissa is an estimate of Bmax, the total density or concentration of
receptors and the maximum amount that can be bound.

Scatchard analysis is especially useful when the receptors or biological
targets have multiple binding sites with different affinities or overlapping
binding sites for multiple ligands. However, Scatchard analysis has been
applied mainly to small molecules and macromolecules. Another method
has been developed to quantify binding affinities for nanoparticles coated
with macromolecule ligands (Figure 7.8).42 A linear plot indicated that
there were no cooperativity effects. The biphasic plot also suggested that
the nanoparticles interacted with more than one binding site on the re-
ceptor, with differing affinities. Competition studies demonstrated that the
lower affinity binding site overlaps with the binding site for another ligand.
The Scatchard analysis can thus be adapted for assessing particulate
binders.

7.1.3.3.1 Binding Analysis Protocols. Adapted from ref. 42. The Scatch-
ard method requires a number of data values, including total binding,
nonspecific binding, and unbound material. The acquisition of each of
these values is described below.

A. Total Binding Measurement Protocol
1. Culture cells in complete culture medium at 37 1C in a humidified

5% CO2 atmosphere.

Figure 7.7 Example of saturation binding assay. (A) Plot of bound protein versus
concentrations of the protein. The protein [125I]-PD151242 is radiola-
beled and binds to endothelin receptor A on cryostat sections of human
heart. Radioactivity was measured using a gamma counter. (B) Scatchard
plot of the data from (A). Current Directions in Radiopharmaceutical
Research and Development, Radioligand Binding Assays: Theory and
Practice, Developments in Nuclear Medicine Series 30, 1996, p. 173, A. P.
Davenport and F. D. Russell, (r1996 Kluwer Academic Publishers) With
permission of Springer.
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2. Distribute cells with appropriate culture medium into 24-well plates
at a population of 1�105 (0.4 mL per well) and incubate for 24 h at
37 1C in a humidified 5% CO2 atmosphere.

3. Remove culture medium and replace with CO2-independent me-
dium (pre-warmed to 37 1C). Because the binding assay is per-
formed at 4 1C, not in a 37 1C incubator with supplemented CO2,
CO2-independent medium is needed.

4. Adapt cells to a cold environment (4 1C), to suppress endocytosis by
placement over crushed ice for 15 min.

5. Replace the medium with medium containing radiolabeled
protein or contrast agents at different concentrations in cold CO2-
independent medium and incubate for 1 hour at 4 1C in a re-
frigerator or cold room.

6. Remove the contrast agent-containing medium and wash cells with
0.5 mL of cold PBS (with Ca21 and Mg21) three times.

7. If using adherent cell lines, detach or lyse cells using 0.5 mL of
de-ionized water. Use freeze/thaw (�80 1C/ambient temperature,
30 min/20 min) cycles to expedite the process if needed.

8. Transfer cell lysates into appropriate containers for radioactivity or
fluorescence measurements. Radioactivity or fluorescence intensity
represents the bound concentration of the targeted contrast agent.
Obtain the free concentration of the contrast agent by subtracting
the bound concentration from the total concentration added to
each well. In most cases, the bound concentration is so low com-
pared to the total concentration that the total concentration can be
used as the free concentration.

Figure 7.8 111In31 radiolabeled nanoparticle binding studies at 4 1C. Scatchard
Plot of sulfated dextran coated iron oxide nanoparticles binding to
scavenger receptor class A on murine macrophages. The biphasic plot
suggested two different binding sites on the receptors with different
affinities.42

Adapted with permission from T. Tang, C. Tu, S. Y. Chow, K. H. Leung,
S. Du and A. Y. Louie, Bioconjugate Chem., 2015, 26, 1086. Copyright
(2015) American Chemical Society.
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B. Non-specific Binding Measurement Protocol
1–4. Follow the same instructions as above.

5. Replace the medium with radiolabeled contrast agents at different
concentrations and a fixed high concentration of unlabeled, free
counterpart (1000-fold excess) in cold CO2-independent medium
for a 1 hour incubation at 4 1C in a refrigerator or cold room.

6–8. Follow the same instructions as above.
C. Scatchard Analysis

1. Acquire specific binding by subtracting the contribution from
non-specific binding (part B) from the total binding (part A).

2. Plot the ratio of bound/free ligand concentration versus bound
ligand concentration.

3. Obtain the slope of the line, which is equal to the negative
reciprocal of Kd.

4. Obtain the intercept of the line with the abscissa as an estimate
of Bmax.

7.1.3.4 Competition Assay/IC50

Determination of IC50 is simple if a radiolabeled competitor with known
binding affinity to the same receptor is available. However, IC50 determin-
ations rely on a number of assumptions, including a lack of cooperative
binding. Scatchard analysis, on the other hand, can reveal cooperative
binding, which produces non-linear plots,83–85 and thus may be a more
robust choice for assessment of binding properties of some contrast agents,
notably nanomaterials.

An example of a competition binding assay is shown in Figure 7.9.73

U87MG cells were incubated with targeted iron oxide nanoparticle contrast
agent in the presence of a radiolabeled competitor 125I-echistatin at a fixed
concentration. Increasing concentrations of iron oxide nanoparticles with
the cyclic peptide c(RGDyK) as the targeting moiety inhibits 125I-echistatin
binding to integrins on U87MG cells. The binding affinity of the targeted
iron oxide nanoparticles can be calculated by eqn (7.1).

KI¼ IC50/(1þ [L]/Kd) (7.1)

where IC50 is the 50% inhibition concentration, i.e. the concentration of
targeted iron oxide that produces radioligand binding half-way between the
upper and lower plateaus of the semi-log plot, which can be determined
from the competition plot. In this equation, [L] is the fixed concentration of
radioligand/competitor and Kd is the known binding affinity of the radi-
oligand, in this case 125I-echistatin.

7.1.3.4.1 IC50 Measurement Protocol. Adapted from ref. 86.
1. Culture cells in complete culture medium at 37 1C in a humidified 5%

CO2 atmosphere.
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2. Distribute cells with appropriate culture medium into 48-well plates at
a population of 1�105 (0.2 mL per well) and incubate overnight at 37 1C
in a humidified 5% CO2 atmosphere.

3. Remove culture medium and replace with CO2-independent medium
(pre-warmed at 37 1C). Adapt cells to a cold environment (4 1C), to
suppress endocytosis by placement over crushed ice for 15 min.

4. Premix radiolabeled competitor at a fixed concentration with the
unlabeled targeted contrast agent at various concentrations (concen-
tration range normally spans six orders of magnitude).

5. Replace CO2-independent medium with 200 mL of mixed solutions of
contrast agent and radiolabeled competitor. Incubate cells for 30 min
or 1 h at 4 1C.

6. Remove the mixed solutions and wash cells with PBS complete (with
Ca21 and Mg21, 200 mL, three times) to remove the unbound
molecules.

7. Detach cells from the culture plates by incubation with 0.02% (w/v)
EDTA (or EDTA-trypsin, depending on cell type) and concentrate cells
by centrifugation for 5 min.

8. Disperse cells in 400 mL of PBS complete (with Ca21 and Mg21) in
gamma counting tubes to measure the radioactivity.

Calculate the best-fit 50% inhibitory concentration (IC50) values by fitting
the data with nonlinear regression software.

Figure 7.9 An example of a competition binding. The c(RGDyK)-MC-Fe3O4
concentration-dependent replacement of 125I-echistatin on U87MG
cells. The y-axis is the inhibition percentage.73

Adapted with permission from J. Xie, K. Chen, H.-Y. Lee, C. Xu, A. R. Hsu,
S. Peng, X. Chen and S. Sun, J. Am. Chem. Soc., 2008, 130, 7542. Copyright
(2008) American Chemical Society.
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7.1.4 Cell Uptake

7.1.4.1 Introduction to Cell Uptake

When incubated with cells, contrast agents interact with the lipids, proteins,
and other components of the cell membrane. These interactions can be
followed by the activation of an energy-dependent uptake mechanism.
Several major endocytic pathways have been characterized, including the
following four pathways: (1) Clathrin-mediated endocytosis, a pathway that
involves specific receptors to recognize and internalize cargo into coated pits
that are formed by cytosolic protein clathrin on the intracellular face of the
plasma membrane.76,87 Mature clathrin-coated pits pinch off from mem-
branes and form clathrin-coated vesicles (60–200 nm in diameter).88,89 This
pathway is characteristic of receptor-mediated endocytosis.87 (2) Caveolae-
mediated endocytosis, the most common clathrin-independent endocytosis.
It involves clustering of lipid raft components on the plasma membrane into
the flask-shaped pits (B50 nm in diameter) called caveolae followed by the
formation of caveolar vesicles.76 Uptake of extracellular molecules is also
mediated via receptors in caveolae. (3) Pinocytosis, a process in which the
invagination of cell membranes form vesicles filled with large volumes of
extracellular fluid and small molecules.90 Because uncoated vesicles can be
larger than coated ones, pinocytosis allows uptake of larger objects
(4150 nm) and forms vesicles in the range of 0.5–5 mm in diameter.76 Unlike
receptor-mediated endocytosis, pinocytosis is non-specific and non-
absorptive (molecules do not bind to the cell surface and concentrate before
internalization). (4) Phagocytosis, the process in which a cell engulfs a solid
particle to form an internal vesicle. It is normally restricted to specialized
cells, such as leukocytes, and can internalize particulate matter larger than
0.75 mm in diameter, such as micro-organisms and apoptotic cells.87

Contrast agents that are untargeted small molecules, such as Gd com-
plexes, normally are internalized into the cell by nonspecific pinocytosis.91,92

Molecules are brought into cells within small vesicles or endosomes that
subsequently fuse with lysosomes to degrade the molecules. Another method
to artificially introduce Gd complexes into the cells is to use electroporation,
which causes the formation of transient hydrophilic pores on the cell mem-
brane upon the application of suitable electric pulses between two electrodes
placed into a suspension of cells.92 Gd complexes in this case are delivered
into cytoplasm instead of subcellular vesicles. Larger contrast agents, such as
SPIO nanoparticles, can be taken up via endocytosis, or if large enough
(4100 nm) by phagocytosis by phagocytic cells like macrophages, and further
trafficked to different subcellular locations, typically ending in lysosomal ac-
cumulation.93 Targeted contrast agents, such as functionalized Gd complexes
or iron oxide nanoparticles, are internalized by receptor-mediated en-
docytosis. This uptake can be inhibited by competing ligands.

Chemical inhibitors are commonly used to differentiate endocytic pathways
(see Section 7.1.3.1 for a description of agents that prevent cellular uptake
in binding assays). For example, chlorpromazine, potassium-depletion,
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monodansylcadaverine, phenylarsine oxide, cytosolic acidification, and
hypertonic shock (sucrose) can be employed as inhibitors of clathrin-
dependent endocytosis. Methyl-b-cyclodextrin and genistein can be employed
as inhibitors of clathrin-independent endocytosis. By exploiting these chem-
ical inhibitors or known ligands that are competitors to the contrast agents for
the specific cell surface receptors of interest, researchers can determine the
mechanism of cellular uptake.

As for their binding and biocompatibility properties, uptake efficiency of
contrast agents is affected by their size, composition, surface chemistry, and
the phase of the cell cycle.94 Qualitative analysis of cellular uptake includes
iron staining with Prussian blue, Berlin blue, or fluorescently labeled
contrast agents that can be observed with a microscope.95 Quantitative
measurements of gadolinium or iron concentrations have been achieved
with various methods in the past few decades. Details about these methods
are described in the following sections and a comparison between those
methods is presented in Table 7.4. Readers can choose the appropriate
method based on specific needs.

7.1.4.2 Elemental Analysis

Elemental analysis is the most direct way to measure the amount of
internalized contrast agents. This can usually be achieved with atomic
absorption or emission spectroscopy to quantify gadolinium or iron
concentrations. Techniques such as inductively coupled plasma-optical
emission spectroscopy or mass spectrometry (ICP-OES or ICP-MS are sen-
sitive methods that can reach parts-per-billion-level (ppb, e.g. 1 mg L�1)
measurements, where conventional atomic absorption spectroscopy (AAS)
provides results normally in the parts-per-million (ppm, e.g. 1 mg L�1) range.

Trace levels of iron can also be measured by the ferrozine assay. Ferrozine
(3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p, p0-disulfonic acid monosodium salt
hydrate) is a colorimetric reagent that was reported in the 1970s to form a
magenta complex upon reaction with ferrous ions.96 It has been modified and
improved to become a convenient commercial assay with detection range in
sub-ppm levels. The ferrozine-iron complex is stable and soluble in water. For
solutions that contain both ferrous and ferric ions, a reducing or oxidizing
agent is added prior to ferrozine to ensure that all iron ions in a sample are in
a single oxidation state. Measurement of the maximum absorbance of the
solution near 570 nm determines the iron concentration, after calibration
using a standard curve obtained from standard iron solutions.

7.1.4.2.1 Cell Uptake by Elemental Analysis Protocols.
(A) Atomic Absorption/Emission Spectroscopy for Determination of

Concentrations of Gd, Fe, and Mn (Adapted From Ref. 97)
1. Culture cells in appropriate cell culture medium at 37 1C in a

humidified 5% CO2 atmosphere.
2. Seed cells in 24-well culture plates, with approximately 105 cells in

1 mL of medium at 37 1C for 24 h.
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Table 7.4 Comparison of common cell uptake methods for MRI contrast agents.

Category Assay Principle What to measure Advantages Limitations

Elemental analysis Iron staining Colorimetric reagents can stain
iron ions

Iron
concentration

Sensitive Can only analyze iron-based
contrast agents

AAS/ICP–MS/
ICP–OES

Uses elemental absorption, optical
emission, or MS to detect
elements or molecules

Metal
concentration
(Fe, Gd, Mn)

Sensitive; can analyze
Gd, Fe, Mn

Works best for elements without
much biological background

Relaxation/MRI Relaxation Contrast agents decrease the
relaxation times of proton and
generate enhanced contrast on
MR images

T1 or T2
relaxation times
of cell or cell
lysates

Provides information
on the ability of
contrast
enhancement

Not sensitive, no direct
measurement of the uptake
amount of contrast agents

MR imaging

Fluorescent/
Radioactive
assays

Fluorescent Uses fluorescent moiety in a
multimodal imaging probe

Fluorescence
intensity of cell
or cell lysates

Sensitive Need a fluorescent moiety;
background issues with cell
autofluorescence

Radioactive Use radioactive moiety in a
multimodal imaging probe

Radioactivity of
cell or cell
lysates

Sensitive Need a radioactive moiety; safety
concerns with ionizing
radiation; short half-life of
radioactive isotopes
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3. Remove culture medium and incubate cells with the contrast-
agent-containing culture medium at different concentrations of
contrast agent for 1 h. In control cultures, cells are placed in 1 mL
of medium without contrast agent at the same cell density as the
contrast agent samples.

4. Remove medium and wash cells with PBS complete (with Ca21 and
Mg21, pre-warmed at 37 1C) three times.

5. Detach cells, suspend cells in PBS complete, and centrifuge the cell
suspension.

6. Remove the supernatant, and dissolve the cell pellet in 37% HCl
solution at 70–80 1C for 30 min.

7. Dilute the samples to a final iron (similar for Gd and Mn) con-
centration of approximately 1.0–4.0 mg mL�1.

8. Measure the iron, gadolinium, or manganese concentration with
atomic absorption or emission spectroscopy.

(B) Ferrozine Assay for Determination of Iron Concentration Protocol
(Adapted From Ref. 98, 99)
1. Culture cells in appropriate cell culture medium at 37 1C in a

humidified 5% CO2 atmosphere.
2. Distribute cells in 24-well plates at a concentration of 2.5�105 cells

per well in 1 mL of medium and incubate in a 5% CO2 atmosphere
at 37 1C for 18 to 24 h.

3. Dissolve contrast agent in complete culture medium and prepare
different concentrations (iron concentration range 40–800 mg mL�1).

4. Remove culture medium and incubate the cells with the contrast
agent-containing culture medium at different concentrations from
1 to 24 h. In control cultures, cells are placed in 1 mL of medium
without contrast agent at the same cell density as the contrast
agent samples.

5. Remove contrast agent and wash cells thoroughly three times with
PBS complete (with Ca21, Mg21).

6. Mix samples with 250 mL of reagent A (4.5% KMnO4 and
1.2 N HCl solutions mixed in equal volumes immediately before
use) and incubate at 60 1C for 2 h to lyse cells and oxidize all iron
to Fe31.

7. Allow the reaction mixture to cool to ambient temperature before
addition of 50 mL of reagent B (6.5 mM ferrozine, 13.1 mM neo-
cuproine, 2 M ascorbic acid, and 5 M ammonium acetate) for the
colorimetric reaction.

8. Measure the absorbance of samples at B570 nm using a micro-
plate reader.

9. Calculate concentrations using a standard curve prepared with
ferrous ethylenediammonium sulfate in 0.01 N HCl, ranging
from 0 to 6 mg Fe mL�1. Treat the standard iron samples with
steps 6–8.
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7.1.4.3 Relaxation Assay and Magnetic Resonance Imaging

A qualitative measure of cell uptake can be acquired by monitoring
changes in the magnetic properties of a cell suspension after incubation
with a contrast agent. This monitoring can be realized with a bench-top
relaxometer or an MRI scanner. Direct measurement in cells can also
provide information about contrast agent effectiveness inside cells. For
example, a study of Gd complexes showed that contrast agents internalized
by pinocytosis or electroporation, resulting in contrast agents in endosomes
or the cytoplasm, respectively, have different relaxivities.92 However, this
method is not as sensitive as elemental analysis, does not differentiate in-
ternalization from adsorption to the cell surface, and does not directly report
the exact amount of iron or gadolinium associated with cells. Therefore, it is
best to use relaxation measurements in combination with another technique
like elemental analysis. An example of the cellular uptake of Gd-SWCNTs
(single-walled carbon nanotubes) by fibroblast (3T3 cells) was quantified by
MRI and elemental analysis with ICP-OES (Figure 7.10).100 While ICP-OES
measured the average number of Gd31 ions uptake per cell, MR images dis-
played positive contrast from the agent. Together, they characterized the uptake
and labeling efficiency and the potential as contrast agents of the Gd-SWCNTs.

7.1.4.3.1 Cell Uptake by Magnetic Properties Protocols.
(A) Relaxation Assay (Adapted From Ref. 42)

1. Culture cells in appropriate cell culture medium at 37 1C in a
humidified 5% CO2 atmosphere.

2. Distribute cells into 6-well plates at a concentration of
1�106 cell mL�1 in appropriate culture medium (2 mL per well).
For adherent cell lines, incubate cells at 37 1C, 5% CO2 for 18 to
24 h to allow adherence.

3. Prepare solutions of contrast agent at different concentrations by
dissolving contrast agent in culture medium. Pre-warm the
medium at 37 1C.

4. Replace cell medium in the plates with fresh medium containing
contrast agents and incubate at 37 1C in humidified 5% CO2 for
1 hour.

5. Remove the contrast agents and wash cells with 2 mL of pre-
warmed PBS complete (with Ca21, Mg21) three times.

6. If using adherent cell lines, lyse cells in 1 mL of de-ionized water.
Use freeze/thaw (�80 1C/ambient temperature, 30 min/20 min)
cycles to expedite the process if needed.

7. Lyophilize cell lysates and add de-ionized water (0.3 mL) to the
residue to prepare the solution for relaxation measurement by
relaxometer. Compare the relaxation times of cell lysates that
were incubated with contrast agents with the control (cells treated
only with medium).
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(B) Cell uptake Measured by MRI Protocol (Adapted From Ref. 95)
Cell lysates or cell pellets in PBS can also be measured by MRI.

However, another method for MRI is to suspend the cells in an
agarose gel as described below. Agarose gel (0.1%) can be prepared by
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mixing 0.1 g of dry low melting agarose in 100 mL of distilled water.
Heat this mixture to facilitate complete dissolution of the agarose, and
then place the mixture in a warm water bath (B40 1C) to a few degrees
above the gelling temperature. The homogeneity and isotropy of
agarose gel makes it an ideal test bed for MRI studies.101

1. Culture cells in appropriate cell culture medium at 37 1C in a
humidified 5% CO2 atmosphere.

2. Place cells into 6-well plates at a concentration of 1�106 cell mL�1

in appropriate culture medium (2 mL per well). For adherent cell
lines, incubate cells at 37 1C, 5% CO2 for 18 to 24 h to allow
adherence.

3. Prepare solutions of contrast agents at different concentrations by
dissolving contrast agent in culture medium. Pre-warm the me-
dium to 37 1C.

4. Replace cell medium in the plates with fresh medium containing
contrast agents and incubate at 37 1C in humidified 5% CO2 at-
mosphere for 1 hour.

5. Remove the contrast agents and wash cells with 2 mL of pre-
warmed PBS (with Ca21, Mg21) three times. Fix cells with formalin.

6. Adjust the concentration of cells to 4�106 cells mL�1 and dissolve
the cells (0.5 mL) in 0.1% agarose gel (0.5 mL) to give a final
concentration of 2.0�106 cells mL�1. Care should be taken to avoid
the introduction of bubbles into the agarose gels. Degassing the gel
solution by putting it under vacuum for 10–15 min is sometimes
helpful.

7. Maintain the sample at ambient temperature and image the cells
suspended in agarose.

8. Measure T1 or T2 relaxation times from MR images. For example,
for measurement of T2 relaxation time, perform T2 mapping using
a multislice multiecho (MSME) spin-echo sequence (long repetition
time such as 3000 ms; slice thickness¼ 1 mm; matrix¼ 128�128)
with echo times ranging from 10 to 100 ms. Calculate T2 maps from
a single exponential fitting of MRI signal intensities at each echo
time point. T1 relaxation time can also be acquired by MSME spin-
echo sequence with various repetition times.

Figure 7.10 Cellular uptake and MRI phantoms. (A) Histogram of Gd31 ion uptake
per 3T3 cell versus Gd-SWCNTs (1, 10, and 25 mg mL�1) incubation
concentrations at 12, 24, and 48 h time points. Data is presented as
mean� standard deviation (n¼ 3 per group). (B) Representative T1-
weighted MR images of untreated and Gd-SWCNT-treated 3T3 cells
(4�106 cells) dispersed in 0.7% agar. (C) The signal intensity calculated
from these images. Lines represent guides for the eyes.
Reprinted with permission from P. K. Avti, E. D. Caparelli and B.
Sitharaman, J. Biomed. Mater. Res., Part A, 2013, 101, 3580. Copyright
r 2013 Wiley Periodicals, Inc., a Wiley Company.
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7.1.4.4 Fluorescence and Radioactive Assays

For multimodal contrast agents, especially fluorescent or radiolabeled
probes, measurement of fluorescence intensity or radioactivity is a sensitive
method to quantify the efficiency of cellular uptake. These measurements
are usually achieved with microplate readers for fluorescence or gamma
counters for radioactivity. Due to autofluorescence, fluorescent assays are
subject to background issues that radioactive assays are not. Thus, radio-
active assays are generally more sensitive. However, some radioactive iso-
topes have a short half-life and decay quickly. Thus, the measurement must
be performed within a short time period. Ionizing radiation also raises safety
concerns and is only available for authorized users.

7.1.4.4.1 Fluorescence or Radioactive Assay For Cell Uptake Protocols.
(A) Fluorescence Assay For Cell Uptake (Adapted From Ref. 102)

(1) Culture cells in appropriate cell culture medium at 37 1C in a
humidified 5% CO2 atmosphere.

(2) Seed cells in 24-well plates at a density of 1�105 cells in 1 mL
medium per well, and culture at 37 1C in a 5% CO2 atmosphere
for 24 h.

(3) Prepare solutions of contrast agent at different concentrations by
dissolving contrast agent in culture medium. Pre-warm the me-
dium at 37 1C.

(4) Replace cell medium in the plates with fresh medium containing
fluorescent contrast agents and incubate at 37 1C in humidified
5% CO2 for 1–2 hours.

(5) Remove the medium with contrast agent, and wash cells three
times with pre-warmed PBS complete (with Ca21, Mg21). It is
advised to include control samples for cell counting, to confirm
that no cells were lost in the handling steps.

(6) Lyse cells with 0.2% (w/v) Triton X-100 and quantify the fluor-
escent intensity of cell lysates by fluorimetry.

(B) Radioactive Assay for Cell Uptake Protocol (Adapted From Ref. 103)
(1) Culture cells in appropriate cell culture medium at 37 1C in a

humidified 5% CO2 atmosphere.
(2) Distribute cells into 24-well plates at a concentration of 1�105

cell mL�1 in 1 mL of appropriate culture medium. For adherent
cell lines, incubate cells at 37 1C, 5% CO2 for 18 to 24 h to allow
adherence.

(3) Prepare solutions of contrast agent at different concentrations by
dissolving contrast agent in culture medium. Pre-warm the me-
dium at 37 1C.

(4) Replace cell medium in the plates with fresh medium containing
radiolabeled contrast agents and incubate at 37 1C in humidified
5% CO2 for 30 min to 1 hour.
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IMPORTANT: Use of radioactive material must be approved by
the university or employer radiation safety board. Ensure that you
have appropriate training, shielding and other protection for use,
storage, and disposal of radioactive materials. If shielding is not
available in a cell incubator (37 1C, 5% CO2), possible solutions
include using CO2-independent culture medium so that meas-
urements can be performed on the benchtop behind a shielded
area and using heating pads underneath culture plates.

(5) After incubation, remove the radioactive contrast agents and wash
cells with 1 mL of pre-warmed PBS (with Ca21, Mg21) three times.

(6) Detach cells and resuspend cells with culture medium.
(7) Transfer cell suspension into gamma counting tubes and measure

the radioactivity of cells from each well in a well gamma counter.
(8) Determine the protein content of each cell lysate sample

(e.g. using Bradford assay) to normalize the data so that the
radioactivity difference between samples are not from different
numbers of cells.

The interactions between MRI contrast agents and cells are of key im-
portance for the clinical translation of diagnostic agents. In this subchapter,
a variety of methods were described to investigate cell toxicity, binding, and
uptake properties, each having its own advantages and limitations. With the
continual improvement in technology, these methods have become more
sensitive and accurate, requiring minimal numbers of cells and reagents to
produce results. Some radioactive methods, such as 3H-thymidine for
monitoring cell proliferation, have been replaced by fluorescent assays with
the same sensitivity and fewer safety concerns. Commercial assay kits also
offer researchers easy, fast, and affordable access to most methods. It is
important to choose the appropriate method based on the study needs, and
give thoughtful consideration of what types of cells to assess. Equally im-
portant is the inclusion of appropriate control groups to account for ex-
perimental variation and sources of error. Careful assessment of biological
effects on in vitro targets can help minimize unanticipated problems with
in vivo testing and is a key step in the product development pathway.
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7.2 Distribution, Metabolism, Pharmacokinetics,
and Toxicity

ERIC M. GALE* AND PETER CARAVAN*

7.2.1 Rationale for Measuring Distribution, Metabolism,
Pharmacokinetics, and Toxicity

The utility and safety of a contrast agent is largely dictated by its distri-
bution, metabolism, and pharmacokinetics profile, as well as its toxicity. An
understanding of distribution, metabolism, and pharmacokinetics is critical
to interpreting in vivo imaging studies. For a targeted contrast agent, the
signal generated will be a combination of signal arising from the compound
in blood, unbound compound in the tissue of interest, and compound
bound to the target in tissue. If the contrast agent has undergone metab-
olism, there might be more than one species present in blood and tissue.
Knowledge of the distribution of the contrast agent, the presence of me-
tabolites, and how the concentrations of all of these are changing with time
is key to correct interpretation of imaging data. The pharmacokinetics of a
contrast agent will dictate the timing of a contrast enhanced examination.

Figure 7.11 shows T1-weighted MR images of a patient with a breast
cancer metastasis before and after administration of Gd-diethylenete-
traminepentaacetic acetate (DTPA). The brain tumor is obvious on the

Figure 7.11 T1-weighted MR image of a patient with metastatic breast cancer before
(left) and after (right) administration of Gd-DTPA. The brain metastasis
is apparent in the contrast enhanced image. High contrast of the tumor
is observed with an untargeted agent with the contrast arising because
of the distribution of the agent.
Image courtesy of Dr Gregory Sorensen.
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contrast-enhanced image. These images illustrate the importance
of distribution in contrast enhanced MRI. Gd-DTPA is not a targeted or
activatable contrast agent, and yet it delivers extremely high contrast to this
brain tumor. The mechanism of action is breakdown of the blood–brain
barrier and leakage of the contrast agent into the extracellular space of the
tumor. Other low molecular weight (o10 kDa) contrast agents would likely
show similar enhancement of the tumor because of the same mechanism.
For targeted or activatable agents, interpretation of the imaging data must
take into account the potentially strong signal enhancement arising from
distribution.

Distribution, metabolism, and pharmacokinetics studies also inform
safety. For GdIII-based compounds or other compounds using non-
endogenous metal ions, it is imperative that the metal ion be eliminated
from the body to reduce the risk of the delayed onset of toxicity. Distribution
will guide the choice of toxicological studies to be performed. For instance, if
a compound accumulates in the heart, then additional measures of cardiac
toxicity might be required. Knowledge of compound metabolism will also
inform toxicity. For instance, the metabolite might elicit a toxic response
that is not observed with the parent compound. Subsequent chemical
modifications might reduce or eliminate the degree of metabolism and
improve the safety profile. The rate and route of elimination might also be
used to stratify compounds for potential toxicity concerns. For metal com-
plexes, a longer residency time in the body means more time available for
metal ion dissociation. In subjects with renal or hepatic impairment, the
rate of elimination might be even slower than in subjects without these
conditions. Finally, local, acute, and sub-acute toxicity studies are needed to
identify potential toxicities that might occur as a compound is transitioned
to human clinical development.

7.2.2 Routes of Administration

There are a number of routes to administer a contrast agent depending on
the question to be addressed.

Intravenous: Most commercial, clinical MRI contrast agent formulations
are administered intravenously as a bolus injection. For angiographic (blood
vessel) imaging applications, imaging is timed to the bolus injection. The
contrast agent travels from the vein in the arm into the heart, through
the right heart to the pulmonary veins, back to the left heart, and then to the
systemic arteries. With careful timing, images are obtained that capture
the contrast agent as it travels through the systemic arteries but before the
contrast agent has returned to venous circulation, to produce an arterio-
gram. However, there are applications when slow infusions are advan-
tageous. An infusion is performed with an injector pump and the rate of
infusion can be matched to the rate of elimination from the blood. In this
way, one can achieve a prolonged steady-state concentration of contrast
agent that might be useful for quantitative imaging studies where one
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desires a fixed and known concentration in the blood and
extracellular space.

Intra-arterial: Direct administration into an artery is generally avoided
because of increased bleeding risk, but there are applications where intra-
arterial administration is warranted. For kinetic modeling studies of
receptor binding, one requires an estimate of the arterial input function,
i.e. the concentration of probe in the artery perfusing a tissue as a function
of time. This input function can be calculated from the dose and rate of
intra-arterial administration. Other reasons for intra-arterial injection are
to enable the injection of a small amount of contrast agent or to avoid
metabolism. These reasons are often associated with studies that might be
performed early in development, when the goal is to establish an in vivo
proof of concept. For instance, direct intra-arterial administration typically
requires one tenth the dose of intravenous administration to deliver the
same exposure to the organ of interest. For an intravenous injection,
contrast agent is diluted in the heart and systemic circulation before
reaching the organ of interest, and so a higher dose would be needed with a
different injection method. Because contrast agents require large doses, an
intra-arterial study might be valuable in a large-animal study when the
amounts of contrast agent are limited early in development. In some cases,
contrast agent metabolism is rapid in the kidneys and liver, such that the
intact, active contrast agent might not reach an organ of interest with a
different route of injection. An intra-arterial injection proximal to the organ
of interest delivers intact compound before the compound is exposed to
the liver and kidneys. Although generally not feasible for routine clinical
use, such studies can be valuable to establish proof-of-concept and to
justify the synthetic effort to identify new compounds that might be
resistant to metabolism.

Oral: Oral formulations for MRI contrast have also been developed for
gastrointestinal imaging. Some radiology practices use the high manganese
content of blueberries by using blueberry juice as an oral contrast agent.104

For applications outside the gastrointestinal tract, oral dosing is not
practical. Contrast agents are given intravenously at high doses. For oral
administration, one would require extremely high doses to deliver enough
compound to the blood by intestinal absorption.

Direct administration: In some instances a local administration is used, for
instance in MR arthography a GdIII-based contrast agent is injected directly
into the shoulder joint at a low dose to enhance image contrast.105

Subcutaneous: For lymph node imaging and lymphangiography, com-
pounds have been administered subcutaneously, where the compound pools
into lymphatic channels and then moves into the nearest lymph node and
beyond.106

Intrathecally (cisternography): Contrast agents have also been used clinic-
ally to look for leakage of cerebral spinal fluid.107 Here, a low dose of GdIII-
based contrast agent is injected into the spinal canal and the cerebral spinal
fluid signal is enhanced.
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7.2.3 Dose and Exposure

The dose used should ultimately be the minimum dose that provides
sufficient diagnostic power. For untargeted agents, an increased dose will
typically provide an increased signal. For clinical extracellular fluid contrast
agents like Gd-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate (Gd-DOTA),
the standard dose is 0.1 mmol kg�1.108 The albumin-binding contrast agent
MS-325 exhibits a much higher relaxivity than extracellular fluid agents
and was approved at a dose of 0.03 mmol kg�1.108 The liver-targeting agent
Gd-EOB-DTPA accumulates in the liver to the extent that a dose of
0.025 mmol kg�1 is sufficient for delayed-phase liver imaging.108 Other in-
dications might warrant different dosing. As noted above, MR arthrography
involves diluting a contrast agent and injecting a small volume into the joint.
For brain perfusion, GdIII-based agents are often injected at double dose,
0.2 mmol kg�1, to create a large magnetic susceptibility effect as the contrast
agent travels through the brain.109

Exposure is the cumulative amount of contrast agent that comes into contact
with the body and is usually quantified by a measurement of area-under-the-
curve for a graph of concentration versus time. For instance, with extracellular
fluid agents that are excreted solely through the kidneys, exposure can increase
if kidney function declines.110,111 In a renally impaired subject, the compound
is in the body for a longer period of time, and thus the area-under-the-curve is
increased relative to the area-under-the-curve measured in a subject with
normal renal function administered with the same dose.

For untargeted agents, a higher dose equates to greater contrast. This
correlation is not necessarily true of targeted agents. Increasing the dose will
increase the signal at the target, but will also increase non-specific back-
ground signal. For instance, the collagen-targeted probe EP-3533 was used to
assess liver fibrosis, where increased collagen is present in fibrotic liver.112

In that study, four doses of EP-3533 (5, 10, 20, or 40 mmol kg�1) were
evaluated in fibrotic mice and control mice that had no fibrosis. Liver signal
enhancement increased as the dose increased, but the ability to distinguish
fibrotic animals from controls diminished as the dose increased from
10 mmol kg�1 (Figure 7.12). On the other hand, at the lowest dose, there was
good discrimination between fibrotic and control animals, but the signal
enhancement was low, resulting in a larger relative error. This error was
especially a problem in comparing animals with no disease and those with
mild fibrosis. A dose of 10 mmol kg�1 could reproducibly discriminate
fibrotic animals from controls and was therefore chosen for all of the
remaining studies.

7.2.4 Distribution in Tissue

The distribution of intravenously administered MRI contrast agents is
largely dependent on the size and formal charge of the agents. Small mol-
ecule (o10 kDa) agents undergo rapid extravasation from the intravascular
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compartment into the peripheral tissues.113 Anionic and neutral agents
usually confine to the extracellular spaces, but cationic species can passively
diffuse into cells. A neutral small molecule contrast agent with mixed lipo-
philic and polar character was shown to be capable of crossing cell mem-
branes via passive diffusion.114 Large nanoparticle-based agents that exceed
80 nm diameter are too large for extravasation but are rapidly accumulated
by macrophages, mainly in the liver and spleen.115,116 Contrast agents that
are45 nm in diameter—whether macromolecules, agents bound to plasma
proteins, or nanoparticles ranging 5–80 nm in diameter—are too large for
extravasation from the blood pool but small enough to elude efficient
macrophage uptake. As a result, these compounds tend to have long blood
circulation half-lives.117,118 The varying distribution profiles of differently
sized MRI contrast agents can be exploited for a diverse array of imaging
applications.

Small-molecule agents that undergo rapid extravasation and clearance are
optimal for the detection and characterization of tissue abnormalities such
as lesions, infarcts, or perfusion defects. The pharmacokinetics of a contrast

Figure 7.12 Effect of dose on targeted imaging agent. Collagen-targeted EP-3533 is
expected to have increased uptake in collagen rich, fibrotic tissue.
Cohorts of mice with normal or fibrotic livers were imaged with differ-
ent doses of EP-3533. The signal observed, expressed as liver-to-muscle
contrast-to-noise ratio, increases with increasing dose as expected.
However the ability to discriminate normal from fibrotic tissue (ex-
pressed as percentage increase) decreases with increasing dose as the
target becomes saturated and then increasing the dose increases non-
specific signal. Although discrimination is best at the lowest dose, the
noise in the data increases because the signal change becomes small.
In this study, statistically significant differences were observed at the
10 mmol kg�1 dose.
Adapted from Journal of Hepatology, Volume 59, B. C. Fuchs, H. Wang,
Y. Yang, L. Wei, M. Polasek, D. T. Schühle, G. Y. Lauwers, A. Parkar,
A. J. Sinskey, K. K. Tanabe and P. Caravan, Molecular MRI of collagen
to diagnose and stage liver fibrosis, 992–998. Copyright (2013),
with permission from Elsevier.
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agent are often altered in pathologic tissue, resulting in delayed washout and
prolonged enhancement. For example, solid tumors are characterized by
leaky vasculature and a diminished lymphatic drainage system. The prac-
tical consequence of this altered physiology is enhanced permeability and
retention within the lesion. Small molecule contrast agents will retain in
solid tumors for several minutes after the agent has cleared from the blood
and adjacent tissue, thus rendering the lesion highly conspicuous in T1

weighted scans. Higher molecular weight contrast agents that are otherwise
too large for extravasation also distribute in tumors due to vascular leakage,
albeit on a much slower timescale.

Commercially available MRI contrast agents are anionic or neutral GdIII

complexes of MWo800 Da, i.e. small-molecule agents. Each agent has at
least one indication for imaging lesions in the central nervous system or
body.108 Most clear predominantly via the kidneys into the urine. The con-
trast agent Gd-EOB-DTPA (gadoxetic acid) is an anionic complex functio-
nalized with a lipophilic side chain that results in hepatocyte accumulation
by an active transport mechanism mediated by organic anion transporting
polypeptides.119,120 The hepatocyte-accumulated portion of the injected dose
is cleared into the bile by multidrug-resistant proteins and excreted in the
feces. These hepatocyte-seeking agents are ideally suited for the detection of
hepatomas. Organic anion transporting polypeptides are under-expressed
on the surfaces of malignant cells compared to normal hepatocytes, and
hepatomas are thus rendered hypo-intense relative to normal liver during
the hepatocyte distribution phase of the contrast agent.121

The distribution profile of large (480 nm) particles is useful for imaging
tissues participating in the reticuloendothelial system, such as the lymph
nodes and liver. For example, formulations of superparamagnetic iron oxide
nanoparticles between 80 and 120 nm have been used to image liver lesions.
The nanoparticles accumulate in Kuepffer cells that are interspersed in the
healthy liver parenchyma but absent from hepatomas.122 These particles
generate negative contrast (signal loss) in the healthy liver, generating strong
positive contrast to visualize the lesions. Similarly, nanoparticles in this size
range have been used to identify lymph-node malignancies. Healthy,
macrophage-rich lymph nodes accumulate the nanoparticles resulting in
signal loss, whereas in tumor-invaded lymph nodes, macrophage content is
low and malignant nodes retain MR signal.123,124

The distribution of agents with MW410 kDa, agents bound to plasma
proteins, and nanoparticle agents o80 nm is largely confined to the blood
pool. The distribution behavior of these agents is ideally suited for MR an-
giography. Confinement to the intravascular compartment provides a pro-
longed time window for contrast-enhanced MR angiography.117,118,125 The
prolonged imaging window obviates the need for a perfectly timed bolus,
allows for multiple tries when imaging uncooperative patients, and enables
practitioners to separately image disparate anatomical regions from a single
contrast agent injection. The extended imaging window also enables ac-
quisition of relatively high resolution scans. MS-325 (gadofosveset) is a
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small-molecule GdIII-based agent designed to bind serum albumin for
confinement to the blood pool.118,126 MS-325 is highly effective in contrast-
enhanced angiography and received an indication from the Food and Drug
Administration for contrast-enhanced imaging of the abdominal aorta and
iliac arteries. Ferumoxytol is an intravenous iron supplement comprised of
superparamagnetic iron oxide nanoparticles sized 17–31 nm. Ferumoxytol
has received off-label use in contrast-enhanced MR angiography.125

Contrast agents can also be targeted to specific pathologies or tissues. For
instance, EP-2104R is a peptide-gadolinium conjugate that targets the pro-
tein fibrin present in blood clots.127 EP-2104R binds fibrin with greater than
200-fold selectivity over fibrinogen or other plasma proteins. It has been
used to detect arterial and venous blood clots in animal models and in
human clinical trials.128–130

7.2.4.1 Methods of Quantification

The distribution and clearance of newly developed contrast agents can be
tracked qualitatively through dynamic MR imaging after injection. However,
it is challenging to quantify agent distribution from the MR data alone. The
linear relationship between changes in water relaxation rate and the con-
centration of the contrast agent suggests that concentration can be esti-
mated from measuring the T1 or T2 of the tissue and using relaxivity to
convert to concentration. In vivo, the MR signal arises from water in vascular,
intracellular, extravascular, and extracellular compartments. Contrast agents
might not be distributed in all of these compartments, and thus, depending
on the rate of water exchange between compartments, the relaxation times of
water in a given voxel might be multiexponential.131,132 Relaxivity might also
change in vivo due to protein binding, decreased water content, or increased
microviscosity. For example, MS-325 exhibits45-fold higher relaxivity when
bound to albumin at 1.5 T compared to the unbound agent, but the fraction
bound to albumin depends on the concentrations of both MS-325 and al-
bumin in the tissue of interest.118

Elemental analysis of tissue is a commonly used method to quantify
contrast agent biodistribution, although this method is labor intensive if
multiple time points are required. The vast majority of MRI contrast agents
use lanthanide or transition metal ions that are either not endogenously
present or present at low concentrations, and can thus be detected directly
by measuring tissue elemental content. Tissues of interest are harvested
and digested for elemental quantitation by inductively coupled plasma
mass spectrometry (ICP-MS) or ICP optical emission spectroscopy (ICP-
OES). Ex vivo elemental analysis is routinely performed to determine the
distribution profile of non-specific contrast agents but has also been used
to confirm the binding and source of targeted signal enhancement in
studies using target-specific contrast agents. For example, the collagen-
targeted agent EP-3533 was shown to have increased accumulation in the
lungs of mice with pulmonary fibrosis and the ex vivo Gd measurement
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correlated linearly with the concentration of collagen determined
biochemically.133

Ex vivo distribution can be measured with a much higher degree of spatial
resolution with laser ablation ICP-MS (LA-ICP-MS) or X-ray fluorescence
microscopy. In the LA-ICP-MS experiment, a high-powered laser is raster
scanned across a tissue slice releasing a laser-induced aerosol. Sub-
micrometer-resolution element mapping is achieved through elemental
sampling of the aerosolized tissue. Ex vivo LA-ICP-MS was recorded on slices
of human ovarian cancer xenografts harvested from a mouse model
following intravenous injection of a GdIII-containing liposomal contrast
formulation.134 LA-ICP-MS quantification of Gd distribution within the
lesion revealed higher Gd accumulation in regions histologically identified
as highly vascular. In another study, it was shown that T1-distribution
correlated closely with LA-ICP-MS measurements of local Gd content in
samples of articular cartilage incubated with Gd-DTPA ex vivo.135 X-ray
fluorescence microscopy can map elemental content with subcellular
resolution and can also provide information regarding elemental speciation.
There are a few reports pertaining to the fate and distribution of the metal
ions present in MRI contrast formulations. X-ray fluorescence microscopy
has been used to map Gd distribution across sections of liver tissue from
mice receiving the GdIII-based agent B22956/1.136 In another study, X-ray
fluorescence microscopy measurements were used to quantify the distri-
bution of gadodiamide, an extracellular agent, and VO(acac)2, which accu-
mulates in proliferating cells, in a colonic adenoma and in the adjacent
tissue excised from a mouse model.137

Labeling an MRI contrast agent with a radionuclide is another way to
quantify biodistribution. Ex vivo distribution can be obtained by gamma
counting experiments. In some cases, dynamic in vivo biodistribution can be
obtained if the radionuclide is suitable for positron emission tomography or
single photon emission computed tomography imaging. Radiolabelling can
be achieved via synthetic manipulation of the ligand to incorporate tracers
such as 14C or 18F, or often more simply by substituting the metal ion with an
appropriate metallo-radionuclide. Radiolabeling with metal ions is often
quantitative and circumvents many of the difficulties associated with
radiotracer synthesis, such as multistep synthesis and purification using
high-performance liquid chromatography.

For GdIII-based compounds, the gamma-emitting isotope 153Gd is avail-
able, but it has a 240 day half-life. Other lanthanide ions with shorter half-
lives like 177Lu (t1/2¼ 6.6 days) could be used, but using a surrogate metal ion
might result in a different biodistribution. A challenge with using a metallic
radionuclide to track distribution is that small impurities of free, unchelated
isotope can profoundly alter distribution data. Simple salts of lanthanide
ions are strongly retained in the liver, kidneys, and bone after intravenous
injection, e.g. Gd administered as Gd2(OAc)3 is 460% retained over 7 days
in rats whereas Gd-DTPA is almost entirely eliminated within 24 h.138

Thus, small amounts of unlabeled impurities can have a disproportionate
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effect when studying the metal ion retention of rapidly eliminated contrast
agents.

Dual label experiments can be performed to determine if the metal is still
associated with its ligand. For instance, in the case of the liver-targeting
agent Mn-dipyridoxal diphosphate (DPDP), which is largely dissociated
in vivo, the distribution patterns of the DPDP ligand and MnII ion were de-
termined through separate analyses following injection of 14C-labeled ligand
and 54Mn-labeled complex, respectively.139

In vivo biodistribution can be dynamically and quantitatively tracked with
positron emission tomography or single photon emission computed tomo-
graphy imaging. Positron emission tomography offers better temporal
resolution (seconds) than single photon emission computed tomography,
while for rodent imaging higher spatial resolution can be achieved with
single photon emission computed tomography (B0.5 mm for single photon
emission computed tomography versus B1 mm for micro-positron emission
tomography) if sufficiently high radiochemical doses are used. Manganese
has two positron-emitting isotopes, 51Mn and 52Mn. 177Lu has been used for
single photon emission computed tomography imaging. The most widely
available positron emission tomography and single photon emission com-
puted tomography metalloradionuclides are 68Ga, 64Cu, 111In, and 99mTc.
Although ions of these elements form complexes with the same ligands used
for MnII- and LnIII-based contrast agents, assumptions about their in vivo
stability and equivalent biodistribution might not be valid. For instance, the
biodistribution of EP-2104R was assessed by ICP-MS of Gd and compared
with 64Cu-labeled EP-2104R.140 To a first approximation, the distributions of
Gd and 64Cu were similar, but in the liver, there was 1.1� 0.3% of the in-
jected dose of 64Cu per gram of liver (%ID g�1) at 2 hours post injection in
rats compared with only 0.036� 0.005% for Gd. The liver is a target organ for
free copper, and the higher liver uptake with 64Cu compared to Gd reflects
dissociation of 64Cu from EP-2104R and not the distribution of the intact
contrast agent.

7.2.5 Pharmacokinetics and Elimination

The MR signal change from a targeted contrast agent in a given voxel will
have a contribution from the agent in the blood vessels, the agent bound to
its target, and unbound agent in the extracellular space. Similarly, signal
arising from an activatable contrast agent will have contributions from the
active and inactive forms of the agent and their relative distributions.
Therefore, correct interpretation of imaging data requires an understanding
of pharmacokinetics.

For example, Figure 7.13 shows long-axis and short-axis images of the
heart with a region of hyper-enhancement in the myocardium as denoted by
the arrows. The area of enhancement corresponds to myocarditis or in-
fection of the heart muscle. However, these images were not obtained with
an infection-specific contrast agent. Rather Gd-DTPA was used. This
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example highlights the enhanced permeability and retention effect as shown
schematically in Figure 7.14. The concentrations of Gd-DTPA in the blood
and remote myocardium exhibit an exponential decay. In the infection site,
there is some tissue necrosis and slower delivery into this poorly perfused
tissue. The poor perfusion also results in slower washout. The infected tissue
also has a larger extracellular volume because of tissue necrosis, and this
volume results in a higher concentration of an extracellular contrast agent
compared to normal myocardium. The image acquisition in Figure 7.13
takes advantage of this difference in tissue pharmacokinetics. An inversion
pre-pulse is used that nulls the signal in the normal, remote myocardium.
This inversion-prepared T1-weighted image serves to amplify contrast be-
tween the pathology and normal tissue.

As shown in Figures 7.11 and 7.13, extracellular fluid agents can be used to
highlight pathology in cancer and cardiovascular applications by exploiting
differences in tissue pharmacokinetics in the presence of pathology. This
same phenomenon can be applied to other pathologies, where the disease
results in increased endothelial permeability, increased extracellular volume
fraction, or both. The behavior of Gd-DTPA was described in these examples
in the context of the enhanced permeability and retention effect. The en-
hanced permeability and retention effect is often attributed to the retention of
macromolecules and nanoparticles in tumors. It is the same phenomenon as
described in Figure 7.14, except that for nanoparticles the timescale might be
hours and for smaller compounds like Gd-DTPA the time scale is minutes.

Figure 7.13 Delayed, T1-weighted image of the heart after injection of Gd-DTPA. The
area of signal enhancement in myocardial wall is due to myocarditis or
an infection of the heart. Infection causes necrosis and an increase in
extracellular volume. The increased extracellular volume results in an
effectively higher concentration of Gd-DTPA in the lesion, while cell
death leads to a poorly perfused tissue resulting in a delayed uptake of
Gd-DTPA relative to the remote, healthy myocardium.
Image courtesy of Dr David Sosnovik, Massachusetts General Hospital.
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Pharmacokinetics are important in designing experiments with appro-
priate controls. There are many papers that describe nanoparticles for tumor
imaging and compare them to an extracellular fluid agent like Gd-DTPA,
using the same imaging time point for the comparison. By imaging hours
after injection, there might be accumulation of the nanoparticle, but the
small molecule has long since cleared the tumor and the body. This is not an
appropriate comparison because if the same tumor was imaged immediately
after injection, it would be strongly enhanced by Gd-DTPA with little en-
hancement by the particle. To compare two compounds at a fixed time point,
both compounds should exhibit similar pharmacokinetics. For nano-
particles, it cannot be assumed that the pharmacokinetic behavior is the
same just because the size is the same. Different coatings, the presence or
absence of targeting groups, and differences in surface charge can change
the rate of clearance because of differences in how these particles are rec-
ognized by the reticuloendothelial system.141 Therefore, it is imperative to
measure pharmacokinetics and confirm that any comparisons in uptake are
appropriate.

Figure 7.14 Idealized pharmacokinetic curves of an untargeted contrast agent in
the blood and in a lesion (tissue) as a function of time. After intra-
venous injection, the agent is eliminated from the blood with an
exponential decay. Uptake in the lesion can be slow if the tissue is
poorly perfused, like in tumors and infarcts. After reaching a maximum
concentration in the lesion, the agent begins to wash out. If imaging is
performed at a delayed time point, positive contrast between the lesion
and surrounding tissue can be obtained. This behavior is general: for
small molecules like Gd-DTPA, the time scale is in the order of minutes,
and for iron oxide nanoparticles, the rates of uptake and clearance are
typically hours.
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An appropriate imaging control compound should also be relaxivity-
matched. Consider two compounds with similar pharmacokinetics, but one
has a 2-fold higher relaxivity than the other. The compound with the higher
relaxivity would be expected to provide greater lesion enhancement if the
chemical dose is the same. In these situations it is more appropriate to dose
these compounds at a ratio where the relaxation effect would be equivalent,
i.e. the high relaxivity compound would be dosed at half the chemical dose
as the low relaxivity compound.

Because most pathologies can be enhanced by a non-specific contrast
agent with the appropriate choice of dose, image timing, and image acqui-
sition, a detailed understanding of pharmacokinetics is critical to under-
standing the in vivo behavior of targeted or activatable agents and in
designing effective experiments. Targeted or activatable agents might offer
the benefit of enhanced signal detection or in specifically quantifying a
protein or environmental factor such as pH.142,143 In general, a targeted
agent is expected to show an initial signal enhancement similar to a relax-
ivity-matched untargeted agent because the signal change immediately after
injection will be due primarily to distribution. As the unbound agent (tar-
geted or untargeted) is washed out of the lesion, some bound targeted agent
remains. This retention is illustrated in Figure 7.15. By performing dynamic
imaging, it is possible to model the signal in the lesion as a combination of
the signal from the agent in the blood, the unbound agent in the lesion, and
the bound lesion. Alternatively, it might be possible to wait a period of time

Figure 7.15 Idealized pharmacokinetic curves of an untargeted contrast agent
and a targeted contrast agent in a lesion as a function of time. The
agents have similar size and blood clearance properties. After intra-
venous injection, both agents are taken up by the lesion due to
distribution. With time, the untargeted agent is washed out of the
lesion. Because of specific binding, the targeted agent washes out
more slowly. This data can be modeled to estimate lesion permea-
bility, and in the case of the targeted agent, target (receptor) concen-
tration. Alternately, the data can be used to identify a suitable delayed
imaging time point where the signal mainly arises from the bound,
targeted agent.
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where the signal in the lesion is dominated by the bound component and
take an image that is largely reflective of the bound agent.

For targeted agents, structurally similar compounds have been used as
negative controls to confirm the mechanism of action and quantify the
bound agent. For instance, using the collagen-targeted compound EP-3533,
an isomer was employed where one of the cysteine groups was changed from
L- to D-chirality. This compound had the same relaxivity and pharmacoki-
netics as EP-3533, but it showed no binding to collagen. These compounds
were used to demonstrate the specificity of EP-3533 for cardiac and pul-
monary fibrosis.133,144 Similarly, the fibrin-targeted agent EP-2104R was
used to detect fibrin associated with cancers. EP-2014R employs a cyclic
peptide for fibrin recognition. In this study, a linear version of the peptide
was made to yield a compound of similar structure and relaxivity but no
fibrin affinity.145 The half-life of EP-2104R was 2.5 times longer in the tumor
than its negative control compound. Based on this pharmacokinetic data, a
time point of 85 minutes post injection was chosen where non-specific en-
hancement of the tumor was negligible.

The pharmacokinetic behavior of a contrast agent can depend on a
number of factors including molecular weight, interactions with biomole-
cules or cells, whether the agent undergoes biotransformation, and route of
excretion. MRI contrast agents can be cleared through the kidneys into the
urine, cleared through the liver into the bile and feces, or cleared via both
paths. Most contrast agents are designed to distribute and clear rapidly
without undergoing biotransformation and thus exhibit relatively un-
complicated pharmacokinetics and clearance profiles.

7.2.5.1 Methods of Quantification

To quantify pharmacokinetics, agent concentration in the blood or tissue of
interest is measured as a function of time and an appropriate pharmaco-
kinetic model is fit to the data (see below). Quantification of agent concen-
tration can be performed using high-performance liquid chromatography,
elemental analysis, gamma counting, or with imaging techniques like MRI or
positron emission tomography. Methods to detect and quantify metabolites
are described in Section 7.2.6.

7.2.5.2 Pharmacokinetic Models

Intravenous: Pharmacokinetics of intravenously injected contrast agents are
most frequently described by a two-compartment model. The intravenously
injected contrast agent moves through a central compartment comprising
the blood pool and highly perfused tissues and a peripheral compartment
comprising the tissues that are not as strongly perfused. Excretion occurs
through the central compartment, as the kidney and liver are highly per-
fused organs. Clearance from the central compartment generally occurs with
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a bi-exponential profile including a distribution phase and an elimination
phase as described by eqn (7.2).

C(t)¼ Ae�atþBe�bt (7.2)

where C(t) is the concentration of the contrast agent as a function of time;
a and b describe the rate of equilibration between the central and peripheral
compartments (distribution) and the rate of clearance from the central
compartment due to excretion and metabolism (elimination), respectively;
and A and B are the corresponding distribution and elimination coefficients.
This model is a simplification in that the blood and well-perfused tissues
and the entirety of peripheral tissues are combined into two neat compart-
ments. Nonetheless, the two-compartment model is effective and is widely
used to describe contrast agent pharmacokinetics. Because intravenous
contrast agents are eliminated directly from the central compartment and
are generally resistant to biotransformation, detailed pharmacokinetic in-
formation can be extrapolated by recording plasma concentration of the
relaxor metal ion as a function of time.146

Higher order compartment models have also been applied to describe
contrast agent pharmacokinetics. The agent plasma concentration versus
time data of intravenous gadopentetic acid in rats was best fit with a three-
compartment model comprising central, rapidly equilibrating peripheral,
and slowly equilibrating peripheral compartments.147 The pharmacokinetics
of some agents can also be described by a one-compartment model. In-
travascular contrast agents exhibit a negligible distribution phase and
changing agent concentration in the central compartment can be solely
accounted for by elimination. For example, the time-dependence of plasma
Fe content following injection of the intravascular agent ferumoxytol is best
fit with a monoexponential function describing elimination.148

The pharmacokinetics of intravenously administered contrast agents can
also exhibit a dependence on the magnitude of the injected dose. This
occurs in instances when the mechanism responsible for clearance or me-
tabolism of the agent becomes saturated. Dose-dependent pharmacokinetics
are more commonly observed in agents that clear via transporter-mediated
mechanisms or metabolic processing. For example, the pharmacokinetics of
ferumoxytol, which is cleared via hepatocyte accumulation and metabolic
degradation to labile iron, exhibits a strong dependence on injected
dose. Similarly, agents such as gadoxetic acid, which accumulates in
hepatocytes via organic-anion-transporting-polypeptide-mediated transport
and is transported into the bile via multidrug resistant proteins, also exhibit
dose-dependent pharmacokinetics because membrane-transport-protein-
mediated transport from the liver to bile is saturable.149 The effect is
less common in agents excreted predominantly by glomerular filtration.
Gd-DTPA, which is cleared predominantly via glomerular filtration, exhibits
dose-independent pharmacokinetics in rats between 0.001 and 1.0 mmol kg�1

injected dose.147
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Protein binding and cellular accumulation can also complicate the phar-
macokinetics of contrast agents. The albumin-binding agent MS-325 is
cleared from higher mammals (for example, primates and humans) pre-
dominantly via glomerular filtration, but the elimination half-life decreases
with increasing dose because albumin binding becomes saturated. Similarly,
MS-325 exhibits a high degree of extravasation when albumin binding sat-
urates; this extravasation is reflected by an increase in experimentally de-
termined apparent volume of distribution (the volume required to dilute the
injected dose to the concentration determined in blood plasma) with in-
creasing dose; an ideal blood pool contrast agent would have an apparent
volume of distribution equal to the blood volume.150

Experimentally determined pharmacokinetic parameters can exhibit a
dependence on injection rate. Equilibration of extracellular contrast agents
between the central and peripheral spaces can occur rapidly with half-lives
in the order of seconds. A contrast bolus injected over the course of 3 or 15 s
can exhibit profoundly different kinetics. Variance in injection rate can
drastically influence the efficacy of MRI examinations to quantify the kin-
etics of tissue perfusion. Perfusion MRI scans such as dynamic contrast
enhanced MRI and dynamic-susceptibility contrast are routinely used to
characterize lesions in the central nervous system and cerebrovascular in-
juries. Dynamic contrast enhanced scans track the pharmacokinetics of
contrast agent exchange between the intravascular and lesion extracellular
spaces. Physiological parameters that are useful in characterizing lesions
can be extrapolated from a properly performed dynamic contrast enhanced
examination, including the volume transfer coefficient, lesion extracellular
volume, capillary permeability, and the rate of fluid exchange between the
plasma and lesion extracellular space. Delivery of a compact bolus provides a
dramatic signal change as the agent distributes from arterial blood into the
lesion periphery and then clears into venous blood. Dynamic-susceptibility
contrast scans utilize the T2* effect of a bolus during first passage through
cerebral microvasculature. An elongated injection rate results in a diffuse
bolus and weakened susceptibility contrast. Figure 7.16 shows the effect of
bolus timing on MR signal in the brain. In this study,151 two formulations of
gadobutrol were compared: 0.5 and 1 M. The contrast agent was injected at
the same rate and dose, but the 1 M formulation was injected in half the
volume and thus in half the time. Figure 7.16 shows that the 1 M formu-
lation produced a sharper and deeper signal drop compared to the 0.5 M
formulation. The signal drop from the second pass of the contrast agent can
also be readily observed with the more compact bolus. The authors con-
cluded that brain perfusion images were superior with the higher concen-
tration formulation that resulted in a significantly larger signal change.

If intravenous delivery of the contrast agent is fast relative to the observed
pharmacokinetic parameter, variances in injection rate will manifest more
negligibly. For example, an intravenous injection dose of 4 mg Fe per kg of
ferumoxytol exhibits a half-life of 14.5 h. The half-life is unchanged across a
series of varying injection rates between 90 and 1800 mg Fe per min.148
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Often, when a pharmacokinetic parameter such as elimination half-life,
which is typically in the order of minutes to hours, is experimentally de-
termined from a bolus injection of contrast agent, then the bolus injection
can be treated as infinitely fast. However, treatments do exist that factor in
the rate of input of injected material into the central compartment.152

Intra-arterial: Like intravenous injection, intra-arterial injection provides
direct delivery of the contrast agent to the central compartment. Thus, the
pharmacokinetics of intra-arterial injected agents can be quantified via
serial blood sampling and application of the same models discussed above.
However, tissue uptake of an agent administered intra-arterially can occur
before dilution into the systemic circulation. As a result, the rate of input to
venous blood can be dictated largely by the rate at which the agent drains
from a given tissue. Generally, intra-arterial injections are best suited for
studies aimed at determining the pharmacokinetics of agent uptake and
elimination within a specific tissue of interest, rather than systemic distri-
bution and elimination. For example, organ clearance per unit time can be
quantified from the difference in plasma concentration of an agent in an
artery and veins leading directly to and away from, respectively, the organ.

Oral. Orally administered contrast agents are either passed directly
through the digestive tracts and excreted in the feces or absorbed into the

Figure 7.16 Effect of formulation and injection rate on brain signal. Brain signal
versus time curves for 0.3 mmol kg�1 injection of gadobutrol injected at
5 mL per second. Left panel is 28 mL of a 1 M formulation, right panel
is 56 mL of a 0.5 M formulation injected into the same human.
Although the dose is the same, the smaller volume injection of the
higher concentration formulation results in a narrower bolus and a
significantly larger signal drop upon first pass of the agent through the
brain.
Adapted with permission from Figure 1, B. Tombach, T. Benner, P.
Reimer, G. Schuierer, E.-M. Fallenberg, V. Geens, T. Wels and A. G.
Sorenson. Do highly concentrated gadolinium chelates improve MR
brain perfusion imaging? Intraindividually controlled randomized
crossover concentration comparison study of 0.5 versus 1.0 mol/L
gadobutrol. Radiology, 2003; 226; 880–888. Copyright r RSNA, 2003.
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central compartment where clearance occurs as with intravascularly ad-
ministered agents. Models to describe the pharmacokinetics and clearance
of oral contrast agents must include an additional exponential term to
describe the absorption of the agent into the central compartment.

Direct, subcutaneous, and intrathecal injection. Contrast agents adminis-
tered by direct, subcutaneous, or intrathecal injections are eventually carried
to the central compartment via lymphatic drainage where the agent can be
distributed to peripheral tissues or eliminated. An additional term must be
modeled to account for input of the locally administered agent to the central
compartment.

7.2.6 Metabolism

Contrast agents for MRI are generally comprised of metal complexes and
ligand–metal dissociation is an important mode of metabolism in contrast
agent development. Dissociated metal ions and ligand components of a
contrast agent can pose severe toxicity risk, even if the complex itself is well-
tolerated. Contrast agents are of course also subject to the same metabolism
(for example, oxidation and enzymatic degradation) as other oral and
intravenous pharmaceutical formulations. Therefore, metabolism also must
be considered in the design of contrast agents because metabolites can alter
relaxivity or pose unforeseen toxicity.

7.2.6.1 Methods of Analysis

Ligand–metal dissociation metabolism is usually the result of trans-
chelation with endogenous metals such as ZnII or FeIII (see Chapters 1.3 and
1.4). One in vitro assay to estimate the susceptibility of GdIII-based contrast
agents to metal–ligand dissociation involves relaxation rate.153,154 In this
assay, a contrast agent (2.5 mM) is incubated with ZnCl2 (2.5 mM), and
the relaxation rate is measured as a function of time. Displaced GdIII ions
precipitate as insoluble Gd2(PO4)3, which has a negligible contribution to the
water proton relaxation rate. The relaxation rate therefore decreases with
precipitation, thus corresponding to the displacement of GdIII. Rate con-
stants are not quantified from this assay due to the heterogeneous nature of
the reaction conditions. Rather, the time required to achieve a decrease in
relaxation rate of 20% is used as a kinetic index. The kinetic indices of
commercially available contrast agents correlate well with the incidences of
GdIII-related toxicity.155,156 A higher rate of toxicity is reported for more
kinetically labile agents.

Although less frequently discussed in the contrast agent literature, con-
trast agents for MRI that are in development for clinical use must undergo
the same metabolic evaluation as other pharmaceuticals. Reaction pheno-
typing can be performed by in vitro enzymatic challenges. For example, re-
actions against expressed cytochrome P450 enzymes and microsomal
preparations are evaluated for pharmaceuticals that display partial or whole
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hepatobiliary clearance. The liver microsomal preparations encompass en-
zymes directly responsible for the metabolism of 90% of marketed
pharmaceuticals. Screening for metabolism against cytosolic preparations
can also be performed, but this screening is usually not relevant to contrast
agents that are generally confined to interstitial tissue spaces.

Stability in blood plasma can be evaluated by analysis of plasma solutions
incubated with a contrast agent. Interactions between small-molecule con-
trast agents and blood proteins can be identified by filtration of plasma
solutions of the agent through a low molecular weight cutoff filter.157 The
concentration difference between the unfiltered plasma and the plasma
filtrate reflects protein binding.

Contrast agents can also be incubated with live cells, and metabolism can
be evaluated in culture medium, lysed cells, or both. Screening against pro-
teolytic degradation is relevant for peptide-based contrast agents or agents
that contain amides or esters. In vitro metabolism is most commonly detected
using high-performance liquid chromatography with UV–visible absorption,
fluorescence, mass spectrometric, elemental, or gamma ray detection.

In vivo metabolism is examined by analyzing blood plasma and excreta
collected after injection of an agent and by ex vivo digestion of tissues.
High-performance liquid chromatography methods are commonly used
to detect and quantify metabolites. Tandem high-performance-liquid-
chromatography-ICP-MS is a particularly valuable method to monitor
metabolic stability of contrast agents because of the sensitivity of ICP-MS
(Bparts per billion). For instance, high-performance-liquid-chromatography-
ICP-MS was used to monitor the metabolic degradation of a fibrin-seeking
Mn-based contrast agent following injection.158 Total plasma Mn content was
quantified by elemental analysis, and the plasma concentration of the un-
metabolized contrast agent was estimated from a calibration curve generated
from the injected material. This method detected the presence of both intact
agents and a newly formed Mn-containing metabolite that grew in relative
abundance throughout the agent’s circulatory lifetime (Figure 7.17).

7.2.7 Toxicity

Toxicity can arise from the complex itself, from the metal ion if dissociation
occurs, from the ligand if dissociation occurs, or from other metabolites.
Before administration to humans, contrast agents must undergo a battery of
toxicological tests. Toxicology usually comes later in preclinical development
after in vivo efficacy has been established. Unless there is a reason to suspect a
toxic mechanism, it is generally not advisable to perform toxicity studies early.
This is because compounds might fail for other reasons, such as insufficient
image enhancement, unfavorable pharmacokinetics, or poor or incomplete
elimination of the contrast agent. Once a development candidate has been
identified that meets the criteria for efficacy, then toxicology studies begin.

Toxicity studies are performed at high doses of contrast agent. One goal of
toxicity testing is to elicit a toxic response in animals such that patients in
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clinical trials can be carefully monitored to see if there is any clinical
manifestation of that toxicity. A second goal is to establish a no observable
adverse effects limit. The no observable adverse effects limit should be much
higher than the anticipated human dose to provide a high margin of safety.

Compound purity is another consideration in toxicity testing. Because
contrast agents are given at relatively high doses and toxicity studies are
performed at high multiples of those doses, the amount of impurities ad-
ministered can be quite high. Toxicity testing should ultimately be performed
on the same material that will be used for human studies, or at least have the
same impurity profile, such that any toxicity observed is representative.

7.2.7.1 Complex-related Toxicity

Contrast agents are administered at quite high doses. The standard
0.1 mmol kg�1 dose equates to about 3.5 grams of the metal chelate ad-
ministered to an adult patient. However, the clinically approved gadolinium-
based contrast agents are well-tolerated. Apart from risk of nephrogenic

Figure 7.17 High-performance-liquid-chromatography-ICP-MS Mn detection traces
depicting in vivo metabolism of an Mn-based fibrin-targeted contrast
agent. The high-performance liquid chromatography trace of the injected
solution is shown in black where the agent elutes at 8.5 min. High-
performance liquid chromatography traces of blood plasma drawn 2 and
30 min post-injection are shown in red and blue, respectively. The high-
performance liquid chromatography traces reveal formation of an Mn-
containing metabolite that elutes at 3.1 min.158 The relative abundance
of the metabolite versus intact agent increases between 2 and 30 min.
Adapted with permission from E. M. Gale, I. P. Atanasova, F. Blasi, I. Ay
and P. Caravan, J. Am. Chem. Soc., 2015, 137, 15548. Copyright (2015)
American Chemical Society.

554 Chapter 7

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

99
View Online

http://dx.doi.org/10.1039/9781788010146-00499


systemic fibrosis in renally impaired patients (see below), approved GdIII-
based agents have similar safety profiles. The most common adverse events
were headache, nausea, taste perversion, and urticaria (hives). Nearly all
adverse events with these agents were transient, mild, and self-limiting.
Nevertheless, there are reports of serious adverse reactions, including life-
threatening anaphylactoid reactions and death. The rate of severe, poten-
tially lethal adverse drug reactions (not including nephrogenic systemic
fibrosis) is estimated to lie between in the range of 1 in 200 000 and 1 in
400 000 patient administrations.159

Although the approved agents show low toxicity, it is important to note
that other metal complexes might behave quite differently. For instance, a
series of lanthanide-DOTA-tetraamide complexes was studied and it was
found that some complexes were well-tolerated, but others were lethal at
doses used for MRI. In that series of compounds, the complexes with overall
positive charge exhibited acute toxicity, which was subsequently traced to an
acute cardiac toxicity.160

Clinically approved nanoparticle formulations have been used in fewer
patients than GdIII-based small molecules. However, nanoparticles are
thought to exhibit a higher adverse event rate than approved GdIII-based
chelates. For the iron oxide particle ferumoxytol, which is approved as an
iron replacement therapy but has been used for MRI applications, serious
adverse events occur with higher incidence than with GdIII-based contrast
agents.161 Severe hypersensitivity reactions were observed in 0.2% of patients
during clinical trials. The US Food and Drug Administration received 79
reports of severe anaphylaxis resulting from intravenous administration of
ferumoxytol between 2009 and 2014, including 18 fatal cases. Consequently,
the US Food and Drug Administration assigned a boxed warning to
ferumoxytol in 2015.162

7.2.7.2 Metal-related Toxicity

Metal-related toxicity is a primary toxicity concern in contrast agent design.
Any metal ion capable of generating contrast poses a risk for potential
toxicity. Although GdIII is not as toxic as heavy metals like lead and mercury,
it can be quite toxic at the doses required for MRI. The release of large
amounts of GdIII is associated with acute cardiotoxicity. Accumulation of
GdIII can result in a delayed onset toxicity termed nephrogenic systemic
fibrosis. Nephrogenic systemic fibrosis is a debilitating and potentially
lethal disease that is associated with GdIII.163,164 In patients with renal
impairment, the plasma elimination half-life can increase to days compared
to the B90 minute half-life observed in patients with normal kidney
function.110,111 This much greater exposure increases the risk of GdIII

demetallation. The incidence of nephrogenic systemic fibrosis appears to
correlate with decreasing kinetic inertness among the approved contrast
agents.155,156 Long-term retention of GdIII in the central nervous system of
patients receiving multiple contrast-enhanced examinations was recently
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discovered, but the safety implications of these findings are unknown at this
time.165,166

Divalent manganese is well tolerated and more readily cleared compared
to GdIII. The first contrast-enhanced MRI examinations in animals were
performed with MnCl2, and an intravenous contrast agent formulation that
released MnII from its chelator has an indication from the US Food and Drug
Administration for liver imaging.167,168 However, manganese overexposure
also poses substantial risk. MnII is a CaII transporter antagonist, and acute
MnII exposure is cardio-depressive.169 Sub-chronic and chronic overexposure
can lead to a neurodegenerative disorder named manganism, which
presents similarly to Parkinson’s disease.169,170

Intravenous, non-transferrin-bound iron induces oxidative stress and
contributes to the pathogenesis of cardiovascular disease and diabetes.
However, superparamagnetic iron oxide nanoparticle formulations are
robust to the release of intravenous iron. Superparamagnetic iron oxide
nanoparticles are metabolized in the liver, liberating labile iron.171 Iron
liberated from intravenous formulation can contribute to virulence and
hepatotoxicity in liver disease patients. However, the toxicity of super-
paramagnetic iron oxide nanoparticle is most frequently associated with the
intact particles, which can trigger severe anaphylaxis.161

7.2.7.3 Ligand-related Toxicity

Dissociated ligands also pose a toxicity risk. Ligand-related toxicity is
generally due to ligand sequestration of essential nutrients. For example, the
Food and Drug Administration package insert for a pharmaceutical formu-
lation of DTPA indicated for treatment of heavy metal exposure warns of
endogenous metal depletion.172 Sub-chronic exposures to DTPA are associ-
ated with the deterioration of metal-mediated biological functions, in-
cluding mitosis and hematopoiesis.172

Exposure to free ligand also poses the risk of redistribution of previously
deposited and settled exogenous metals. It has been shown that a pharma-
ceutical formulation of ethylenediaminetetraacetic acid (EDTA), which has a
US Food and Drug Administration indication for lead remediation, simul-
taneously leads to increased lead excretion but also lead mobility and
redistribution to brain tissue.173

7.2.7.4 Toxicity Testing

Toxicity testing is classified as acute (single administration), sub-chronic
(repeated administration for a period of 2–4 weeks), or chronic (daily dosing
for a period of months). For contrast agents that are typically administered
once, only acute and sub-chronic toxicity studies are required to initiate
human studies. These toxicity studies are performed in two species: one
rodent and one non-rodent. Acute toxicity is assessed in a single ascending
dose study, i.e. a single dose is administered and different groups of animals
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receive an increasing dose up to hundreds of times the intended dose. Acute
toxicity testing is performed to identify the no observable adverse effects
limit. The no observable adverse effects limit is identified by administering
an escalating dose of a pharmaceutical until a toxic effect is observed. Sub-
chronic toxicity testing is performed to generate a large exposure to the
contrast agent. A high dose, e.g. 5–10 times the intended dose, is adminis-
tered daily for 14 or 28 days.

Toxicity is evaluated by monitoring for mortality, abnormalities, and signs
of pain and distress daily. Body weights are recorded as well as food intake.
At times of sacrifice, blood and urine are taken and analyzed using standard
hematology, coagulation, and clinical chemistry panels. At sacrifice, organs
are weighed and tissue samples taken, fixed, and stained for histopathology.
A typical design for an acute dose study has three or more groups of animals
dosed with a high dose of agent, a control group that is dosed with the
injection vehicle (e.g. water or saline), and other animals dosed with lower
doses of agent. Some of the animals are sacrificed 24 hours after the dose,
and the remaining animals have some recovery period, e.g. two weeks, before
being sacrificed. At the end of the study, the findings from the dose groups
are compared to the control group. The sub-chronic toxicity study design is
similar except that there is usually only one dose level of agent evaluated.

The excretory organs experience high and prolonged agent exposure and
are among the most likely tissues to suffer from agent-induced toxicity.
There are a number of clinical chemistry tests to identify toxicity to the
kidneys or liver. Elevated blood levels of blood urea nitrogen, creatinine, or
inorganic phosphate following agent exposure are ancillary indicators of
renal damage. Elevated serum concentrations of alanine aminotransferase,
asparate transaminase, g-glutamyl transferase, and bilirubin correlate with
hepatotoxicity, as does a decrease in serum albumin levels. Sometimes in
acute and sub-chronic toxicity studies, blood and tissue are analyzed for the
presence of contrast agent. These analyses are similar to those performed in
a pharmacokinetic study, but when performed as part of a toxicology study
are referred to as toxicokinetics.

7.2.7.5 Other Toxicity Studies

Contrast agents must undergo a number of toxicity screens before
clinical use.

Cell toxicity: Cell toxicity studies are usually performed on cells expected to
have the greatest exposure to the contrast agent. These are typically kidney
cells and hepatocytes. However, targeted agents might accumulate in a
specific organ, e.g. the heart, and then additional cell toxicity studies would
be required. Testing of cell toxicity can provide a time- and cost-effective go
or no go screen before carrying an agent to in vivo use. This aid in decision
making is especially true if the contrast agent is designed to target a specific
cell or organ, or if there are chemical reasons to suspect a specific toxicity.
Cell-toxicity assays are also useful in determining the underlying source of
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unexpected in vivo toxicity. For example, if renal toxicity is identified from
in vivo testing, an agent might undergo in vitro toxicity screening against
various renal cell types to home in on an underlying toxic effect. See Section
7.1.2. for a discussion of cytotoxicity and methods to measure it.

Local site toxicity: Local site toxicity is generally not severe, and is generally
characterized by irritation or swelling. Local site toxicity is assessed in vivo
via observation of the injection site for several hours after injection.

Allergic reaction or immunogenicity: Allergic reaction is one of the more
typical adverse drug reactions associated with MRI contrast agents. Aller-
genicity can be assayed in vitro by monitoring histamine release from mast
cells as a function of agent concentration. Animals can be sensitized with
contrast agent to determine whether the organism can produce agent-
specific antibodies.

Genotoxicity: Genotoxicity testing is another requirement before a contrast
agent can be used in humans. It can be identified by screening for clasto-
genicity (capacity to generate chromosomal aberrations) and mutagenicity.

Blood compatibility: Because contrast agents are directly administered to
the blood, it is important to test for compatibility with blood. Typical blood
compatibility screens include hemolytic potential (does the compound cause
lysis of the red cells?) and coagulation tests (does the compound make the
blood more or less prone to clotting?). Contrast agents are often adminis-
tered at high doses that are hyperosmotic compared to blood. Some hyper-
osmotic contrast formulations have been known to induce erythrocyte
deformations.174

In this sub-chapter, distribution, metabolism, pharmacokinetics and
toxicology were described in the context of why they are important for the
development of contrast agents. Methods for measuring distribution, me-
tabolism, pharmacokinetics and toxicity were also described. Understanding
of distribution, metabolism, and pharmacokinetics is fundamental to
understanding the in vivo mechanism of action of a contrast agent, and
these properties serve as quantitative metrics that can be used to develop
optimized and new contrast agents. Some preliminary measure of distri-
bution, metabolism, and pharmacokinetics should be performed before
embarking on in vivo imaging efficacy studies. The distribution, metabolism,
and pharmacokinetics studies will guide dosing and the timing of imaging.
On the other hand, with the exception of cell toxicity, in vivo toxicity studies
are usually best performed once an optimized contrast agent has been
identified and is ready for the next stage of development. In vitro toxicity can
be used as a relatively low-cost screen, especially if there is existing evidence
that a class of compounds might show a toxic effect.
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7.3 Practical Aspects of Contrast-enhanced
Preclinical MRI

CHRISTIAN T. FARRAR* AND BORIS KEIL

7.3.1 When to Image: Molecular Probe Clearance

For accurate quantification of a bound molecular probe, one needs to wait
sufficient time following contrast agent delivery for MRI signal enhancement
to be dominated by the bound probe and not the unbound probe. This ty-
pically means waiting sufficient time for the unbound probe to largely clear
from the blood pool and the MRI signal intensity in the tissue of interest to
reach a steady state. For example, shown in Figure 7.18 are probe liver
clearance data for EP-3533144 and CM-101,175 both collagen-targeted probes
used for imaging fibrosis, acquired in Sprague-Dawley rats. CM-101 is cleared
from the liver rapidly with a half-life of 5.8 minutes, and steady-state signal
intensity on T1-weighted images is obtained at approximately 20 minutes post
probe injection. In contrast, EP-3533 has a significantly longer liver half-life
of 40.9 minutes, and steady-state signal intensity is only achieved after
approximately 60 minutes. The time point at which one quantifies the con-
trast-to-noise ratio, signal-to-noise ratio, or longitudinal relaxation time (T1)
for these two molecular probes will therefore be different.

In addition, the rapid clearance of CM-101 make it difficult to quantify the
probe concentration from T1 relaxation measurements, which can take
10 minutes or more to acquire. This acquisition time is too long relative to
the probe clearance rate and therefore the probe is best quantified from the
contrast-to-noise ratio of a T1-weighted image that can be acquired rapidly.
The probe clearance time will therefore not only dictate when to acquire post

Figure 7.18 Time dependence of the liver signal intensity in bile duct ligated (day 10
post bile duct ligation) Sprague-Dawley rat models of liver fibrosis,
acquired at 1.5 Tesla with an inversion-recovery (TI¼ 250 ms) 3D-
FLASH MRI sequence, following injection of (left) CM-101
(t1/2¼ 5.8 min) or (right) EP-3533 (t1/2¼ 40.9 min).
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contrast images, but also how to quantify the probes. The different methods
for probe quantification are discussed in more detail below (Section 7.3.2).

7.3.1.1 Dependence of Probe Clearance on Temperature and
Anesthesia

Both body temperature and anesthesia will effect cardiac output and hence
probe clearance. Therefore, care must be taken to maintain a constant body
temperature and a constant depth of anesthesia. For example, the longi-
tudinal relaxation rate changes (DR1) observed 60 minutes after injection of
EP-3533 for two different rat liver fibrosis studies that were performed with
different anesthesia depth as quantified by respiration rate are shown in
Table 7.5. The studies were performed on the same MRI scanner with the
same radio-frequency coil and EP-3533 dose. However, the two studies re-
ported different DR1 values for both control and severely fibrotic animals.
Inductively coupled plasma mass spectrometry verified this difference upon
ex vivo quantification of the liver tissue Gd content, where higher Gd content
was observed consistently in one of the two studies even in the control
animals of the study. The only differences between the studies were the
depth of anesthesia and the rat strain used: the two studies maintained
average respiration rates of 60� 5 breaths per minute in CD rats and 45� 5
breaths per minute in Wistar rats. This example points to the importance of
respiratory monitoring for maintaining a consistent depth of anesthesia and
hence probe clearance. Body temperature can have a similar effect on agent
clearance and hence image contrast. Temperature and anesthesia affect not
only probe clearance but also measured relaxation rates.176 The R1 longi-
tudinal relaxation rate is sensitive to molecular motion177,178 and is hence
sensitive to temperature.

7.3.1.2 Effect of Vascular Perfusion and Permeability on Probe
Delivery and Retention

Vascular perfusion and permeability also affect quantification of molecular
targets. For example, tumors typically exhibit elevated vascular permeability
and extravascular-extracellular space leading to leakage and non-specific
retention of probe in the extravascular-extracellular space for long periods
of time. Elevated R1 relaxation rates and Gd concentrations have been

Table 7.5 Liver Gd content and DR1 measured in control and severely fibrotic rat
liver models.

Respiration rate¼ 60� 5 bpm175 Respiration rate¼ 45� 5 bpm188

Liver model [Gd] (nmol g�1) DR1 (s�1) [Gd] (nmol g�1) DR1 (s�1)

Control 33.3� 4.7 0.44� 0.15 40.1� 3.2 0.73� 0.04
Fibrotic 44.6� 7.4 0.89� 0.27 51.3� 7.1 1.24� 0.22
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measured in brain tumors long (42 hours) after receiving non-targeted GdIII-
based contrast agents, indicating that even non-targeted probes can remain
trapped in the extravascular–extracellular space of tumors for long periods of
time.179,180 It is therefore critical to validate the specificity of targeted probes
with non-targeted control probes. Conversely, diseases in which the tissue
might be poorly perfused will lead to relatively low amounts of probe
reaching target sites. For example, tumors with highly necrotic, avascular
cores can demonstrate little enhancement following targeted contrast agent
injection despite an abundant amount of molecular target being present.

7.3.2 How to Image: MRI Methods for Probe Quantification

7.3.2.1 T1-shortening Contrast Agents

For T1-shortening contrast agents, the change in longitudinal relaxation rate
(R1¼ 1/T1) after contrast agent injection is linearly proportional to the con-
trast agent concentration [eqn (7.3)].

DR1¼ r1[CA] (7.3)

Measurement of R1 pre- and post-contrast agent, therefore, enables direct
quantification of probe concentration. Eqn (7.3) is valid under conditions of
fast water exchange between different tissue compartments, so that the
tissue can be described as a single compartment characterized by a single R1.
However, in some situations, slow exchange of water between the extra-
cellular and cellular compartments leads to a non-linear dependence of R1

on contrast agent concentration, where the tissue can no longer be treated as
a single compartment with a single R1.181,182 Therefore, if R1 data are not
well-fit by a single exponential, it is likely that a more complicated modeling
of the relaxation data, including exchange kinetics, will be required to obtain
accurate measurements of the concentration of the contrast agent.181,182

Relaxation rate can be quantified using a variety of MRI methods. The
three most commonly used methods are the inversion-recovery, variable
repetition time (TR), and variable flip-angle methods, which are discussed in
more detail below. The inversion-recovery method for R1 mapping tends to
be more accurate, but takes longer (many minutes) to acquire. The variable
flip-angle method is faster, but less accurate. Finally, a simple analysis of the
change in contrast-to-noise ratio or signal intensity ratio pre- and post-probe
injection can provide a relative measurement of the probe concentration.

7.3.2.1.1 Quantification of R1 Relaxation Rate with Inversion-recovery
MRI. In an inversion-recovery sequence, a 1801 radio-frequency pulse
inverts the magnetization and the MRI signal is sampled at various
inversion-recovery delay times (TI) after the inversion pulse (Figure 7.19,
left). The MRI signal intensity will recover exponentially back to equi-
librium following the inversion pulse with time constant T1 (Figure 7.19,
right). The signal intensity (S) as a function of inversion-recovery time (TI)
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can be fit by eqn (7.4), where TI¼ inversion-recovery time, TR¼ repetition
time, T1¼ spin-lattice relaxation time, a¼ flip angle of the inversion pulse
(ideally 1801), and S0¼ equilibrium magnetization signal.

S¼ S0[1� cos(a)e�TR/T1þ (1� cos(a))e�TI/T1] (7.4)

The advantage of the inversion-recovery method is that it is not sensitive
to errors in the inversion flip angle and provides accurate R1 measurement
for even arbitrary inversion pulse flip angles. However, the inversion-
recovery method is typically slow and acquisition times of 10 minutes or
more are common.

7.3.2.1.2 Quantification of R1 Relaxation Rate with Variable Repetition
Time (TR). The R1 relaxation rate can also be determined using a partial
saturation recovery method in which a series of images is acquired with
different repetition times (TR). The signal intensity (S) as a function of
repetition time can be fit using eqn (7.5), where TR¼ repetition time,
T1¼ spin-lattice relaxation time, and S0¼ equilibrium magnetization.

S¼ S0(1� e�TR/T1) (7.5)

Optimal TR values should range between a T1-weighted image with TRrT1

and a proton-density-weighted image with TR43T1. While somewhat faster
than the inversion-recovery method, the accuracy is more sensitive to errors
in the 901 excitation pulse flip angle. The homogeneity of the B1 magnetic
field generated by the radio-frequency coil for exciting the nuclear spins can
vary greatly over a subject and depends on the type and design of the radio-
frequency coil used (Section 7.3.6). Different parts of the sample might
therefore see different actual flip angles than the nominal value set in the
sequence protocol.

7.3.2.1.3 Quantification of R1 Relaxation Rate with Variable Flip Angle
MRI. The R1 relaxation rate can be quantified from images acquired
with different radio-frequency flip angles.183 The signal intensity (S) as a
function of repetition time (TR), longitudinal relaxation time (T1) and

Figure 7.19 (Left) Generic inversion-recovery pulse sequence. (Right) Pre- and post-
contrast liver signal intensity in a Sprague-Dawley rat injected with EP-
3533 as a function of the inversion-recovery time (TI). The post contrast
images were acquired B60 minutes following the injection of contrast
agent.
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radio-frequency flip angle (a) is given by eqn (7.6), which can be
rearranged into a linear equation of the form Y¼mXþC [eqn (7.7)], with
Y¼ S/sin(an), X¼ S/tan(an), and the slope given by m¼ e�TR=T1 . T1 can
therefore be determined from the slope of a plot of S/sin(an) versus
S/tan(an) for images acquired with two different flip angles (an) as given
by eqn (7.8).

S¼ S0
1� e�TR=T1

1� cosðaÞe�TR=T1
(7:6)

S
sinðanÞ

¼m
S

tanðanÞ
þ S0ð1�mÞ (7:7)

T1¼
�TR

lnðmÞ (7:8)

The variable flip angle method has the advantage that R1 maps can be
generated quickly because only two images with different flip angles are
required. However, the accuracy of the method depends on having accurate
flip angles and hence is sensitive to errors in the B1 field.184 The variable-
flip-angle method, while faster, is therefore typically not as accurate as the
inversion-recovery method.

7.3.2.1.4 Quantification of Contrast-to-noise Ratio and Signal Intensity
Ratio. Finally, the change in contrast-to-noise ratio, signal intensity ratio,
and signal-to-noise ratio pre- and post-injection of contrast agent can be
used to provide a relative measure of probe concentration. While not an
absolute measure of probe concentration, these metrics have the advan-
tage that only a single image is required and the dynamic signal intensity
changes induced by the contrast agent can be sampled rapidly providing
information on probe clearance (Figure 7.18). While the signal-to-noise
ratio is useful for quantifying probe clearance, it does not provide infor-
mation regarding the specificity of the targeted probe because initially
many tissues enhance following probe injection due to non-specific
circulation of the probe. In contrast, the contrast-to-noise ratio between
the tissue of interest and a reference tissue such as a muscle can provide
information on target specificity, with increased enhancement of the tar-
get tissue relative to the reference tissue. Similarly, the signal intensity
ratio between a target and reference tissue can provide information re-
garding specificity, where potential differences in noise are accounted for
by normalizing with the reference tissue signal intensity.

When quantifying changes in signal-to-noise ratio, contrast-to-noise ratio,
and signal intensity ratio, it is important to ensure that the receiver gain is
the same for all pre- and post-contrast images. Typically, the first pre-
contrast image is acquired with automated receiver gain adjustment. All
following images are then acquired without automated receiver gain
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adjustment, and the receiver gain is instead set manually to the same value
as the pre-contrast images.

7.3.2.2 T2- and T2*-based Contrast Agents

For T2- and T2*-based contrast agents, such as iron-oxide nanoparticles, the
change in transverse relaxation rate measured with a spin-echo sequence
(R2¼ 1/T2) or gradient echo sequence (R2*¼ 1/T2*) after contrast agent
injection also scales linearly with the concentration of contrast agent
[eqn (7.9)].

DR2¼ r2[CA] (7.9)

For iron-oxide contrast agents, eqn (7.9) should be valid even for cases
where water exchange between tissue compartments is not in the fast ex-
change limit because the spatial extent of the susceptibility field gradients
generated by iron-oxide nanoparticles is typically much larger than the size
of the tissue compartments.

The T2 or T2* relaxation times can be quantified from a series of spin-echo
or gradient echo images, respectively, acquired with different echo times
(TE), where the signal intensity (S) decreases exponentially as a function of
TE, as given by eqn (7.10).

S¼ S0(1� e�TR/T1)e�TE/T2¼ Ae�TE/T2 (7.10)

A minimum of three echo times is required for T2 or T2* fitting, but
typically 10–20 echo times are acquired. The first echo time (TE1) should be
short relative to the expected T2 relaxation time (TE1{T2), and the final echo
time (TEf) should be at least 1–2 times the T2 relaxation time (TEfZT2).
Because a series of images is acquired with different echo times, the
magnetization recovery time after a 1801 refocusing pulse will be variable
(Trec¼TR�TE/2). Therefore, for accurate T2 measurements, the difference
between the repetition time (TR) and the maximal echo time (TE

max) should
be kept long relative to the T1 relaxation time, typically (TR�TE

max)43T1. If
TR is not long enough, images acquired with longer echo times will have
artificially decreased signal intensity due to the decreased magnetization
recovery time and the measured T2 will be artificially short.

To speed up the acquisition of the T2 or T2* relaxation data, a multi-echo
spin-echo or a multi-echo gradient-echo sequence, respectively, are typically
used with a train of 1801 refocusing radio-frequency or gradient pulses to
enable multiple echo times to be sampled in a single acquisition. However,
multi-echo methods have relatively low accuracy due to the signal loss that
can occur due to imperfections in 1801 refocusing pulses. In addition,
stimulated echoes generated in a multi-echo spin-echo sequence (by differ-
ent combinations of the radio-frequency pulses and spin echoes) will also
influence signal decay. In particular, the stimulated echo contribution to the
second spin-echo frequently results in signal intensity greater than that
observed for the first spin-echo, which contains no stimulated echo
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contributions. Therefore the first echo from a multi-echo spin-echo se-
quence is usually not used for the T2 fitting.

Quantifying the concentration of a probe from changes in T2 relaxation
time can be complicated by other factors that influence T2. First, it can be
difficult to distinguish decreased T2 relaxation times induced by the contrast
agent from those induced by magnetic susceptibility artifacts, such as those
that occur at air–tissue interfaces. This difficulty can be especially prob-
lematic for slowly clearing contrast agents where the pre- and post-contrast
images are acquired hours apart from each other, providing time during
which scanner drift, subject motion, and other 1/f biological noise can
complicate image analysis (Section 7.3.6.2). Second, nanoparticle aggre-
gation or compartmentalization in cells can lead to changes in T2 without
changes in actual probe concentration. The dependence of T2 relaxation
time on iron-oxide cluster size and compartmentalization has even been
exploited by several groups to generate activatable magnetic switches.185,186

7.3.3 Where to Image: Magnetic Field Strength and Contrast
Agent Relaxivity

The longitudinal R1 relaxation rate of blood and tissue decreases (T1 in-
creases) with increasing magnetic field strength. Therefore, for a contrast
agent with similar relaxivity at different field strengths, the fractional change
in relaxation rate (DR1/R0

1) induced by the probe will be greater at higher
fields due to the slower baseline R1 relaxation rate (R0

1) at the higher field
strength. This situation holds mostly for small, rapidly tumbling, extra-
cellular contrast agents such as Gd-DTPA.187 However, the relaxivity of
contrast agents is not necessarily constant and, in general, depends on field
strength, temperature, hydration state, and molecular size.178 The longi-
tudinal relaxivity (r1) of targeted contrast agents generally decreases with
increasing magnetic field strength.178 Although this might suggest that MR
molecular imaging studies are best performed at lower magnetic fields, this
is not always the case. In particular, the advantages of higher signal-to-noise
ratio, and hence the ability to acquire higher resolution images, at high field
strength can outweigh the limitations of decreased relaxivity of a contrast
agent. In addition, the fractional change in relaxation rate, DR1/R0

1, in some
cases is not different at higher fields because both the change in relaxation
rate (DR1) and the baseline relaxation rate (R0

1) decrease with increasing field.

7.3.4 Physiological Monitoring and Image Gating

7.3.4.1 Respiratory Gating and Probe Quantification from
Contrast-to-noise Ratio

Body imaging provides several challenges for quantitative imaging of tar-
geted probes. Respiratory-gated images are frequently required to obtain
good image quality. The gating of image acquisition, however, results in an
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effective repetition time that can be longer than the ungated sequence
repetition time and that will depend on the respiration rate and the length of
the gating window. For example, 2D-FLASH images of a mouse abdomen
acquired with no gating, a gated acquisition with the gating window con-
stituting 50% of the respiratory period, and a gated acquisition acquired
with a 20% gating window are shown in Figure 7.20. The gated acquisitions
display progressively higher signal-to-noise ratios for smaller gating win-
dows as the effective repetition time is increased (Table 7.6).

The contrast-to-noise ratio in different tissues can either decrease or in-
crease depending on the T1 of the tissues being compared. Tissues with long
T1 relaxation times have larger increases in signal intensity with increasing
effective TR than tissues with shorter T1 relaxation times. This difference is
demonstrated in Table 7.6, where the liver : muscle contrast-to-noise ratio
increased with increased effective TR, and the kidney : muscle contrast-to-
noise ratio decreased with increased effective TR. It is therefore crucial to
maintain the same respiration rate and acquisition-gating window when
acquiring gated images to accurately quantify dynamic changes in signal
intensity induced by contrast agents.

7.3.4.2 Respiratory Gating and Probe Quantification from R1

Maintaining a constant respiratory rate for long periods of time can be
challenging. This is especially problematic when trying to quantify the R1

Figure 7.20 2D-FLASH images acquired at 9.4 T of a mouse abdomen with (a) no
respiratory gating (TR¼ 11 ms), (b) respiratory gating and a 50% gating
window, and (c) respiratory gating and a 20% gating window.

Table 7.6 Liver, kidney and muscle signal-to-noise ratios (SNR) and liver : muscle
and kidney : muscle contrast-to-noise ratios (CNR) for 2D-FLASH images
acquired with no respiratory gating or respiratory gated with either a 50 or
20% acquisition gating window.

Acquisition
gating

Liver
SNR

Kidney
SNR

Muscle
SNR

Liver : Muscle
CNR

Kidney : Muscle
CNR

Gated 52.8 113.2 74.6 24.5 38.6
50% gating

window
61.9 147.8 116.0 48.5 31.9

20% gating
window

62.7 163.6 140.1 54.4 23.5
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relaxation rate from a series of inversion-recovery images acquired with
different inversion-recovery times (TI), where different images might have
been acquired with different respiration rates and, hence, repetition times
(TR). This problem can be overcome by fitting signal intensity as a function
of both TI and TR,188 where instead of fitting a two dimensional curve to the
signal intensity as a function of TI, a three-dimensional surface is fit to signal
intensity in which both TI and TR can vary (Figure 7.21).

7.3.5 Image Reconstruction and Probe Quantification

The dynamic changes in signal-to-noise ratio following the injection of a
contrast agent can be influenced by the type of image reconstruction per-
formed. For example, on a Bruker MRI scanner, the default image re-
construction method uses ‘‘absolute’’ mapping. However, the raw (2dseq)
image file reconstructed using absolute mapping (with 16-bit signed integer
data format) scales the maximum signal intensity to 32 768 for any given
image. Therefore, dynamic changes in signal intensity for a series of images
will not be accurately quantified because signal intensity will be scaled dif-
ferently for each image with the maximum always being 32 768. This issue is
demonstrated in Figure 7.22, where images of a phantom acquired with
either a 30 or 601 flip angle and a long TR result in essentially identical signal
intensity (Table 7.7) when absolute mapping is used in the image

Figure 7.21 Three-dimensional surface fit of the signal intensity (red dots) from a
series of inversion-recovery images acquired with different inversion-
recovery times (TI) and repetition times (TR).

Standard Biological and in vivo Methods 567

. 
Pu

bl
is

he
d 

on
 0

8 
N

ov
em

be
r 

20
17

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/9

78
17

88
01

01
46

-0
04

99
View Online

http://dx.doi.org/10.1039/9781788010146-00499


reconstruction. In contrast, when the image reconstruction is performed
with the same user-defined scale for both images, the signal intensity of the
601 flip angle image is almost twice as large as the 30 flip angle image
(Table 7.7), as expected for these radio-frequency flip angles. It is therefore
critical to either quantify the contrast-to-noise ratio or signal intensity ratio,
where a reference tissue such as muscle normalizes the signal-to-noise ratio,
or it is critical to use the same user-defined scaling or user-defined range in
the image reconstruction for all images.

7.3.6 MRI Radio-frequency Coils

7.3.6.1 Radio-frequency Coil Design: Signal-to-noise Ratio and
B1 Field Homogeneity

The design of the radio-frequency coil impacts both the image signal-to-
noise ratio, in particular the coil filling factor (Z¼ Vvoxel/Vcoil), and the B1

field homogeneity. The three most commonly used MRI coils are the surface,
solenoid, and birdcage coils (Figure 7.23). Surface coils have the best

Figure 7.22 2D-FLASH images of a phantom acquired with a TR of 2 seconds and a
radio-frequency flip angle of either 30 or 601 reconstructed using either
‘‘absolute’’ or ‘‘user scale’’ signal intensity mapping. For the user scale
image reconstruction, an offset of 0 and a slope of 300 were used.

Table 7.7 2D-FLASH image signal intensity from a region of interest in a
phantom acquired with a flip angle (FA) of 30 or 601 and recon-
structed with either absolute or user scale signal intensity mapping.

Image reconstruction mapping
Signal intensity (arbitrary units)
FA¼ 301 FA¼ 601

Absolute 23 016 23 698
User scale 4767 8512
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sensitivity close to the surface of the coil due to the favorable filling factor,
but the worst B1 field homogeneity – the field strength along the axis of a
surface coil with radius r is given by eqn (7.11) and drops off with distance d
from the surface of the coil as B1/d3.

B1ðdÞ/
1

ðr2 þ d2Þ3=2
(7:11)

Relative to a surface coil, large volume coils (birdcage or solenoid) have
relatively good B1 uniformity over large volumes, but worse filling factors
and, hence, sensitivities. The development of phased-array receiver coils is
helping overcome these challenges where large volume coils are used for
radio-frequency transmission, but an array of surface coils is used for signal
detection. The large volume transmit coil provides a uniform B1 field, and
hence radio-frequency flip angle, over the imaging volume. For signal de-
tection, an array of surface coils is used that individually only have localized
high sensitivity, but when combined, provide high detection sensitivity over
a large volume.

7.3.6.2 Parameters Governing MRI Signal-to-noise Ratio

The signal-to-noise ratio in an MR image is governed by several factors
including: (1) subject properties, (2) subject-radio-frequency coil properties,

Figure 7.23 Depiction of surface, solenoid, and birdcage radio-frequency coils
commonly used in MRI. The red rectangles represent capacitors used
for tuning and matching the coils. For MRI, the direction of the radio-
frequency coil B1 field (shown in blue) must be perpendicular to the
static B0 magnetic field.
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(3) radio-frequency coil properties, and (4) MR system properties [eqn (7.12)].
Subject properties include the gyromagnetic ratio (g) and spin quantum
number (I) of the nucleus being imaged (typically 1H), the nuclear spin
density (d), the spin-lattice relaxation time (T1), the spin-spin relaxation time
(T2), and the subject temperature (T). The subject-radio-frequency coil
properties include the voxel volume (Vvoxel), coil volume (Vcoil), filling factor
(Z¼ Vvoxel/Vcoil), and the coil (r¼ coil wire electrical resistivity, rw¼ radius of
radio-frequency coil wire, o0¼proton Larmor frequency, a¼ constant) and
subject (s¼ subject electrical conductivity, rs¼ subject radius, rc¼ coil ra-
dius, b¼ constant) resistances. Coil properties include the coil quality factor
(Q, coil resonance sharpness) and the radio-frequency coil radius (rc). MR
system properties include the magnetic field strength (B0), number of signal
averages (N), and the system noise figure (F).

SNR¼ g2 I I þ 1ð Þ d
T2

T1

� �1=2 1
T

" #
� Vvoxel Z

a ro1=2
0

rw
þ b so2

0
r5

s

r2
c

 !�1=2
2
4

3
5

� Q
rc

� �
� B2

0 N1=2

F1=2

� �

(7:12)

Significant changes in signal-to-noise ratio can occur over long periods of
time (hours) due to scanner drift, subject motion, and other 1/f biological
noise. Biological 1/f noise arises due to fluctuations, or noise, in biological
processes. The ‘‘noise’’ in many of these biological processes, such as heart
rate and neural processes, has been shown to have a power spectrum (energy
or power per frequency interval) given by 1/f, where f is the frequency of
the fluctuation. Such changes in magnetic field, subject motion, and 1/f
noise can lead to changes in signal-to-noise ratio that are unrelated to the
contrast-agent-induced changes in signal-to-noise ratio. This effect can be
particularly problematic for slowly clearing contrast agents where pre- and
post-contrast images might be acquired as long as 24 hours apart. In these
cases, it is important to normalize the signal-to-noise ratio using a reference
tissue (such as muscle) and report the contrast-to-noise ratio or signal in-
tensity ratio. In addition, quantification of the relaxation rate is relatively
insensitive to changes in signal-to-noise ratio over time and may provide a
more robust quantitative probe metric than contrast-to-noise ratio or signal
intensity ratio.

7.3.6.3 Estimating Signal-to-noise Ratio

The signal voltage (S) is determined by the rate of change of the magnetic
flux (F) that passes through the receiver coil as S¼�dF/dt. Thus, flux is
proportional to the magnetization that generates it and is dependent on the
relative geometry between the coil and sample. The time-dependence of flux
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is a simple sinusoidal function oscillating at the Larmor frequency, o0¼ gB0.
Because the temporal derivative of sin(o0t) is �o0cos(o0t), signal voltage is
proportional to M0o0, where M0 is the equilibrium magnetization. Because
both M0 and o0 are proportional to B0, signal intensity increases quad-
ratically with field strength as SpB2

0. However, the sensitivity in a given MRI
experiment is also determined by its noise power. Noise is induced by the
thermal fluctuations in the electrically lossy sample and the electric noise of
the coil (cause by coil components, preamplifiers, and receiver chain), as
given in eqn (7.13). An MRI coil should be designed such that the body re-
sistance dominates over the coil noise. In this scenario, the body noise
voltage follows the fluctuation dissipation theorem189 and scales linearly
with the Larmor frequency o0.190 Thus, the noise power N has a linear de-
pendence on the field strength, NpB0 Dividing the signal by the noise
power, the total signal-to-noise performance of a system is therefore pro-
portional to the field strength B0, in the case of sample noise dominance:

S
N
/ B2

0

B0
¼B0 (7:13)

The signal-to-noise ratio of an MRI image is a fundamental quantitative
metric regarding image quality and system performance. The signal is
commonly quantified as the average pixel value in a small region-of-interest
of the image. However, full characterization of the noise can be difficult and
needs some knowledge of the coil design (single channel or array coil) and
the image reconstruction method used (for example, image combination
methods or parallel imaging). The estimation of signal-to-noise ratios in
conventional single channel images assumes that the noise is evenly dis-
tributed across the image and that the noise is thermal noise generated by
the object. The sources of noise within an object are assumed to be in-
dependent and spatially identically distributed. Thus, the noise follows a
Gaussian distribution with a zero mean. Because the root-mean-square
amplitude of a Gaussian distribution equals its standard deviation, the
signal-to-noise ratio of an image can be measured as the ratio of the mean
signal from a region of interest located in the object (SROI) to the standard
deviation of the noise (snoise) measured from a region of interest located
outside the object (image background) as given by eqn (7.14).

SNR¼ SROI

snoise
(7:14)

7.3.6.3.1 Signal-to-noise Ratios for Magnitude Images. Although the
above procedure holds true for complex valued images, it does not tell the
whole story because MR images are usually presented as magnitude im-
ages. The magnitude operation transforms the Gaussian noise distribution
of a complex image into a Rician noise distribution, where the measured
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standard deviation of the noise of the magnitude image is smaller than
the true standard deviation by a factor of 0.655 (Figure 7.24).191 Therefore,
measuring the standard deviation of the background noise of a magnitude
image will greatly overestimate the signal-to-noise ratio if the correction
factor is not considered.

7.3.6.3.2 Signal-to-noise Ratios for Phased Array Coils. For multi-chan-
nel coil applications, unfortunately, the commonly used region-of-interest
method for signal-to-noise ratio estimation is not valid. Furthermore, great
caution must be used when measuring signal-to-noise ratios in images ob-
tained from array coils. Image noise cannot reliably be acquired from a re-
gion of interest in the background of an image formed after the array
elements have been combined. This problem arises because the noise
amplitude depends on the weightings used to combine the array elements
(Figure 7.25). The weights are chosen to maximize the signal-to-noise ratio
of the combined pixel. Therefore, the pixel intensity, I, is the weighted
sum of the pixel intensities seen by each array element, as given by eqn
(7.15):

I¼ lwHS (7.15)

where l is a normalization constant that might vary as a function of location
but does not affect the pixel signal-to-noise ratios. The matrix is the complex
weighting function, and S is the measured signal level. If the noise covar-
iance, usually called w, is equal and uncorrelated (w is proportional to the
identity matrix) for the different array coils, then w¼C, where C is the coil
sensitivity vector and I¼ lCHS.192 To create an image with spatially uniform
noise levels, l is chosen as defined by eqn (7.16).

Figure 7.24 Signal amplitude profile along a cross section of a phantom. (Left) The
noise in the complex image follows a Gaussian distribution with zero
mean. (Right) After the magnitude transformation, the noise in the
background (low signal amplitude) has a Rician distribution with a
smaller standard deviation than for the complex image. However, the
noise in the sample (high signal amplitude) remains unaffected if the
signal-to-noise ratio is high enough.
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l¼ (CHC)�1/2 (7.16)

In coil arrays, noise correlations always occur between channels. Taking
those coupling effects into account, image combinations are further
weighted by the inverse of the noise covariance W and are therefore fully
optimized when w¼W�1C. This relationship results in signal intensity with
optimal signal-to-noise ratio (SNR) given by eqn (7.17):

IoptSNR ¼ lCHW�1S (7.17)

where l is

l¼ (CHW�1C)�1/2 (7.18)

This mathematical treatment can be thought of as ‘‘pre-whitening’’
the signal vector S prior to the combination (replacing S with W�1S). If the
signal-to-noise ratio is high in each channel, then the coil sensitivity vector C
is well approximated by the signal vector S and does not need to be meas-
ured. Thus, a simple expression can be applied:

Icov-rSoS¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SHW�1S

p
(7:19)

Figure 7.25 Complex-valued weights are chosen to maximize the image signal-to-
noise ratio using coil sensitivity profiles and the noise covariance
matrix (Wij¼hNiNj*i). The problem with calculating the signal-to-
noise ratio from a simple noise region of interest in the ‘‘black’’
background area of an image is that usually there is no estimate of
the coil sensitivities in this region. This results in a sub-optimum
combination of the array elements in this region and noise that is
biased by unknown factors.
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which is called the ‘‘covariance-weighted root-sum-of-squares’’ image com-
bination. Given the choice of weights, wi, the image signal-to-noise ratio
(SNR) is given by eqn (7.20).192

SNR¼ wHSffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wHWw
p (7:20)

Following the same substitution process using w¼W�1S for the combin-
ation method, the resulting ‘‘covariance-weighted root-sum-of-squares’’
signal-to-noise ratio is given by eqn (7.21).

SNRcov-rSoS¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SHW�1S

p
(7:21)

Interestingly, the signal-to-noise ratio for the covariance-weighted sum-of-
squares image is the same as the image itself when optimally combined.
However, the obtained signal-to-noise ratio is still a relative metric and
cannot be compared across array coils with different channel counts or
across scanners at this point. Assessing the signal-to-noise ratio of an MR
image acquired with array coils in a sense of absolute units requires further
considerations.

First, the digital filters that define the field of view in the readout direction
are typically set slightly broader than the hardware-implemented anti-
aliasing filter of the receiver. This setting is done to prevent noise from
aliasing into the field of view. Unfortunately, this design choice ‘‘colors’’ the
image noise and alters the effective bandwidth of the noise measurement.
To de-color the image noise, a ‘‘noise equivalent bandwidth’’ of the receiver
needs to be estimated. This is the filter bandwidth of a perfect rectangular
filter that would produce the same output noise power.

The second factor accounts for noise averaging by the Fourier transform
by normalizing the noise covariance matrix by the number of samples
contributing to the image. The final number of image pixels can differ from
the number of the acquired k-space samples (e.g. oversampling or partial-
Fourier acquisition). Thus, the noise covariance matrix must be normalized
by the number of k-space samples contributing to each image pixel.

The noise covariance matrix must be normalized by an additional third
correction factor of

ffiffiffi
2
p

that arises because the observation model assumes
the noise is real-valued, but the noise is actually complex-valued with in-
dependent and identically distributed real and imaginary parts.

A fourth correction factor needs to be applied to account for the incorrect
assumption of Gaussian-distributed noise statistics in magnitude im-
ages.191,193 This correction is the generalization of the Rician-distribution
correction applied to array coils.194 The noise statistics for the final mag-
nitude image from an array follows a non-central chi distribution, with 2n
degrees of freedom, where n is the number of coils.193 Although often con-
sidered unimportant for images with signal-to-noise ratios above 10, this
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correction factor can be significant for low signal-to-noise ratio images (e.g.
diffusion) or highly parallel arrays for typical signal-to-noise ratio levels.

Finally, the use of accelerated parallel image reconstructions further
complicates the characterization of image noise. Parallel reconstructions
introduce spatially variant noise-enhancement in the image domain, leading
to degradation of image signal-to-noise ratios associated with the acceler-
ation factor and the geometry factor (g-factor) of the coil.195 Local noise
enhancement occurs from an ill-conditioned linear equation set that lacks
orthogonality for a given acceleration scenario.
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