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A B S T R A C T

A novel bi-modal imaging contrast agent was fabricated by depositing a layer of CdTe on the surface of CoFe2O4

nanoparticle, and applications for optical-MRI bi-modal imaging were investigated. The core/shell structure of
the obtained nanocomposite was verified by TEM. TGA and nuclear magnetic relaxation dispersion (NMRD)
profiles were applied for the deposition study. The in-vivo and in-vitro results showed that the deposition of CdTe
layer can evidently improve the relaxivity of CoFe2O4 nanoparticle, which was investigated and explained by a
“cation migration” theory. The as-synthesized compound is a promising nanocomposite for high performance bi-
modal imaging applications.

1. Introduction

During these decades, many imaging techniques have been invented
for biological researches and clinical diagnoses, such as ultra-
sonography [1–3], x-ray computed tomography (CT) [4–6], magnetic

resonance imaging (MRI) [7–11], positron emission tomography (PET)
[12–15] and optical imaging (OI) [16–19]. All these imaging techni-
ques provide possibilities for clinicians to achieve the noninvasive
imaging of patients’ bodies. Due to the different principles, each ima-
ging method has its own advantages and disadvantages. For example,
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ultrasonography is popularly employed during pregnancy because of
cheap price and safety forthe fetus, but the spatial resolution of the
image is limited by the imaging depth: a lower frequency wave pro-
duces lower spatial resolution and deeper image depth into the body,
while a higher frequency is capable of reflecting or scattering from
smaller structures due to its shorter wavelength, which increases the
spatial resolution but limits the depth of penetration of the sound wave
into the body [20–24]. Analogously, MRI is widely used for its good
contrast between different soft tissues of the body, no usage of ionizing
radiation and high spatial resolution (100 μm), however, the long
scanning time makes it impossible to perform the real-time detection
[25]. On the other hand, optical imaging (OI), including biolumines-
cence imaging (BLI) and fluorescence imaging (FLI), is accessible, ac-
curate, and specific, and can offer fast and sensitive whole-body ima-
ging, even detecting microscopic tumors, and the spatial resolution is
about 1–10 mm, dependent on the tissue depth [26]. Therefore, re-
searchers started to combine different imaging techniques to avoid the
disadvantages of each single technique, resulting in bi-modal imaging
or multi-modal imaging.

There are increasing amount of publications on the preparation of
bi-modal imaging techniques, including PET/CT [27–31] PET/MRI
[32–34] and so on. The combining of two different imaging techniques
firstly requires the design and fabrication of new-model combined
scanner. The first report on the combining of PET and CT scanner was
published on 1998 by Kinahan [28], where a Siemens/CTI ECAT 951R/
31 PET tomography and a General Electric 9800 series CT scanner were
combined to be a new PET/CT scanner. The PET and CT data can be
collected simultaneously or independently, depending on the require-
ment of the test, and the PET data can be corrected by CT data to
provide accurately registered anatomical localization of structures seen
in the PET image. Compared with the images using a standard 3D PET
scanner, it came to a conclusion that using CT information is a feasible
way to obtain attenuation correction factors of 3D PET. The combina-
tion of PET and MRI was reported by Alpert on 1996. However, it was
about the data analysis of PET and MRI followed by image registration
of the two kinds of imaging techniques [35]. After 2005, up to three
companies, including Koninklijke Philips N.V., Siemens AG and General
Electric, declared the availability of their PET/MRI imaging devices.
And at this moment, only Siemens AG could offer a fully integrated
whole body and simultaneous acquisition PET/MRI system, which was
approved by the FDA and released for customer purchase in 2011 [36].
The combination of MRI and OI was reported by Xu [37], where they
made a new system for the study on small animal brains, using
broadband near-infrared (NIR) tomography system coupled with MRI.
MRI produced high-resolution tissue images, which were applied as a
priori information in the NIR image reconstruction process, so the NIR
images obtained were improved in terms of the quantitative accuracy
and the spatial resolution, to provide a much more straightforward and
intuitionistic tool for the study of cerebral physiology and pathophy-
siology.

On the other hand, some imaging techniques need contrast agents
(CAs) to obtain high-quality images, such as PET, CT and MRI. So the
combining of different contrast agents is needed to prepare bi-modal or
multi-modal imaging contrast agents, for the aim of multi-mode ima-
ging. The preparation of bi-functional contrast agents became a popular
topic for researchers of material science and chemistry. There is one
issue needed to pay attention, the influences on the contrast effect of
each component after the combination. Bimodal contrast agents for MR
imaging and optical imaging were prepared by Daldrup-Link, using
Gadophrin-2 composed of a porphyrin ring and two covalently linked
gadolinium chelates [38]. With a molecular weight of 1759.38 Da,
gadophrin-2 had an r1 relaxivity of 19.8 s−1mmol−1 and an r2 relax-
ivity of 30.0 s−1mmol−1 at 20 MHz and 37 °C, due to the existence of
two Gd3+ ions. The porphyrin ring provides fluorescence to the ob-
tained hybrid, with an excitation wave length of 499 nm and a maximal
emission at 617 nm. The in vivo cell tracking studies showed that

Gadophrin-2, as a cell marker, worked well on integrating the ad-
vantages of the two imaging techniques, where fluorescence imaging
can provide an overview of the in vivo distribution of all transplanted
major and minor cell subpopulations and MRI can specify the accu-
mulation of major cell populations in host organs with sub-millimeter
anatomical resolution. It is to be noted that the three-dimensional data
sets provided by MRI and the two-dimensional data sets from fluores-
cence imaging did not show any influence on each other, but coop-
erated to localize transplanted cells more exactly and more deeply
within tissues. Because of the excellent optical properties of quantum
dots (QDs), including their photo-stability and their narrow and tunable
emission spectrum, QDs were employed for the preparation of MRI/OI
contrast agents. Mulder reported the synthesis of a new bimodal ima-
ging probe, using CdSe/ZnS QDs coated with a paramagnetic gadoli-
nium diethylenetriamine-pentaacetic acid (Gd-DTPA) layer [39].
However for the T2 MRI, the study on the combination of magnetic
ferrites and QDs was not widely reported [40–45]. Therefore, in this
article we will focus on a novel MRI/OI contrast agent, made of a
combination of CoFe2O4 nanoparticles and CdTe QDs.

2. Materials and methods

2.1. Materials

Distilled water was used to prepare all aqueous solutions. Cadmium
chloride (CdCl2), sodium telluride (Na2TeO3), sodium citrate, 3-mer-
captopropionic acid (3-MPA), sodium borohydride (NaBH4) and thio-
glycolic acid (TGA) were purchased from Sigma Chemical (Bornem,
Belgium). Iron (III) chloride hexahydrate (FeCl3 ∙ 6H2O), cobalt
chloride hexahydrate (CoCl2 ∙ 6H2O), sodium citrate, 1, 10-phenan-
throlin (99%) and hydroxylamine hydrochloride (NH2OH ∙ HCl) were
purchased from Sigma Chemical (Bornem, Belgium). All other reagents
and solvents were purchased from Aldrich Chemical (Bornem, Belgium)
and were of the highest grade commercially available.

2.2. Methods

CoFe2O4 nanoparticles were synthesized as described in ref [46].
After measuring the concentrations of Co and Fe, 20 mL CoFe2O4 col-
loid with the total concentration of Co and Fe [Co + Fe] of 1.25 mM
was put in a flat bottom beaker with 0.5 mL of 0.2 M CdCl2, 50ug so-
dium citrate, 61 μL 3-MPA, 0.25 mL of 0.1 M Na2TeO3 and 31.25 mg
NaBH4 under magnetic stirring, followed by subsequent stirring for
another one hour. This mixture was then poured into Teflon-coated
bottle and heated in an autoclave at 140 °C for 1 h. The obtained colloid
was dialyzed for 24 h, and then acetone was added (acetone/
water = 1/4), followed by centrifugation at 10000 rpm for 1.5 h to
separate free CdTe which was formed by homogeneous nucleation and
was not loaded on the surface of CoFe2O4. The CoFe2O4@CdTe was
deposited on the bottom of the tube, and re-dispersed in acetone/water
mixture and the centrifugation was repeated for three times. The pur-
ified CoFe2O4@CdTe solid was then mixed with 0.5 mL 0.2 M CdCl2,
50 mg sodium citrate, 61 μL 3-MPA, 0.25 mL 0.1 M Na2TeO3 and
31.25 mg NaBH4, stirring at 140 °C for 1 h, and this step was repeated
1–5 times. The obtained products were purified by dialysis for 24 h, and
placed in dark for characterizations. The products were named as Co-
Fe2O4@CdTe1, CoFe2O4@CdTe2, CoFe2O4@CdTe3, CoFe2O4@CdTe4
and CoFe2O4@CdTe5, and the number after CdTe denote the CdTe
deposition time.

TEM images were collected on a Tecnai 10 (FEI, Hillsboro, USA)
with operating voltage at 200 kV. The hydrodynamic size and surface
potential of all nanoparticles were measured on Zetasizer Nano Series
Zen 3600 (Malvern, Worcestershire, United Kingdom), where 1 mL
sample solution of about 2 mM was put in the cell, and measured at
37 °C.

The thermal stabilities of the absorptive surface active agents were
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studied by thermogravimetric analysis (TGA) with a TGA Q5000 (TA
Instruments Ltd, New Castle, USA), which was made in an inert ni-
trogen atmosphere, providing an insight into the carbonization process.
The optical properties were achieved by a LS-55 spectrofluorometer
(Perkin-Elmer, Waltham, USA).

To study the magnetic properties of the nanoparticles obtained, r1
and r2 were measured on MiniSpec mq-20 (20 MHz) and mq-60
(60 MHz) (Bruker, Ettlingen, Germany), nuclear magnetic relaxation
dispersion (NMRD) profiles were performed on Spinmaster-FFC 2000
relaxometer (Stelar, Mede, Italy). The MR images of the prepared
CoFe2O4@CdTe were taken on a 300 MHz 7T Bruker Pharmascan
imaging system (Ettlingen, Germany), equipped with the microimaging
device (Micro2.5AHS/RF, 25 mm coil).

3. Results and discussion

3.1. Fabrication of CoFe2O4@CdTe nanocomposite

The size change of CoFe2O4@CdTe with increasing CdTe deposition was
monitored by photon correlation spectroscopy (PCS), and the results are
shown in Fig. 1. It can be found that the hydrodynamic diameter of Co-
Fe2O4@CdTe increased as CdTe was deposited on the surface, and such
increase continued with repeating the CdTe deposition process. After 5
times of CdTe depositions, the size of nanoparticles increased from
17.72 nm up to 38.72 nm. During the synthesis of CoFe2O4@CdTe, CdTe
QDs were deposited on the surface of CoFe2O4 by in situ deposition. The
normal difficult issue for the synthesis of hybrid materials is the “mismatch”
of crystal lattices from the two components. For the epitaxial growth of one
material on another, the interface translational symmetry should be con-
sidered. Lattice match, defined as the compatibility between the interface
translational symmetry and the symmetry on both sides of the interface
[47], is a very similar idea to the concept of coincidence-site lattices
[48–51], which plays an important role in high angle grain boundaries.
While, if the interface between two different materials cannot achieve such
an exact match, there will be some finite mismatch of crystal lattices
[52,53]. This finite mismatch compels researches to adopt strategies to
avoid the separation of two materials. It is generally employed to use an
amorphous layer between the two materials, acting as a “lubricant”.

As the CoFe2O4 nanoparticles were synthesized by coprecipitation,
followed by treatment with dilute nitric acid, the surface of CoFe2O4

nanoparticles had been etched by nitric acid to be amorphous and
coated by sodium citrate. So this amorphous layer can be assumed as
the substrate for the growth of CdTe. To prove this assumption, TEM
pictures were recorded to show the structure of obtained
CoFe2O4@CdTe nanocomposite, as shown in Fig. 2. The nanocomposite

showed a clear core/shell structure, with CoFe2O4 as the core and CdTe
with the outward shell. However, there were some “blank” spaces be-
tween the core and shell, which was assumed to be the attached 3-MPA
and sodium citrate [54–56]. With the help of the analysis software
iTEM, the diameter of the core and the entire nanocomposite were
9.66 ± 2 nm and 24.18 ± 2 nm, respectively, with the shell thickness
of 4.69 ± 0.5 nm. The existence of 3-MPA and sodium citrate had been
confirmed by TGA analysis, as shown in Fig. 3. Since 3-MPA is liquid at
room temperature, and TGA measurements are not allowed, only so-
dium citrate was used as the reference. The shape of the TGA curve for
CoFe2O4@CdTe shows some similarities with that for sodium citrate,
suggesting the presence of the attached surfactants [57,58].

Besides the heterogeneous growth on the surface of CoFe2O4, CdTe
also presented homogeneous growth to form “free” CdTe particles,
which will further grow bigger during the followed repeated CdTe-de-
position processes. The presence of free CdTe will lead to two dis-
advantages, hindering the deposition of CdTe on CoFe2O4 and effecting
the final imaging results. Therefore, separations of free CdTe from the
solution were done during each purification procedure, to maximize the
yield of heterogeneous growth of CdTe on CoFe2O4 surface.

3.2. Magnetic properties of CoFe2O4@CdTe nanocomposite

To investigate the influence of loaded CdTe on the magnetic prop-
erties of CoFe2O4 cores, the deposition of CdTe was repeated for 1–5
times, and the relaxivities of obtained nanocomposites were measured

Fig. 1. The size change of CoFe2O4@CdTe with different CdTe depositions. The hydro-
dynamic diameter of the employed CoFe2O4@CdTe nanoparticles was 17.72 nm, which
increased to 23.92, 36.11, 32.30, 33.43 and 38.72 nm when CdTe was deposited on
CoFe2O4 surface, respectively.

Fig. 2. TEM pictures of CoFe2O4@CdTe nanocomposite.

Fig. 3. The TGA curves of sodium citrate and CoFe2O4@CdTe.
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on MiniSpec mq-20 and mq-60 at 20 MHz and 60 MHz, respectively.
Relaxivities are reported with respect to the total molarity of iron and
cobalt (i.e., s−1mM−1 Fe + Co) and the results are shown in Table 1. It
is found that before the deposition of CdTe, CoFe2O4 nanoparticles had
relatively low relaxivities, r1 of 15.37 and 7.35 s−1mM−1 at 20 and
60 MHz, respectively, and r2 of 34.77 and 35.75 s−1mM−1 at 20 and
60 MHz, respectively. When CdTe was deposited on the surface of
CoFe2O4 nanoparticles, the relaxivities of the formed compound in-
creased significantly, as r2 increased to 59.91 and 64.12 s−1mM−1 at
20 and 60 MHz, respectively. And as repeating the experiment process
to deposit more CdTe on the surface of CoFe2O4 nanoparticles, the re-
laxivities continued to increase a little bit.

The increase of relaxivity r1,2 after the deposition of CdTe can be
explained by some effects of the deposition of CdTe on the surface state
of CoFe2O4 nanoparticles, and subsequence on the relaxivity. Besides
the particle size, the distribution of the iron and cobalt ions in the A and
B sites strongly determines the relaxivity of CoFe2O4. And even a small
change in the cationic distribution may result in substantial change of
the magnetic moments and of the relaxivity [59]. Cannas reported the
synthesis of silica coated cobalt ferrite [60], where three cobalt ferrite-
silica nanocomposite samples with different silica contents were em-
ployed for the magnetic measurements. It was found that the coating of
silica can increase the saturation magnetization Ms, and the higher si-
lica content resulted in the higher Ms value. This phenomenon was
explained by the author as a result of the change of cationic distribu-
tion, because of the loading of silica on the surface of CoFe2O4. Simi-
larly, the change of relaxivity of CoFe2O4 can also be explained by this
hypothesis. The Ms value of CoFe2O4 is strongly dependent on the in-
version degree x [61], which can be calculated by the equation:

x = (1/4) × [7-(μFU/μB)] (1)

where μFU is the magnetic moment per unit formula, with the unit of μB.

The magnetic moments for Co2+ and Fe3+ ions are 3 μB and 5 μB, re-
spectively, and the μFU is decided by the distribution of Co2+ and Fe3+

ions in tetrahedral (T) or in octahedral (O) coordination. For example,
when two Fe3+ ions are in the O site and one Co2+ is in the T site, this
structure is called direct spinel (x= 0) and the moment is μFU = 7 μB,
while if one Fe3+ and one Co2+ are in the O site and one Fe3+ in the T
site, this structure is called inverse spinel (x= 1) and the moment is
μFU = 3 μB [62]. The experimental data for μFU normally are between
the two theoretical values. So it can be assumed that when CdTe is
deposited on the surface of CoFe2O4 nanoparticles, the cationic dis-
tribution is changed, where more Fe3+ ions “move” from T to O site,
resulting in the increase of μFU and decrease of the inversion degree x,
which gives rise to the increase of the saturation magnetization Ms
values. Based on the “static dephasing regime” (SDR), first introduced
by Yablonskiy and Haache [63], the value of r1/2 is proportional to the
saturation magnetization of the sphere. Therefore, after the loading of
CdTe on the surface of CoFe2O4 nanoparticles, the values of relaxivity
(both r1 and r2) showed a great increase and such increase continued as
more CdTe was deposited on CoFe2O4.

The increase of the relaxivities of CoFe2O4@CdTe, depending on the
numbers of deposition of CdTe, can also be seen in the corresponding
nuclear magnetic relaxation dispersion (NMRD) profiles, as shown in
Fig. 4. NMRD measurements provide a valuable tool for separating the
different relaxation mechanisms and dynamic processes influencing the
relaxivity. In addition to the increase of the relaxivity values for the
obtained CoFe2O4@CdTe after the deposition of CdTe, corresponding to
the above discussion, the shape of the NMRD curve is also considerably
important for the analysis of tested sample. In Fig. 4, the NMRD curves
for CoFe2O4 and CoFe2O4@CdTe are in similar shape, but with different
intensities. After fitting using a theoretical program developed in the
laboratory, the saturation magnetization Ms shows an increase as a
function of CdTe deposition (see Fig. 5). It can be found that after the
deposition of CdTe on the surface, the Ms of CoFe2O4 drastically in-
creased from 35.2 to 41.7 s−1mM−1, and continued to increase slightly
from 41.7 to 42.5 s−1mM−1 with repeating the CdTe deposition process
for more times, which matched with the above assumption.

Table 1
Longitudinal and transverse relaxivities of CoFe2O4@CdTe at 20 MHz and 60 MHz. The CoFe2O4 nanoparticles used for all the 6 samples were the same, d = 17.72 nm by DLS.

20 MHz 60 MHz

Sample r1 s−1mM−1 r2 s−1mM−1 r2/r1 r1 s−1mM−1 r2 s−1mM−1 r2/r1
CoFe2O4 15.37 34.77 2.26 7.35 35.75 4.86
CoFe2O4@CdTe1 23.14 59.91 2.59 10.45 64.12 6.14
CoFe2O4@CdTe2 24.62 67.28 2.73 10.36 73.35 7.08
CoFe2O4@CdTe3 25.97 74.16 2.86 10.25 76.33 7.44
CoFe2O4@CdTe4 26.42 77.26 2.92 10.19 79.32 7.78
CoFe2O4@CdTe5 26.76 81.11 3.03 10.17 84.85 8.34

Fig. 4. NMRD profiles of CoFe2O4 and CoFe2O4@CdTe with 1–5 times of CdTe deposi-
tion, with fitting of each sample. The hydrodynamic diameter for the CoFe2O4 cores was
17.72 nm.

Fig. 5. The fitting results of NMRD data of the above samples.
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3.3. Optical properties of CoFe2O4@CdTe

The optical properties of CdTe QDs was systematically studied in ref
[64], where it was found that the emission wavelength of obtained
CdTe QDs was dependent on the particle size, which can be tuned by
adjusting experimental parameters, including the reaction temperature
T and heating time t. And the fluorescence intensity was enhanced
when excess Cd2+ ions were used, as a result of the formation of Cd-
MPA (3-mercaptopropionic acid) complex on the surface of CdTe QDs.
In this paper, CdTe was loaded on the surface of CoFe2O4 nanoparticles
by in situ deposition, so it is very important to study the optical prop-
erties of the prepared CoFe2O4@CdTe, to check whether the coated
CoFe2O4 nanoparticles had some influences on the optical properties of
CdTe.

Firstly, it was studied whether the initial concentration of CoFe2O4

nanoparticles can affect the optical properties of obtained
CoFe2O4@CdTe product. 0.5–10 mL of 1 M CoFe2O4, 0.5 mL of 0.2 M
CdCl2, 0.25 mL of 0.1 M Na2O3Te, 61uL 3-MPA and 32 mg NaBH4 were
mixed up to 20 mL and placed into the autoclave, which was heated at
140 °C for 2 h. The purification process was done as described above
Then all the samples were diluted to make the samples with the same
CoFe2O4 concentration, followed by testing the emission spectra. The
emission curves of CoFe2O4@CdTe samples with different CoFe2O4 in-
itial concentrations are shown in Fig. 6. It is found that as the volume of
CoFe2O4 increased from 0.5 to 3 mL (the initial concentration from 25
to 150 mM), it induced a red-shift from 600 to 623 nm of the emission
fluorescence, and the maximum wavelength shifted back to ∼600 nm
when the initial concentration of CoFe2O4 nanoparticles continued to
increase from 0.15 M to 0.4 M. Therefore, the initial CoFe2O4 con-
centration was fixed at 0.15 M as the optimum condition during the
following experiments.

As the optimal initial concentration of CoFe2O4 nanoparticles was
fixed, it was investigated how to influence the optical properties when
the CdTe deposition process was repeated several times to load more
CdTe on the surface of CoFe2O4 nanoparticles. With the help of photon
correlation spectroscopy (PCS), the size analysis showed that the hy-
drodynamic diameter of CoFe2O4 nanoparticles was 17.72 nm, and
after the CdTe deposition for five times, the obtained CoFe2O4@CdTe5
had a hydrodynamic diameter of 38.72 nm, The PL spectra are shown in
Fig. 7. After the first CdTe deposition on the surface of CoFe2O4, Cd and
Te ions were easier to crystallize on CoFe2O4 surface, as there already
existed CdTe crystal, which made it more apt to originate homogeneous
nucleation [65]. As described above, the amorphous layer on the sur-
face of CoFe2O4 nanoparticles made it possible for the heterogeneous
nucleation of CdTe to take place and crystallize on CoFe2O4 surface

[60]. On the other hand, the homogeneous nucleation also occurred to
form unattached CdTe QDs in the reaction solution, which were sepa-
rated from the colloid after purification and separation using high speed
centrifugation. So when more Cd2+ and TeO3

2− ions were added in to
the reactor, homogeneous nucleation of CdTe took place on CoFe2O4

surface, using earlier formed CdTe as the “seed”. As increasing the
loading of CdTe, the PL intensity of obtained compound increased and
the emission peak shown red-shift. The red-shift was assumed to be
caused by the increase of the depth of loaded CdTe layer, and the in-
crease of fluorescence intensity was caused by the increase of the
quantity of loaded CdTe as repeating the CdTe deposition process.

3.4. Imaging study

The main aim of the prepared CoFe2O4@CdTe nanoparticles is their
use in medical imaging. To probe this feature, we did in vivo imaging
experiments to study the imaging effect of the obtained product.

The cobalt ferrite CoFe2O4 and cadmium telluride coated cobalt
ferrite CoFe2O4@CdTe contrast agents were used for the in vitro studies.
Particle sizes were determined in triplicate at 37 °C with a laser light-
scattering submicron particle size analyzer PCS, and four samples were
chosen for the in vitro imaging, CoFe2O4 nanoparticles with hydro-
dynamic diameters of 12.50, 21.33 and 46.74 nm (denoted as CoFe2O4-
12, CoFe2O4-21 and CoFe2O4-46, respectively) and CoFe2O4@CdTe
with the hydrodynamic diameters of CoFe2O4 core being 21.33 nm, at
overall concentrations of 0.4, 0.8 and 1.6 mM. Each sample was placed
into a small plastic tube. Distilled water was employed as the reference.

The T1-weighted and T2-weighted MR images of the four samples for
in vitro studies are shown in Figs. 8 and 9, respectively. The T1 values
were measured using inversion-recovery fast spin-echo sequences (TR/
TE/TI = 2200/18/50, 100, 200, 500, 800, 1200 and 2100 ms, where TI
refers to inversion time) while varying the T1 and keeping the TR and
TE constants, following these:

MBefore_IR = M0(1-e−TSP_to_Before_IR/T1) (2)

Macq = M0[(1-e−TI/T1)-finv·(1-e−TSP_to_Before_IR/T1)·e−TI/T1] (3)

where MBefore_IR is the longitudinal magnetization right before the ap-
plication of the nonselective inversion RF pulse, M0 is the longitudinal
magnetization under fully relaxed conditions, TSP_to_Before_IR is the time
between the end of the dual gradient spoiler and the application of the
nonselective RF pulse, Macq is the longitudinal magnetization right
before the 90° acquisition RF pulse is applied, and finv is the effective
spin inversion fraction [67,68]. For T1-weighted MRI, the brightness of
an image is inversely proportional to the value of T1, and directly
proportional to the value of longitudinal relaxation rate R1. The T1 for
water is 3.54 s (T = 37 °C), and its image is absolutely dark under the
T1-weighted MRI. When contrast agents are added, the T1 is shorter and

Fig. 6. The emission spectra of CoFe2O4@CdTe with the same CoFe2O4 concentration
(curves B-I were assigned to the samples with various volumes of CoFe2O4, 0.5, 1, 2, 3, 4,
5, 8 and 10 mL, respectly. λex = 450 nm, slitex = slitem = 4 nm).

Fig. 7. Emission spectres of vavious CoFe2O4@CdTe (λex = 450 nm, sli-
tex = slitem = 4 nm).
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the obtained image turns “whiter” [69]. As shown in Fig. 8, it can be
found that the images got whiter when contrast agents were present,
and brightness of MR images increased with the concentration of con-
trast agents. The corresponding color map under each T1-weighted
image shows the change of the longitudinal relaxation rate R1, and the
bluer one represented larger R1 (shorter T1). The value of R1 is depen-
dent on the relaxivity r1, following this equation:

Ri = Riwater + ri[M], i = 1, 2 (4)

where [M] is the concentrantion of contrast agents and Riwater is the
relaxation rate of pure water. So when the concentration of contrast
agents increases from 0.4 to 1.6 mM, the R1 shows a linear increase and
the images are brighter. As described above, the coating of CdTe on the

surface induces an increase of the relaxivity of CoFe2O4 nanoparticles,
as well as the diameter does. Therefore, with the same concentration,
bigger CoFe2O4 nanoparticles gave rise to whiter MR image, and the
MR images of CoFe2O4@CdTe were whiter than those of CoFe2O4 with
the same core diameter.

Similar phenomena happened to the T2-weighted MR images of the
same samples. The T2 values were measured using conventional spin-
echo (TR/TE = 2000 ms/10, 15, 20, 25, 30, 40, 50, 60 and 70 ms) and
gradient-echo sequences (TR/TE = 1000 ms/4, 11, 18, 25, 32, and
39 ms) with one echo for each sequence while varying the TE, and were
calculated by fitting the signal intensities with increasing TEs into a
mono-exponential function [70], following this equation:

Mxy(t) = Mxy(0)e−t/T2 (5)

where Mxy(0) and Mxy(t) are the initial and time = t transverse mag-
netization. Different to the T1-weighted image, the brightness of T2-
weighted image is directly proportional to the value of T2, and inversely
proportional to the value of longitudinal relaxation rate R1. So the in-
crease of spin–spin relaxation rate R2, caused by the increase of either
the transverse relaxivity r2 or the diameter of CoFe2O4 nanoparticles,
resulted in darker MR images, as shown in Fig. 9. After the coating of
CdTe, the r2 of CoFe2O4 increased a lot, so the T2-weighted MR images
of CoFe2O4@CdTe were much darker that those of CoFe2O4 with the
same core diameter. By comparing Eq (2), Eq (4) and Eq (5), the dif-
ferent increase rates of r1 and r2 as a function of Ms.

4. Conclusions

Bi-modal CoFe2O4@CdTe nanoparticles have been synthesized
through in situ deposition of CdTe on the surfaces of CoFe2O4 nano-
particles. It was found that the relaxivities of CoFe2O4@CdTe showed
remarkable increase, compared with the CoFe2O4 nanoparticles before
the CdTe deposition. This increase of relaxivities was explained with a
“cation-distribution” mode. It was assumed that after the coating of
CdTe, the saturation magnetization Ms of the nanoparticle was in-
creased as a result of the change of the cationic distribution, where
more Fe3+ ions “moved” from T to O site and the structure of CoFe2O4

turned more “direct spinel”. The in vitro MR imaging proved that the
deposition of CdTe on the surface of CoFe2O4 nanoparticles had suc-
cessfully enhanced the performance as the MRI contrast agents.
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