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ABSTRACT: Nanoclusters of superparamagnetic iron oxide nanoparticles
(SPION) are developed for liver-specific magnetic resonance imaging (MRI) by
a unique synthesis route. The process is efficient, environmentally benign, and
straight forward within five minutes. The clustering effect is triggered in the
presence of bovine serum albumin (BSA) aqueous phase under ultrasonication
condition. The hydrophobic SPION are densely self-assembled into BSA/SPION
hybrid nanoclusters with a uniform size of ∼86 nm. The as-prepared BSA/SPION
hybrid nanoclusters are found to be biocompatible and stable. They exhibit high
transverse relaxivity and longitudinal relaxivity in water (r2 and r1 values are 600.8
and 4.3 s−1 per mM of Fe3+, respectively). In vivo T2-weighted MRI shows
excellent enhancement in liver with an imaging time-window up to 48 h. In vivo
biodistribution study indicates a gradual excretion of the nanoclusters via
hepatobiliary (HB) processing. No toxicity is observed in the in vivo and ex vivo
experiments. The BSA/SPION hybrid nanoclusters present great potential in MRI
as the liver-specific contrast agents (CAs).
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1. INTRODUCTION

Magnetic resonance imaging (MRI) has been commonly used
for medical diagnosis.1−5 The MRI technique offers non-
invasive assessment of tissues in terms of both anatomy and
function.6,7 However, current clinical contrast agents (CAs) are
not satisfactorily sufficient for liver-specific MRI. For instance,
Gd-DTPA (magnevist, trade name), as one of the frequently
used CAs, can be rapidly excreted from body via renal
metabolism.8 In this situation, the time-window for liver
scanning is too narrow for accurate imaging. Furthermore, Gd-
DTPA has been reported to be toxic that is particularly harmful
to kidneys.9 There is, therefore, a great need to search for
biocompatible liver−specific MRI CAs with a large imaging
time-window and gradual excretion.
Superparamagnetic iron oxide nanoparticles (SPION) have

been extensively reported as liver MRI CAs because they are
strong enhancers of proton relaxation with superior MR T2

(transverse relaxation) shortening effects.10−12 SPION are also
known for their good biocompatibility. In liver MRI, SPION
can preferentially be taken up by macrophages in the liver for a
period of time and excreted gradually via hepatobiliary (HB)
processing.13 Its gadolinium-based counterpart is, however, not
only reported toxic but rapidly cleared from body because of
low molecular weight.9

It has been reported that the transverse relaxivity can be
significantly increased by clustering of individual SPION.14

Berret et al. found that the transverse relaxivity was noticeably
increased by the magnetic clusters in the range of 70−150
nm.15 Similar results were also reported by Zhang et al.16 As
such, several techniques based on clustering of SPION have
been developed.17−19 The “oil-in-water” micelles method is one
of the most frequently used approaches for preparation of
nanoclusters.14,17,20−22 This method involves adding the
hydrophobic SPION/amphiphilic polymer organic phase into
water while stirring. Although amphiphilic polymers can be
artificially synthesized, the processing is not easily and
accurately controlled. As a consequence, the resulting
amphiphilic polymers exhibit heterogeneity from different
batches. Furthermore, the chemical synthesis of amphiphilic
polymers is tedious, high cost, and environmentally unfriendly.
In this study, an alternative strategy was developed based on

the principle of the “oil-in-water” method. Bovine serum
albumin (BSA) protein was selected as the SPION stabilizer
polymer, which is commercially available. BSA is a zwitterionic
surfactant with abundant carboxyl and amino groups. It can
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foam easily in water by action of vigorous stirring or
ultrasonication.23,24 Thus, it can be used as an emulsifying
agent. BSA is also the principal carrier of fatty acids that are
otherwise insoluble in circulating plasma.25 It is reported that
albumin has a high affinity for hydrophobic fatty acids, hematin,
bilirubin, and a broad affinity for small aromatic com-
pounds.26−29 In this study, SPION were coated with hydro-
phobic fatty acids, and bonded with BSA proteins. The
clustering of SPION was initiated as a result of bonding
under ultrasonication in the presence of BSA. The clustering
process is facile, environmentally benign, reproducible, and
rapid within 5 minutes. The as-prepared BSA/SPION hybrid
nanoclusters exhibit good colloidal stability, high r2 relaxivity,
and pronounced liver-specific MRI.

2. MATERIALS AND METHODS
2.1. Materials. All chemicals were purchased from Sigma-

Aldrich and used as-received. Ultrapure Millipore DI water
(18.2 MΩ·cm resistivity at 25°C) was used. The animal
procedures were in agreement with the guidelines of the
Institutional Animal Care and Use Committee of Tongji
University.
2.2. Preparation of Hydrophobic Magnetic Nano-

particles. Hydrophobic Fe3O4 SPION were synthesized with
minor modifications according to a previously published
procedure.30 Briefly, Fe (acac)3 (1 mmol), 1, 2-hexadecanediol
(6 mmol), oleic acid (4 mmol), oleylamino (3 mmol), and
benzyl ether (12 mL) were mixed and magnetically stirred
under flowing nitrogen. The mixture was heated to 200 °C for
2 h first and then to 300 °C for reflux for 1 h. The black-colored
mixture was cooled to room temperature by removing the heat
source. Under ambient conditions, ethanol (20 mL) was added
to the mixture, and a black material was precipitated and
washed with ethanol three times. The purified SPION were
dried and then weighed for the following phase-transfer use.
2.3. Ultrasound-Triggered BSA/SPION Hybrid Nano-

clusters. SPION/chloroform solution (8 mg/mL, 3.5 mL) was
transferred into a clean syringe for injection. The weighted BSA
(0.52 g) was completely dissolved in 15 mL of deionized water
in a 50 mL beaker. The beaker was placed under an ultrasonic
with a converter. The top of converter was placed ∼0.5 cm
under the liquid level of BSA/water solution. The top of long
needle on the syringe was placed next to that of the converter.
Ultrasonication at 300−500 watts was pulsed every 10 seconds
for a duration of 10 seconds. The SPION/chloroform solution
was slowly injected into the BSA/water solution with
ultrasonication. The solution in the beaker became emulsion-
like after injection. Upon injection, the sample solution was
quickly stirred or processed on a rotary evaporator under the
reduced pressure to remove the remains of chloroform. Finally,
the resulting aqueous solution was centrifuged and washed
several times with deionized water to remove residual BSA.
The nanoclusters of BSA/SPION hybrid were dispersed in

deionized water and dried onto carbon-coated copper grids
before TEM examination on a Philips Tecnai G2 F20 TEM
operating at an acceleration voltage of 200 kV. The dispersion
property of the BSA/SPION hybrid nanoclusters in solution
was measured using a particle size analyzer (Nano ZS,
Malvern).
2.4. In Vitro Relaxometry. The longitudinal and transverse

relaxation times were measured using a 1.41 T minispec mq 60
NMR Analyzer (Bruker, Germany) at 37 °C. The in vitro MR
images were obtained using a MicroMR-25 mini MRI system

(Niumag Corporation, Shanghai, China). The measurement
conditions were as follows: T2-weighted sequence, multi-slice
spin echo (MSE), TR/TE = 2000/20 ms, matrix acquisition =
200 × 128, NS = 2, FOV = 85 mm×85 mm, thickness = 4.9
mm, 0.55 T, 32.0 °C. Relaxivity values of r1 and r2 were
calculated by fitting the 1/T1 and 1/T2 relaxation time (s−1)
versus Fe3+ concentration (mM) curves.

2.5. In Vivo MR Imaging. Mouse MR in vivo imaging was
performed on a 1.5 T MR imaging system (GE Signa Excite
twinspeed) by using a mouse coil (mouse mass ∼20 g, n = 3 for
the agent of the BSA/SPION hybrid nanoclusters). Mouse was
anaesthetized by pentobarbital sodium. Imaging was performed
before, at various time intervals, and after intravenous injections
(via the tail vein) at dose of 2.5 mg (Fe)/kg body weight of the
prepared agent, using a fast spin echo imaging sequence (TR/
TE = 1000/23.8 ms, FOV = 60 mm×60 mm, 7 slices, 2 mm
thick, 0.5 mm space, acquisition time = 12 min 32 s). All
imaging of post-processing was performed using the Advantage
Workstation 4.2 (AW4.2, General Electric Healthcare).

2.6. In Vitro Cytotoxicity Assay. The in vitro cytotoxicity
was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assay. L929 cells growing in log
phase were seeded into a 96-well cell-culture plate at 5×103/
well and incubated for 24 h at 37 °C under 5% CO2. DMEM
supplemented with 10% FBS (fetal bovine serum) solutions of
BSA/SPION hybrid nanoclusters (100 μL/well, containing 1%
HEPES) at various concentrations of Fe3+ were added to the
wells of the treatment group, and DMEM containing 1%
HEPES (100 μL/well) to the negative control group,
respectively. The cells were incubated for 24 h and 48 h at
37 °C under 5% CO2. Subsequently, 10 μL of MTT (5 mg/
mL) was added to each well and incubated for an additional 4 h
at 37 °C under 5% CO2. After the addition of dimethylsulfoxide
(DMSO, 150 μL/well), the assay plate was allowed to stand at
room temperature for 10 minutes. A Tecan Infinite M200
monochromator-based multifunction microplate reader was
used to measure the OD570 (A value) of each well with
background subtraction at 690 nm. The following formula was
used to calculate the viability of cell growth: cell viability (%) =
(mean of IA value of treatment group/mean of IA value of
control) × 100.

2.7. In Vivo Biodistribution and Histology Analysis.
Kunming mice (25−30 g of body weight) were purchased from
the Second Military Medical University (Shanghai, China). The
animal procedures were in agreement with the guidelines of the
Institutional Animal Care and Use Committee of Tongji
University. BSA/SPION hybrid nanoclusters at dose of 2.5 mg
(Fe)/kg body weight were injected into Kunming mice (n = 3)
via the tail vein.

2.7.1. In Vivo Biodistribution Studies. Major organs were
removed from mice post-injected with BSA/SPION hybrid
nanoclusters at the time intervals of 10 h, 48 h, 7 days, and 14
days after complete anesthesia. Three mice without injection
were used as the blank control. The removed organs were
pulverized and treated with nitric acid. The organ/nitric acid
solutions were heated at 90 °C for eight hours and then filtered.
The filtrates were ready for ICP analysis.

2.7.2. Histology Studies. Tissues were harvested from mice
post-injected with BSA/SPION hybrid nanoclusters after 60
days. Mice were sacrificed after complete anesthesia. The liver,
spleen, and kidney were removed and fixed in paraformalde-
hyde, embedded in paraffin, sectioned, and stained with
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hematoxylin and eosin. The histological sections were observed
under an optical microscope.

3. RESULTS AND DISCUSSIONS

3.1. Ultrasound-Triggered BSA/SPION Hybrid Nano-
clusters. Proteins are commonly used biopolymers for foam
formation and stabilization.23,24,31 Their surface activity is
strongly influenced by several intrinsic properties. These
include conformational flexibility and stability, adaptability to
environmental conditions, and distribution of hydrophobic and
hydrophilic regions within their primary structure.32 Serum
albumin is one of the most widely studied proteins, that is also
most abundant in plasma with a typical concentration of 5 g/
100 mL. In consideration of emulsification capability and
availability, BSA was selected in this study for phase-transferring
of hydrophobic SPION. The roles of BSA are two-fold: one
being the emulsifier between the organic and aqueous phase
and the other for the coating matrix.
The general process of BSA/SPION hybrid nanoclusters

involves generation of a BSA/water emulsion, triggered by
ultrasonication. The injection of SPION/chloroform organic
solution is synchronous followed by rotary evaporation to
remove chloroform. In this process, stable “oil-in-water”
emulsion is obtained via ultrasonication, in which BSA plays
an important role as the emulsifier. During emulsion formation,
BSA proteins diffuse to the oil/water interface and reduce the
surface tension. SPION/chloroform solution, as the oil phase, is
evenly distributed in the BSA/water solution (aqueous phase)
as a result of ultrasonication. At the same time, the BSA
macromolecules bond with the hydrophobic ligands on the
surfaces of SPION. In the presence of oil-soluble SPION,
ultrasonication emulsion results in SPION-clustering, which is
stabilized by the BSA macromolecules. The schematic
illustration of the one-pot facile SPION-clustering process is
shown in Scheme 1.
In this study, the feeding ratios of BSA to SPION are found

to have significant impacts on the clustering of SPION.
Therefore, we systemically investigated the influence of the
feeding ratios of BSA (5.3, 42.5, and 170 mg) to SPION (fixed

at 10 mg) on the clustering and sizes of BSA/SPION
nanoclusters. BSA/SPION hybrid nanoclusters prepared with
different BSA/SPION feeding ratios were characterized by
TEM (Figure 1A−D). It was found large aggregates formed in
the sample of 5.3 mg of BSA. With increasing BSA, SPION can
be clustered. This clustering can be achieved efficiently in the
sample of 170 mg of BSA. It indicates that adequate BSA is
necessary for formulation of BSA/SPION hybrid nanoclusters.
The excess BSA can be efficiently removed from the formed
nanoclusters by centrifugation, and the sedimentation upon
centrifugation can be well redispersed in water by vortex. Figure
1D shows the TEM image of SPION as isolated cluster with
dense packing at a higher magnification. As indicated by the
arrow, it shows the encapsulation of SPION in BSA
macromolecules. Although the emulsifying properties of the
BSA, efficient clustering of SPION can not be achieved under
vigorous magnetic stirring. DLS data displays a mean
hydrodynamic diameter of 86.0 nm (Figure 1E). Long-term
stability was monitored by measurement of hydrodynamic
diameters of BSA/SPION hybrid nanoclusters at various time
points (Figure 1F). It also shows they are colloidal stable.
There are two general methods for preparation of SPION:

chemical coprecipitation at room temperature and thermo-
chemical decomposition at high temperatures. Usually, the
SPION prepared at high temperature has better crystallinity
and relaxivity and uniform controlled size. But they are coated
with hydrophobic ligands, such as oleic acid and oleylamine.
These hydrophobic SPION should be endowed water-
solubilization before biomedical applications.33−35 In this
study, we found a novel approach to make hydrophobic
SPION water-soluble directly in the presence of BSA under
ultrasonication condition. Although it is reported that
immobilization BSA on iron oxide nanoparticle with different
modification, such as silica, amine, and L-aspartic acid, such
processes are onerous and time-consuming.36,37 The phase-
transfer in this study is the hydrophobic interactions between
SPION and the internal hydrophobic sites of BSA proteins.
The ultrasound-triggered clustering of SPION in the presence
of BSA protein has been shown to be facile, reproducible, and

Scheme 1. Schematic Diagram Showing the Formation of BSA/SPION Hybrid Nanoclusters under Ultrasonication in a One-
Pot Facile Approach
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rapid within 5 minutes. The as-prepared BSA/SPION hybrid
nanoclusters exhibit good hydrophily, colloidal stability, and
superparamagnetic behavior (Figure 2). SPION with hydro-
phobic ligands can be made water-soluble first by ultra-
sonication in the presence of BSA and then used for liver-
specific MRI medical application. For biomedical applications,
excellent water-solubilization is required for the in vivo contrast
agent. Nanoparticles with hydrophobic surfaces are easily
recognized by opsonic proteins in bloodstream.
The successful phase transfer of SPION is shown in Figure

2A. The original hydrophobic SPION are densely packed and

coated/stabilized by BSA proteins (Figure 1D). The coating of
BSA proteins enhances water-solubilization of the BSA/SPION
hybrid nanoclusters. As a result, the clustered SPION can be
dispersed in water. The dispersion is optically clear and uniform
without obvious aggregates and sediments in five days (Figure
2B). The colloidal stability of BSA/SPION hybrid nanoclusters
is closely related to the BSA/SPION feeding ratios. Less BSA
feeding leads to sedimentation, since hydrophobic SPION are
not effectively coated by BSA macromolecules (Figure 2C).
The SPION remain superparamagnetic after clustering (Figures
2D and E). The saturation magnetization of the BSA/SPION
hybrid nanoclusters is 38.2 emu g−1. This is found to be below
the theoretical value for magnetite (92−100 emu/g) due to the
presence of a nonmagnetic surface layer formed by the BSA
proteins.38

3.2. In Vitro Relaxivity Characterization of BSA/SPION
Hybrid Nanoclusters. To determine the relaxivity value of
BSA/SPION hybrid nanoclusters in water solution, longitudinal
(T1) and transverse proton relaxation times (T2) were
measured as a function of ferric ions concentration at 1.41T,
37°C. Different concentrations of BSA/SPION hybrid nano-
clusters for relaxivity characterization were obtained by dilution
with deionized water. As shown in Figure 3A, the BSA/SPION
hybrid nanoclusters exhibit a high r2 value of 600.8 s

−1 per mM
of Fe3+. The T2 relaxivity is increased dramatically with SPION
clustering. This enhancement of spin−spin relaxation is
associated with the distortion of the local magnetic field by
the magnetic nanoparticles.39 Similar results were found in
some copolymer/SPION aggregates.20 The r2/r1 value of 139.7
indicates significant advantages of the BSA/SPION hybrid
nanocluster as negative MRI CAs.40 The high relaxivity of MRI
CAs is particularly useful in dose reduction, which is desirable
for patients with weak organ functions.41 For further MRI
characterization, T2-weighted MR images of BSA/SPION
hybrid nanoclusters with various concentrations of Fe3+ were
obtained. As can be seen from Figure 3B and C, the MR signal
intensities of BSA/SPION hybrid nanoclusters decrease with
decreasing Fe3+ concentration. The r2 and r1 relaxivities indicate
that these nanoclusters behave as negative CAs.

3.3. Cytotoxicity Study of BSA/SPION Hybrid Nano-
clusters. The cytotoxicity test was conducted for BSA/SPION
hybrid nanoclusters on normal L929 cells. The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
results show good biocompatibility of the BSA/SPION hybrid
nanoclusters. The viabilities of L929 cells are over 85% (24 h)
and 80% (48 h) when incubated with BSA/SPION hybrid
nanoclusters at various Fe3+ concentrations, even at 25 μM of

Figure 1. TEM images of BSA/SPION hybrid nanoclusters prepared
with different amount of BSA: (A) 5.3 mg, (B) 42.5 mg and (C, D)
170 mg, in which SPION were all 10 mg (A-D). DLS data of BSA/
SPION hybrid nanoclusters in water (E), and its colloidal hydro-
dynamic diameter stability in PBS by DLS (F). The samples in E and F
were prepared with 170 mg of BSA and 10 mg of SPION.

Figure 2. Optical photographs showing successful phase transfer (A); good water-solubilization (B); digital images of BSA/SPION hybrid
nanoclusters prepared with different amount of BSA, 5.3, 10.6, and 170 mg, in which SPION were all 10 mg after seven-day storage at room
temperature (C); the magnetic response measurement set up (D); and the magnetization curve of the BSA/SPION hybrid nanoclusters (E).
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Fe3+ (Figure 4). These cytotoxicity data indicate great potential
of the BSA/SPION hybrid nanoclusters for in vivo imaging.
3.4. In Vivo MRI Study and Biodistribution of BSA/

SPION Hybrid Nanoclusters. Figure 5 shows liver T2-
weighted MRI acquired in vivo before and after the intravenous
injections (2.5 mg (Fe)/kg body weight) of BSA/SPION
hybrid nanoclusters. The first one was taken at the baseline
(before injection). The first image post-injection of nano-
clusters (15 min) shows good MR signal enhancement in liver.
The imaging time-window of BSA/SPION hybrid nanoclusters
is prolonged up to 48 h. Clinical studies have shown that the
time-window for commercial Resovist contrast-enhanced MRI
of the liver is between 1 and 4 days for different patients. In this
study, the liver MR signal is reduced 48 h after injection of
BSA/SPION hybrid nanoclusters. Axial slices of T2-weighted
MR images shows intake of nanoclusters in liver and good MR
contrast in various slices of liver.
To evaluate the in vivo clearance process and biodistribution,

mice were injected with 2.5 mg (Fe)/kg body weight of BSA/
SPION hybrid nanoclusters via tail vein. At different time
points post-injection, mice were anesthetized and sacrificed.
The main organs were removed for inductively coupled plasma
atomic emission spectroscopy (ICP-AES) analysis of Fe3+

(Figure 6). ICP analysis shows uptake and retention of BSA/
SPION hybrid nanoclusters primarily in liver and spleen. The
concentration of Fe3+ in liver decreases gradually. The BSA/
SPION hybrid nanoclusters are also found in large intestine
during the entire experimental period. It is noted that a high
level of iron is present in kidneys 10 h post-injection.

Theoretically, the injected nanoclusters with size of 86 nm
can not be metabolized through glomerular filtration. This
possibly indicates rapid degradation of nanoclusters into small
particles/molecules.
There are two primary routes of clearance of nanoparticles

from body. One is the renal filtration with excretion into urine;
and the other is hepatobiliary (HB) processing with excretion
into bile.42 Clearance of nanoparticles is determined by many
factors, including particle size/shape, surface ligand, and surface
charge density. Larger particles are more easily trapped by liver
and the RES system.43 The clearance studies on silica
nanoparticles of 20−25 nm suggest an initial uptake of the
nanoparticles by the RES system, followed by their gradual
degradation and excretion via the HB mechanism over a period
of 15 days.44 Liu et al. reported the near-complete clearance of
single-walled carbon nanotubes (SWNTs), functionalized with
polyethylene-glycol (PEG) from mice via the HB and renal
pathways in approximately 2 months.45 In this study, the
clearance route of the BSA/SPION hybrid nanoclusters are
mainly via HB processing with excretion into bile over a period
of 14 days. This has been investigated and verified by ICP
analysis.

3.5. Histology Analysis. To further investigate toxicity of
BSA/SPION hybrid nanoclusters in vivo, histological assess-
ment of tissues was conducted to determine tissue damage,
inflammation, or lesions from toxic exposure. Analysis was
performed on the tissues obtained from the harvested organs to
assess signs of potential toxicity. The histology analysis can be
carried out by administration of the BSA/SPION hybrid

Figure 3. (A) r1 and r2 relaxivity curves are obtained from water solutions of BSA/SPION hybrid nanoclusters at 37°C, 1.41 T using Carr−Purcell−
Meiboom−Gill (CPMG) sequence, (B) T2-weighted, and (C) the color-mapped MR images of BSA/SPION hybrid nanoclusters (from 0.03 to 0.49
mM Fe 3+) at 32°C, 0.55 T using MSE sequence. The samples were diluted with deionized water.

Figure 4. Viability of L929 cells incubated with BSA/SPION hybrid nanoclusters. BSA/SPION hybrid nanoclusters were incubated with L929 cells
at various Fe3+ concentrations for 24 and 48 h and viability was measured using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Viability measurements were normalized to cells grown in absence of any particles.
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nanoclusters into mice in subsequent two-month period. In this
study, three most possible organs (liver, spleen, and kidney)
were chosen for in vivo toxicity test. Considering the
similarities of pharmacokinetics of nanoclusters in both liver
and lung, liver was chosen for histology analysis for its higher
uptake. Spleen was also chosen for its nature of filtering foreign
objects as an organ of reticuloendothelial system (RES). Kidney
was selected for studying the clearance process of the
nanoclusters. As can be seen in Figure 7, the structures of
organs from the exposed mice were normal, hardly different
from those of the control group. Hepatocytes in the liver and
spleen samples appeared normal, and there were no
inflammatory infiltrates. The glomerulus structure could be
distinguished easily in the kidney samples. No necrosis was

found in any of the groups. The observed biocompatibility is
attributable to the green chemical synthesis and BSA
biomolecular coating.

4. CONCLUSIONS
In conclusion, a new approach has been developed for the
preparation of superparamagnetic BSA/SPION hybrid nano-
clusters as negative liver-specific MRI CAs. The hydrophobic
SPION are efficiently clustered in the presence of BSA
macromolecules under ultrasonication condition. The resulting
BSA/SPION hybrid nanoclusters with uniform size of ∼86 nm
show excellent colloidal stability and good biocompatibility.
The high value of r2/r1 ratio (139.7) obtained from the BSA/
SPION hybrid nanoclusters is favorable for T2 relaxation

Figure 5.Mouse liver T2-weighted MRI images at different time points before and after administration of BSA/SPION hybrid nanoclusters, and axial
slices of T2-weighted MR images of BSA/SPION hybrid nanoclusters in liver at 15 min post-injection. All images were obtained at dose of 2.5 mg
(Fe)/kg body weight.

Figure 6. Biodistributions in organs of mice with intravenous injection of BSA/SPION hybrid nanoclusters (2.5 mg (Fe)/kg body weight) at
different time points. Error bars are based on three administrated mice.
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enhancement. The liver-specific MRI time-window is pro-
longed to up to 48 h. Biodistribution results indicate gradual
clearance of the BSA/SPION hybrid nanoclusters from body
via HB processing. No obvious toxicity on normal cells is found
from in vitro MTT assay and in vivo toxicity studies. It is,
therefore, the conclusion of this study that the BSA/SPION
hybrid nanoclusters will present great potential in liver-specific
MRI.
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