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Abstract

A modified cellular ELISA (enzyme-linked immunosorbent assay), named cellular magnetic-linked immunosorbent assay (C-
MALISA), has been developed as an application of magnetic resonance imaging (MRI) for in vitro clinical diagnosis. To validate
the method, three contrast agents targeted to integrins were synthesized by grafting to USPIO (ultrasmall particles of iron oxide): (a)
the CS1 (connecting segment-1) fragment of fibronectin (FN) (USPIO-g-FN); (b) the peptide GRGD (USPIO-g-GRGD); (c) a non-
peptidic RGD mimetic (USPIO-g-mimRGD). Jurkat cells and rat mononuclear cells were stimulated to activate their integrins.
After cell fixation on ELISA plates, incubation with the contrast agents, rinsing, and digestion in 5 N HCl, the samples were ana-
lyzed by MRI. Paramagnetic relaxation rate enhancements (DR2) were measured on images. DR2 was converted in values of iron
concentration based on a calibration curve. The apparent dissociation constants ðK�

dÞ of the three contrast agents were estimated
based on the MRI measurement of DR2. K

�
d of 1.22 · 10�7 M, of 7.00 · 10�8 M, and of 1.13 · 10�8 M were found respectively

for USPIO-g-FN, USPIO-g-GRGD, and USPIO-g-mimGRG. The MRI confirmed a statistically significant difference (p < 0.01,
p < 0.05) between the stimulated cells incubated with integrin-targeted compounds with respect to the controls (i.e., non-stimulated
cells and stimulated cells incubated with non-specific USPIO). The integrin specificity of the three compounds was confirmed by the
pre-incubation with GRGD (for USPIO-g-mimRGD and USPIO-g-GRGD) or FN (for USPIO-g-FN).
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

After its clinical introduction in the early 1980s, mag-
netic resonance imaging (MRI) became quickly one of
the leading diagnostic techniques. The method is non-
invasive and it yields real-time and real-volume images
of the subject, either patient or tissues and molecular
events. The use of contrast agents made the method even
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more sensitive and the diagnosis more accurate. The first
generation of contrast agents was non-specific and re-
ported solely on anatomy or allowed the evaluation of
the physiological status of biological systems. Shortly
after the first attempts to target specific tissues [1] or
pathologies [2], a new generation of MR contrast agents
has emerged and offered the opportunity to image gene
expression, metabolic activity and neuronal activation
[3,4]. A wide variety of vector and carrier molecules have
been developed to deliver magnetic labels to specific tar-
get sites [5]. They were designed to target in vivo specific
receptors and to report on a diversity of biological pro-
cesses, which otherwise were accessible only in histolog-
ically stained and excised specimens. MRI thus became
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an attractive tool both for clinical diagnosis and for bio-
medical research.

The potential of MRI contrast agents to image spe-
cific biochemical processes in vivo encounters several
constraints, which are related to the minimal concentra-
tion of contrast agents able to exert a significant effect
on the relaxation rate of tissue water and therefore on
the MRI signal. Since cellular receptors are present in
nano- or even picomolar concentrations, the contrast
agents bound to these targets should exert an enormous
magnetic effect in order to overcome the signal dilution
in the relatively large voxels. This limitation can be
solved by increasing the efficiency of contrast agents
either by a greater intrinsic relaxivity or by the attach-
ment of many magnetic centers to the ligand. Among
the magnetic materials able to be detected at low tissue
concentrations, one can point out the superparamag-
netic particles [6], the paramagnetic dendrimers [7],
and the perfluorocarbon nanoparticles [8]. In addition,
the necessity to deliver contrast material in sufficient
quantity at the targeted sites could lead to a possible sat-
uration of cell receptors. This biochemical limitation
was tentatively solved by targeting receptors involved
in transport systems (e.g., receptor mediated endocyto-
sis) or readily accessible to the vascular system [9].

The progress in hardware, contrast agents, and image
acquisition methods assisted to the development of
molecular imaging, a new medical discipline, which inte-
grates cell biology, molecular biology and diagnostic
imaging, bringing high expectations for MRI applica-
tions into drug discovery [10,11]. Molecular imaging
has a wide diversity of applications, which range from
the diagnosis of a particular pathology [12–18] to the
monitoring of gene therapy or chemotherapy [19–22].
Cellular imaging is another growing field of interest
both for medical research and for clinical application,
which often appeals to iron oxide MR contrast agents
[23] to image macrophage activity for diagnostic
purposes [24,25] or to monitor the cell migration and
trafficking [26].

A recent application of molecular imaging is related
to the protocols of molecular biology and refers to the
contrast agents as magnetic relaxation switches, capable
of sensing biochemical interactions if the interacting
molecules are magnetically labeled with iron oxide
nanoparticles [27,28]. In fact, the molecular interactions
result in a 30–40% change of the transverse relaxation
time, T2, which can be evaluated both by MR relaxom-
etry or by MRI. Finally, MRI has been proposed as a
high throughput screening modality for examining the
interactions between superparamagnetic nanoparticles
and cells [29].

In their work, Högemann et al. [29] have shown that
MRI can accurately evaluate thousands of samples
simultaneously and rapidly. Based on this observation,
we have modified the cellular ELISA (enzyme-linked
immunosorbent assay) technique with the purpose of
developing an MRI application for clinical diagnosis,
which was named cellular magnetic-linked immunosor-
bent assay (C-MALISA). In our protocol, the cells are
fixed on ELISA plates, and their membrane receptors
are detected and evaluated with specific contrast agents.
As compared to classical ELISA, the ligand itself is la-
beled by a superparamagnetic moiety, which directly re-
ports on the interaction with the specific receptor. The
method offers the advantage of a real-time analysis of
the ligand–receptor interaction, which is not the case
with the classical methods of immunohistochemistry.

To validate the method, three contrast agents with
affinity for the integrin family of adhesion molecules
were synthesized by grafting to USPIO particles one of
the following specific ligands: (a) the CS1 (connecting
segment-1) fragment of fibronectin (USPIO-g-FN); (b)
the peptide GRGD (USPIO-g-GRGD); (c) a non-
peptide small molecular weight RGD mimetic (US-
PIO-g-mimRGD) [30]. The integrins are a ubiquitously
expressed class of cell surface receptors involved in the
cell–cell and cell–matrix interactions. These receptors
represent an interesting therapeutic target because of
their important role in diverse pathologies, i.e., resteno-
sis, atherosclerosis, acute renal failure, and cancer [31].
The tripeptide sequence RGD (Arg-Gly-Asp) is a com-
mon cell-recognition motif, which is part of integrin
binding ligands like fibronectin, fibrinogen, and vitro-
nectin. The CS1 fragment of fibronectin contains the
motif LDV (Leu-Asp-Val) which has high affinity for
integrins a4b1 (VLA-4, very late antigen-4) and a4b7 [32].

In the present work, the affinity for integrins of the
three contrast agents was tested by C-MALISA on Jur-
kat cells and on rat mononuclear cells (MNC), which
were stimulated to activate their integrins. The cells were
fixed on ELISA microtiter plates and analyzed by MRI
after incubation with contrast agents. The concentration
of bound contrast agents was estimated and their appar-
ent constants of affinity for integrins were evaluated.
2. Materials and methods

2.1. Synthesis of USPIO-g-FN, USPIO-g-GRGD, and of

USPIO-g-mimRGD

2.1.1. Synthesis of mimRGD

The RGD mimetic (mimRGD) (Fig. 1) was obtained
as described by Sulyok et al. [30]. Synthesis was per-
formed on solid support (trityl chloride polystyrol resin)
by the Fmoc strategy. Briefly, reaction of 4-chlorobenz-
aldehyde with malonic acid resulted in the correspond-
ing racemic b-aminoacid, which could be transformed
into the Fmoc protected derivative with a high yield.
These Fmoc protected carboxylic building blocks were
attached to trityl chloride polystyrol resin (TCP) using



Fig. 1. Mimetic structure of the RGD sequence.

Table 1
Relaxivities (s�1 mM Fe�1) of USPIO-g-FN, USPIO-g-GRGD, and
USPIO-g-mimRGD as compared to the parent compound USPIO
measured in aqueous solutions at 1.5 T (60 MHz) and 37 �C

Compound r1 (s
�1 mM�1) r2 (s

�1 mM�1) r2/r1

USPIO 11.3 63.1 5.7
USPIO-g-FN 11.3 76.0 6.7
USPIO-g-GRGD 11.2 84.9 7.6
USPIO-g-mimRGD 10.1 68.4 6.8
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standard conditions [33]. N-Fmoc hydrazine was car-
bonylated with an excess of phosgene in toluene to
obtain the activated azaglycine building block 5-(9H-
Fluoren-9-ylmethoxy)-1,3,4-oxadiazol-2(3H)-one. After
Fmoc deprotection the resin-bound b-amino acids were
treated with an excess of oxadiazolone to yield the resin
bound Fmoc protected azagly-b-amino acid derivatives.
2-amino-4-methylpyridine was treated with 5-bromo-
pentanoic acid ethyl ester to give 5(4-methylpyridine-2-
yl)aminopentanoic acid ethyl ester. After hydrolysis
with NaOH, 5(4-methylpyridine-2-yl)aminopentanoic
acid was obtained by precipitation. After deprotection
of the resin bound Fmoc protected aza-compounds with
piperidine, the derivative was coupled using the solid
phase coupling conditions. The resulting resin bound
aza RGD mimetic was deprotected and cleaved from
the resin using trifluoroacetic acid.

2.1.2. Synthesis of USPIO-vectorized

The vectorizing groups were grafted on the magnetic
nanoparticles by reaction with the dextran coating of
USPIO previously treated with epichlorhydrin.

Five milliliters of USPIO (100 mg of Fe, dextran
coated maghemite particles with a hydrodynamic size
of 22 nm) obtained by coprecipitaion of Fe2+ and
Fe3+ ions in basic medium is diluted in 25 mL of water
and treated with 20 mL of NaOH 5 N and 10 mL of epi-
chlorhydrin. The mixture is stirred for 24 h at 40 �C in
the darkness and then dialyzed (cut-off of the mem-
brane: 12,000–14,000; Spectra/Por, VWR, Leuven, Bel-
gium) in a 5 mM sodium citrate buffer (pH 8).

A solution of GRGD (5 mg, Sigma, Bornem, Bel-
gium), mimRGD (5 mg) or CS-1 fragment of fibronectin
(10 mg, Bachem, Weil am Rhein, Germany) in 2 mL of
water is added to the USPIO-epichlorhydrin suspension
(90 lmol of Fe). The mixture is stirred at room temper-
ature overnight and is exhaustively dialyzed to eliminate
the free peptide or mimetic.

2.2. Characterization of USPIO-g-FN, USPIO-g-GRGD,

and of USPIO-g-mimRGD

Iron concentration was determined by relaxometry at
20 MHz (Bruker Minispec PC-20, Bruker, Karlsruhe,
Germany) and 37 �C after mineralization in acidic con-
ditions (0.6 mL HNO3 and 0.3 mL H2O2) by micro-
waves (Milestone MSL-1200, Sorisole, Italy).

For USPIO-g-FN and USPIO-g-GRGD, the peptide
concentration grafted to USPIO particles was deter-
mined by Bio-Rad protein assay (Bio-Rad Laboratories
SA-NV, Nazareth, Belgium) and was found to be
3.77 · 10�4 mmol and 2.55 · 10�4 mmol per mmol of
Fe, corresponding respectively to 4 and 2.8 molecules
of peptide per particle by assuming an average of
11,000 iron atoms per particle. This number of iron
atoms is a reasonable value if considering a particle
mean diameter of about 8 nm, which is obtained by fit-
ting the magnetic curve of our USPIO sample with a
Langevin function. Since a unit cubic cell of magnetite
has a size of 0.82 nm and contains 24 iron atoms, it is
easy to calculate the average number of iron atoms in
a spherical particle of 8 nm of diameter.

The compounds were characterized in vitro by relax-
ometry in aqueous solutions. Proton longitudinal (r1)
and transverse (r2) relaxivities (Table 1) were measured
at 60 MHz and 37 �C on a Bruker Minispec mq60 (Bru-
ker, Karlsruhe, Germany).

2.3. Cell culture and stimulation of Jurkat cells

Jurkat cells (gift from Prof. Oberdan Leo, Free Uni-
versity of Brussels, IBMM, Belgium) were cultured at a
concentration of 1 · 106/mL in RPMI 1640 medium
(Sigma–Aldrich NV/SA, Bornem, Belgium) supple-
mented with 10% newborn calf serum and 1% antibi-
otic–antimicotic (both from Invitrogen NV/SA, Gibco,
Merelbeke, Belgium). Cells were resuspended in fresh
culture medium prior to exposure to 50 ng/mL phorbol
12-myristate 13-acetate (PMA, Sigma–Aldrich NV/SA,
Bornem, Belgium) for 3 h [34]. The viability of cells
was checked with trypan blue (Sigma–Aldrich NV/SA,
Bornem, Belgium) before treatment and found to be lar-
ger than 90%. The cells were counted on a bright line
counting chamber (Hausser Scientific, Sigma–Aldrich
NV/SA, Bornem, Belgium) and the mean percentage
of viable cells in three microscopic fields was calculated.

2.4. Stimulation and isolation of MNC

All the animal experiments fulfil the requirements of
the Ethical Committee of our institution.
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Wistar rats (n = 4/group, 269 ± 6 g, Harlan, Horst,
The Netherlands) were anesthetized with i.p. injection
of pentobarbital (Nembutal�, Sanofi Santé Animale,
Brussels, Belgium) at a dose of 60 mg/kg b.w. Hepatitis
was induced by i.v. injection of 20 mg/kg b.w. concanav-
alin A (ConA) [35]. Five hours later, the rats were tra-
cheotomized and the left carotide was catheterized
(Becton–Dickinson Angiocath 0.7 · 19 mm) for blood
collection. The MNC were isolated by Histopaque den-
sity gradient (Sigma–Aldrich NV/SA, Bornem, Belgium)
from the rat blood according to the supplier
instructions.
2.5. The protocol of C-MALISA

The cells were suspended in 0.5% buffered formalin,
pH 7.0, and fixed (2 · 106 cells/well) on ELISA microti-
ter plates (MICROLON� 600, Grenier Bio-One, Wem-
mel, Belgium) by drying for 24 h in airflow at 37 �C
according to Walker et al. [36]. The ELISA plates were
subsequently blocked for 2 h with 4% milk powder in
phosphate buffered saline (PBS) (150 mM NaCl,
3.2 mM KCl, 6.4 mM Na2HPO4 12 H2O, 1.5 mM
KH2PO4, pH 7.4), and rinsed 6 times with Tris
(Tris(hydroxymethyl)aminomethane hydrochloride) buf-
fered saline (TBS) buffer (1 mM CaCl2, 1 mM MgCl2,
50 mM Tris–HCl, 150 mM NaCl, 10 mM Hepes (4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid), pH
7.4). The cells were then incubated for 3 h at 37 �C with
the contrast agents (4 lmol iron/mL corresponding to
0.364 nmol particles/mL; 1.5 nmol FN/mL and
1.02 nmol GRGD/mL, or a range of concentrations
when mentioned) diluted in 200 ll TBS; the parent US-
PIO was used as a control. After rinsing 4 times with
TBS, the contrast agents bound to the cells were di-
gested with 100 ll 5 N HCl (24 h, 37 �C). The samples
were analyzed by MRI with a T2-weighted spin-echo se-
quence (Bruker AVANCE-200 system, 4.7 T, TR/TE =
3000/20-2000 ms, matrix = 256 · 256, FOV = 5 cm,
slice thickness = 2 mm), and the paramagnetic T2 values
of the acidic digested samples were measured on images.
The Fe concentration was determined in each sample by
using a calibration curve obtained from the MRI mea-
surement of relaxation rate (DR2) as a function of iron
concentration (from 0.05 mM to 1.5 mM, digested in
acidic solution); DR2 is defined as Robs

2 � RH2O
2 , where

Robs
2 is the observed R2. The measurements performed

by MRI were compared each time by spectrophotome-
try with Prussian blue [37]. Finally, the results were used
to estimate the apparent dissociation constants ðK�

dÞ of
USPIO-g-FN, USPIO-g-GRGD and of USPIO-g-mim-
RGD for integrins expressed by Jurkat cells.

We have to point out that acidic digestion of the sam-
ples is necessary to re-suspend the contrast agents bound
to the cells. The acidic digestion disintegrates the USPIO
particles, which means that the final solution contains
free iron ions. As a consequence, the assay is based on
paramagnetic iron relaxivity, not on the superparamag-
netic effect of USPIO particles. The iron concentration
in an aqueous solution can be estimated by the measure-
ment of both transverse or longitudinal relaxation rates
because their relationship with iron concentration is de-
scribed by a linear function. The transverse relaxivity of
the paramagnetic iron ions is slightly higher than its lon-
gitudinal relaxivity [38]. Since the diamagnetic dilution
medium after digestion is nearly water, its transverse
and longitudinal relaxivities are roughly equal. There-
fore, the determination of iron concentration based on
one of the two parameters has roughly the same sensibil-
ity. The conclusion should be different in biological
media because their transverse relaxivity is about 10
times higher than the longitudinal one. We have chosen
to measure the transverse relaxation times by using a
multi-echoes imaging sequence because it allows an
easy, fast and accurate determination of the relaxation
rate.
2.6. Competition with the free peptide in solution

The specific interaction of USPIO-g-FN, USPIO-g-
GRGD and of USPIO-g-mimRGD with integrins was
assessed by pre-incubating Jurkat cells, stimulated with
PMA, with a range of concentrations of the correspond-
ing peptide for 1 h, at 37 �C: 1.5–0.375 mg/mL for the
CS1 fragment of fibronectin; 0.25–0.0625 mg/mL for
GRGD in competition with USPIO-g-GRGD; 0.125–
0.008 mg/mL for GRGD in competition with USPIO-
g-mimRGD. Subsequently, the contrast agent was
added at a concentration of 4 lmol iron/mL and the
incubation continued for one additional hour. At the
end, the protocol of C-MALISA was performed as pre-
viously described. The iron concentration in each sam-
ple was determined by Prussian blue reaction after the
MRI session.
3. Results and discussion

To validate the C-MALISA technique, we have per-
formed the following groups of experiments with the
aim to: (1) identify the optimal concentration of the
contrast agent to distinguish the activated from non-
activated integrins; (2) validate the MRI measurements
of iron concentration bound on cells; (3) determine the
apparent dissociation constants of the contrast agents
for integrins expressed on Jurkat cells; (4) prove the
specificity of the contrast agents for integrins; (5) vali-
date the potential of C-MALISA as an in vitro method
of diagnosis.
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3.1. The optimal concentration of contrast agent,

validation of MRI measurement of iron concentration,

and estimation of the apparent dissociation constants for

integrins

Jurkat cells, stimulated or not with PMA, were incu-
bated with various concentrations (0.125–4 lmol iron/
mL, corresponding to 0.0117–0.364 nmol particles/mL)
of USPIO-g-FN or USPIO-g-GRGD with the aim to
identify the optimal concentration allowing the distinc-
tion between the activated and non-activated integrins.
Fig. 2 shows the MR images of Jurkat cells incubated
with USPIO-g-FN and digested. They reveal a striking
difference between the stimulated cells and the non-
stimulated ones. This difference is remarkable for the
cells incubated with 4 lmol iron/mL and proves the
specificity of this interaction.

The DR2 measured on each image was converted in
values of iron concentration based on the calibration
curve shown in Figs. 3(a) and (b), and the results were
compared with those obtained by spectrophotometry
(Fig. 4). We can observe that there is a very good agree-
ment between the iron concentrations obtained by both
methods, confirming that, as expected, MRI can be con-
fidently used to quantify the concentration of bound
ligand.
Fig. 2. The MR image (TR/TE = 3000/140 ms) of Jurkat cells
stimulated (rows A and B) or not (rows C and D) with PMA and
incubated with different concentrations (4–0.125 lmol iron/mL) of
USPIO-g-FN: A1, C1 = 4 lmol iron/mL, A2, C2 = 2 lmol iron/mL,
A3, C3 = 1 lmol iron/mL, A4, C4 = 0.5 lmol iron/mL, B1,
D1 = 0.25 lmol iron/mL, B2, D2 = 0.125 lmol iron/mL. The samples
included in double frames are the references. The images were acquired
after acidic digestion of the samples in the presence of 5 N HCl as
described in Section 2.

Fig. 3. Calibration curve for the estimation of the iron concentration
in an acidic solution of 5 N HCl: (a) the MR image of a range of
samples with different concentrations of iron; (b) the paramagnetic
relaxation rates (DR2) as a function of iron concentration measured by
MRI. The DR2 shown in (b) represents the averages of four calibration
curves measured independently. The calibration curve contains the
following concentrations of iron (lmol/mL): A1 = 1.5, A2 = 1.25,
A3 = 1.0, A4 = 0.75, B1 = 0.50, B2 = 0.25, B3 = 0.10, B4 = 0.05. C1
and C2 contain 5 N HCl, C3 and C4 contain TBS.
Subsequently, we have tried to estimate the apparent
dissociation constants ðK�

dÞ of the three contrast agents
specific for integrins (Figs. 5(a)–(c)). For this purpose,
their concentrations were converted to moles of parti-
cles/L by considering an average of 11,000 iron atoms
per particle as explained in Section 2.

From Fig. 5, a K�
d of 1.22 · 10�7 M, of 7.00 · 10�8 M,

and of 1.13 · 10�8 M can be found for USPIO-g-FN,
for USPIO-g-GRGD, and for USPIO-g-mimRGD,
respectively. In the non-activated state, the K�

d are of
1.81 · 10�7 M, of 9.32 · 10�7 M, and of 4.60 · 10�7 M.
The Kd of the interaction between VCAM-1 (vascular
cell adhesion molecule-1) and a4b1 integrin ranges be-
tween 1.0 · 10�8 M and 1.0 · 10�7 M depending on the
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assaying conditions [39]. The Kd of an LDV motif con-
taining peptide ranges between 3.0 · 10�10 M (in the
presence of Mn2+) and 1.2 · 10�8 M (in the absence
of Mn2+) [40]. In fact, integrins require extracellular
divalent cations for ligand binding ability, and a con-
centration of 2 mM Mn2+ is capable of inducing/stabi-
lizing ligand binding conformation [41]. In our
experiments, Mn2+ could not be used to stabilize the
interaction between contrast agents and the integrin-
expressing Jurkat cells because this paramagnetic ion
would affect the MRI signal intensity. This could prob-
ably explain the relatively lower affinities found in our
study. On the other hand, the decreased affinity of the
ligand after its grafting on a magnetic center is not
unusual and has already been observed in literature
for the Gal80-binding peptide conjugated to gadolin-
ium-tetraazacyclododecanetetraacetic acid (Gd-DOTA)
(Gd3+-G80BP) [28].
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3.2. Validation of the specific interaction of contrast

agents with integrins

To assess the specific interaction of the three contrast
agents with integrins, the cells were pre-incubated with
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(c) with GRGD. The results are calculated as percentages of bound
contrast agents after the pre-incubation with the competing peptides,
which are FN for USPIO-g-FN (1.5, 0.75, 0.375 mg FN/mL), and
GRGD for USPIO-g-GRGD (0.25, 0.125, 0.0625 mg GRGD/mL) and
USPIO-g-mimRGD (0.125, 0.0625, 0.0156, 0.0078 GRGDmg/mL).
The data represent averages of three experiments ± standard error of
the mean.
the corresponding peptide (i.e., FN or GRGD) with
the aim to inhibit the specific interaction of the contrast
agents at the receptor sites.

The measurement of iron concentration (Fig. 6)
proved that pre-incubation with non-grafted peptides
diminished the concentration of bound contrast agents
by 30–34% for USPIO-g-FN, by 84–87% for USPIO-
g-GRGD, and by 66–70% for USPIO-g-mimRGD
depending on the peptide concentration (Figs. 6(a)–
(c)). This experiment confirms that our contrast agents
interact specifically with integrins.

3.3. Validation of C-MALISA as a clinical method of

diagnosis

The efficiency of C-MALISA as an in vitro MRI
method of diagnosis has been tested on MNC collected
from Wistar rats with hepatitis induced by ConA and
compared with the results obtained on Jurkat cells stim-
ulated with PMA. The cells were incubated with the
integrin-targeted contrast agents and the results were
compared with the control samples (i.e., non-stimulated
cells, cells incubated with USPIO).

The MRI (not shown) has indicated a significantly
lower signal intensity of MNC activated with ConA
or Jurkat cells stimulated with PMA and incubated
with integrin-targeted compounds as compared to the
control ones. These images suggested a specific interac-
tion of integrin-targeted contrast agents with their
receptors.

The DR2 measured on each image was converted in
values of iron concentration, which are presented in
Fig. 7. The significant difference (p < 0.01 for USPIO-
g-FN and USPIO-g-GRGD; p < 0.05 for USPIO-g-
mimRGD) between the PMA- or ConA-stimulated cells
and the non-activated ones supports the diagnostic
potential of C-MALISA. The specific interaction of
functionalized USPIO particles (USPIO-g-FN, US-
PIO-g-GRGD, and USPIO-g-mimRGD) with integrins
is confirmed by the significant difference (p < 0.01) be-
tween the specific contrast agents and the non-specific
one (USPIO).
4. Concluding remarks

The targeting of integrins with RGD containing mol-
ecules has extensively been explored for therapeutic [30]
or diagnostic [14,15] purposes. In our work, the integrin
targeting has been performed either with RGD motif
(USPIO-g-GRGD) or with CS1 fragment of fibronectin
(USPIO-g-FN) with the aim to develop an in vitro MRI
method for clinical diagnosis. In addition, a new MRI
strategy to target integrins has been attempted by graft-
ing a non-peptide small molecular weight RGD mimetic
[30] (USPIO-g-mimRGD) on USPIO particles. The effi-
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cacy of targeting to integrins of these homologous con-
trast agents, i.e., USPIO-g-GRGD, USPIO-g-FN and
USPIO-g-mimRGD, has been tested in vitro on Jurkat
cells and on rat MNC.

Various types of iron oxides have been developed re-
cently and used as magnetic labels for targeted MR
imaging due to their higher r2 relaxivities as compared
with paramagnetic labels. These properties facilitate
the detection of cellular receptors at concentrations as
low as 10�8 M [5,9]. A wide diversity of in vitro MR
applications was proposed recently for magnetic nano-
particles, which demonstrate their potential in sensing
different types of reversible molecular interactions, such
as DNA–DNA, protein–protein, protein–small mole-
cule, and enzyme reactions. Their detection was pro-
posed to be run in a high-throughput, array-based
format using MRI. All these studies confirmed that
molecular interactions are associated with significant
changes of T2 or of the signal intensity, which enable
the MR detection of the target molecule in concentra-
tions as low as 53 fmol [27,29].

However, one of the crucial objectives in analytical
biochemistry is to quantify the result of molecular
interactions, which allows an accurate decision in diag-
nostic or pharmacological screening methodology. In
our study, a new protocol was proposed to convert
the MRI data in concentrations, which reflect the level
of these interactions. C-MALISA can be performed in
a high-throughput setting and it allows the accurate
detection and quantification of the cell surface recep-
tors. The procedure is fast, avoiding the steps of cell
centrifugation, and permits the automatic running of
the screening protocol. The direct labeling of the bind-
ing molecule (i.e., not by the intermediary of an en-
zyme-linked antibody) and the complete removal of
the free ligand allows the real-time and real-state esti-
mation of the kinetics of reactions. The applications
are multiple and range from clinical diagnosis to
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pharmacological screening of new drug targets and
therapeutic molecules. In addition, the technique offers
a second application for the contrast agents, which
could be used for diagnostic purposes in vivo as well
as in vitro.

In the actual version, the protocol of C-MALISA re-
quires the acidic digestion of USPIO particles to reveal
the compounds bound to the cell receptors. This proce-
dure implies a diminished sensitivity towards the mini-
mum concentration of receptors detectable by MRI
because their estimation relies on the iron relaxivity
and not on the relaxivity of USPIO particles, which is
at least four times higher. An alternative to acidic diges-
tion could be the destabilization of the ligand–receptor
interaction either in the presence of a non-specific elu-
tion agent (e.g., glycine) or by treatment with a proteo-
lytic enzyme. In this case, the protocol of C-MALISA
could be performed in a shorter delay of time and its
sensitivity could greatly be increased. Nevertheless, the
method allows the estimation of bound receptors per cell
since the value measured by MRI, i.e., DR2, can be con-
verted in number of particles and so in number of bound
ligands. In our particular case, this estimation is not
possible because of the large number and variety of
integrin receptors expressed by leukocytes, which dis-
play a particular pattern in a signal- and time-dependent
fashion [42].

We should also stress out that classical ELISA is a
diagnostic technique that is already very well imple-
mented in the clinical laboratory. As compared to this,
C-MALISA in the actual context of the technical facility
of the clinical laboratory is dependent on the MRI
equipment, which is very expensive and not always
accessible for a routine application. Though, the MRI
device offers an advantage over ELISA plate readers be-
cause it enables the simultaneous assay of a large num-
ber of microtiter plates. The routine implementation of
C-MALISA is furthermore sustained by the fact that
many hospitals are already equipped with an MRI facil-
ity, while the use of magnetically labeled compounds
could be more economical as compared to the battery
of expensive ELISA-dedicated compounds. In this
way, the specifically targeted compounds could be used
for diagnostic purposes first in vitro on blood or biopsy
specimens, and only after the expression of the targeted
receptor was confirmed, the contrast agent could be
used to confirm the pathology in vivo. Additionally,
the large interest in the development of new magnetic-
based immunoassay techniques will soon trigger the
expansion of adequate high throughput screening equip-
ment that is already under investigation [43–45]. Beside
the clinical interest in these new magnetic-based devises,
the ongoing field of molecular imaging requires the
development of new techniques able to evaluate accu-
rately the affinity constants of the new specifically tar-
geted contrast agents.
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