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In this manuscript, biological durability, cytotoxicity and MRI image contrast effect of chitosan modified magnetic nanoparticles were investigated. The result of durability study shows that the asprepared sample with average size of about 30 nm had a high stability under pH conditions in range
of from 2 to 12 and at salt concentration in range of from 0 to 300 mM. The cytotoxicity testing
indicates that the obtained Fe3 O4 @CS ferrofluid revealed a low cytotoxicity. After 48 h of test on the
line of prostate tumor cells of Sarcoma 180, collected IC50 value was 1785 ± 22 (g/ml), 7.5 to 27.9
times less cytotoxicity than that of reported ferromagnetic fluids. MRI data shows that the transverse
relaxation rate (r 2) of the ferrite nanoparticles was 130.32 (mM−1 s−1 ), 2 and 1.44 times larger than
that of the commercial products of Sinerem (AMI-227) and Ferumoxytol products, respectively. Invivo test in rabbit shows that the picture of body parts was clearly observed after the injection of
the Fe3 O4 @CS ferrofluid. With these outstanding properties, this magnetic fluid based on the chitosan modified Fe3 O4 nanoparticles had great potential for enhancing the image contrast in image
diagnosis by MRI magnetic resonance imaging technique.

Keywords: Magnetic Resonance Imaging MRI, Cytotoxicity, Colloidal Stability, Chitosan,
Magnetic Fluid.

1. INTRODUCTION
Magnetic Resonance Imaging (MRI) is a medical diagnostic technique that creates anatomical images of the
body thank to using magnetic fields and radio waves. MRI
is a non-interfering and non-irradiated imaging diagnostic technique so this method is highly safe for medical
∗
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purpose. However, the obtained signals are rather weak,
which is difficult to detect tumors. In the clinical MRI
research, the signal is determined based on the rest period
of the hydrogen protons in the water molecule. In order
to obtain better signal, several magnetic contrast drugs
have been used to shorten the rest time of these protons. At the moment, the paramagnetic ionic complexes
with large spin torque values like Gd3+ (having 7 unpaired
1533-4880/2020/20/5338/011
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electrons) has been widely used as commercial T1 mag7% (w/w) [24]. In another study, Superparamagnetic iron
oxide nanoparticles were immobilized with some sacchanetic contrast drugs. Nine main derivatives of gadolinride derivative such as N -acetylglucosamine (GlcNAc)
ium used as contrast mediums includes gadobenic acid,
adduct into an N -acetyllactosamine adduct by b-1,4gadobutrol, gadodiamid, gadofosveset, gadopentetic acid,
galactosyltransferase [9]. These combinations showed
gadoteric acid, gadoteridol, gadoversetamid and gadoxetic
enhanced MRI contrast with a variety of biofunctionalised
acid [3–10]. However, in recent years, side effects such
surfaces.
as the risk of nephrogenic systemic fibrosis (NSF) caused
However, it is of note that some factors such as the bioby gadolinium drugs have been reported in many counlogical durability, control of polymer shell thickness [16],
tries. The above symptoms were also detected on various
cytotoxicity [13], flocculation [23] and the elimination of
organs such as liver, lungs and heart [3, 12]. The Eurothe residual free polymers [42] and MRI contrast effect
pean Medicines Agency (EMA) has warned of the risk of
have not simultaneously investigated previously. Furthernephrogenic systemic fibrosis relating to different gadolinmore, no systematic studies on cytotoxic effects of MRI
ium mixtures. US Food and Drug Administration (FDA)
contrast agents and experimental data have been conducted
and European Society of Urogenital Radiology (ESUR)
long-term impact on the cells. Limited studies on in-vivo
have also required manufacturers for providing the infortoxicity of magnetic liquid based on Fe3 O4 were carried
mation about gadoliniums and their limited dose for highout and some others were incomplete. It is of note that sevrisk patients on the label of the magnetic contrast drugs,
eral products have been reported innoxiousness in in-vivo
and contraindicated the use of three gadolinium based
conditions while others have been shown the minimum
magnetic contrast agents including Magnevist (gadopentetoxicity in the same concentration [4, 36]. Thus, it is nectate dimeglumine), Omniscan (gadodiamide) and Optimark
essary to develop a new MRI image contrast drug with
(gadoversetamide) for patients with acute kidney injury,
nanostructure, high colloidal stability, small size, low cytochronic kidney failure or severe kidney failure [10]. Canatoxicity and high magnetic saturation with systematically
dian Medicines Agency (Health Canada) has also required
studies on its characteristics are necessary.
for restricting the use in all eight gadoliniums based magHerein, a magnetic fluid based on the chitosan-modified
netic contrast drugs.
Fe
3 O4 nanoparticles is successfully fabricated. A systemRecently, research and application of the magnetic
atically study on the biological durability, at various pH
nanoparticles as MRI image contrast drugs have been
IP: 77.220.193.106 On: Mon,
24salt
Augconcentrations.
2020 18:07:12
and
cytotoxicity is implemented, and
intensively reported for developmentCopyright:
of new magnetic
American Scientific
Publishers
in-vitro and
in-vivo MRI image contrast tests of the magcontrast agents having lower cytotoxicity [41]. Compared
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fuild are also performed.
with conventional MRI image contrast agents, the magnetic nanoparticles based drugs have many advantages:
(i) stable and suitable complex groups for different bio2. EXPERIMENTAL DETAILS
logical objects; (ii) Different MRI contrast levels can
2.1. Chemicals
be changed by controlling the shape, size and composiThe analytical pure grade ferric chloride hexahydrate
tion of the nanoparticles; (iii) The nanoparticles can form
(FeCl3 ·6H2 O), ferrous chloride tetrahydrate (FeCl2 ·4H2 O)
hybrid structures with antibodies or other biomolecules
and sodium hydroxide were purchased from Merck chemand through consolidation with these molecular probes,
ical company. Ultra-pure nitrogen gas (99.99%) was used
therefore it can product the multimodal MRI images;
to provide anaerobic condition in solution. Distilled deion(iv) Ferromagnetic oxide (Fe3 O4  based MRI contrast
ized water was used to prepare all the solutions. All chemidrugs can reduce T 2 and increase MRI recovery speech in
cals were used as received without any further purification.
weighted T 2 modes [2].
To be used as a drug for enhancing MRI image reso2.2. Synthesis of Fe3 O4 @CS Magnetic Fluid
nance, the magnetic nanoparticles must have sufficiently
Superparamagnetic Fe3 O4 nanoparticles were prepared by
large magnetic saturation, superparamagnetic properties,
hydrothermal method following our previous work [39].
relatively homogeneous and small size, good biological
A mixture solution of ferrous and ferric chlorides at the
compatibility and low cytotoxicity [8, 27].
molar ratio Fe(III)/Fe(II) = 2 was heated and kept at 75  C
In order to enhance the biocompatibility, relaxivunder N2 flow and continuously stirred at 500 rpm/min
ity and dispersion of the nanoparticles, their surface
for 20 min. This solution was then dripped into 15 ml
of magnetic nanoparticles were modified by some natsodium hydroxide solution (NaOH 3 M) under vigorous
ural polymers such as chitosan (CS), agarose, sacstirring and N2 atmosphere for 1 hours. The mixture was
charide, dextran [21, 27–38]. For examples, magnetic
then putted into a Teflon-lined stainless-steel hydrothernanoparticles-immobilized agarose gels were successfully
mal reactor, heated and kept at 160  C for 3 hours.
fabricated, which showed significant increase in relaxThe obtained Fe3 O4 nanoparticles were washed by cenivity from 240 mM−1 s−1 to 1000 mM−1 s−1 with magtrifugation at 12.000 rpm/min for 5 min and decanted
netic nanoparticles clusters immobilizing in a gel with
by the assistant of magnet. The as-prepared magnetic
J. Nanosci. Nanotechnol. 20, 5338–5348, 2020
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nanoparticles (MNPs) were dispersed into chitosan solution at 70  C by using a supersonic bath (Model TPC25, Switzerland) for 30 min. The obtained chitosan coated
MNPs (Fe3 O4 @CS) were then purified by centrifugation
and dispersed in deionized water.

Le et al.

2.5. MRI measurements
2.5.1. Preparation
Diluted sets of the sample from 10–60 g/ml (as elemental iron) of formulations were prepared with 10 g/ml,
15 g/ml, 30 g/ml, 45 g/ml and 60 g/ml and placed
in 2 ml vials. Dilution was performed after 2 min vortex
of the 5 mg/ml stock solutions.

2.3. Characterization of Magnetic Nanoparticles
The phase structures of the samples were characterized
2.5.2. Imaging
by XRD using diffractometer D8 Advance Bruker with
MRI contrast effects of Fe3 O4 @CS solutions were
Cu-K radiation ( = 15406 Å). The chemical strucperformed by using a 1.5 T MRI scanner (SIEMENS
tures of chitosan on the surface of Fe3 O4 nanoparticles
MAGNETOM, Germany). The value of reflexivity r2 was
was analyzed by FT-IR spectroscopy (Nicolet 6700). The
measured with a multi-echo spin-echo sequence with TR
amount of chitosan on the particle surface was determined
fixed. Syngo@fastView and EFilm Workstation (Merge
by TGA analysis (Labsys 18TG/DSC Setaram). MorpholHealthcare) softwares were used to draw regions of interogy of the particles was obtained by transmission electron
est (ROIs) and calculate the relaxation rate. Transversal
microscopy TEM (JEOL JEM 1010) and hysteresis loops
relaxation rates (1/T 2 or R2, s−1  were plotted as a funcwere measured at room temperature to the highest field of
tion of iron concentration, expressed in mM of iron, and
10 k by using a vibrating sample magnetometer (VSM).
the transverse (r2) relativity was obtained by the slope of
The hydrodynamic size and colloidal stability of the
the fitting straight line. Decay curves were fitted with a
magnetic fluids in different electrolyte and pH were
mono-exponential decay equation to calculate T 2, where
measured by using dynamic light scattering (DLS)
A is the absolute bias and C is the signal intensity T 2
and zeta potential measurements (HORIBA SZ-100Z
of the samples, which was measured using the Multi-Slice
system) [20, 33].
Multi-Echo (MSME) pulse sequence with the following
The saturation magnetization of the samples at room
parameters: effective TE, with 09 echoes ranging from 12
temperature was measured under the highest magnetic field
to 112 ms, TR = 4000 ms, 181 × 200 mm2 x − y field of
of 10 kOe by using a vibrating sample magnetometer
view (FOV), 3 mm slice thickness, 343 × 512 matrix size
(VSM) [26, 37].
IP: 77.220.193.106 On: Mon,providing
24 Aug 200
2020m
18:07:12
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x −y resolution, number of averages =
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total
acquisition
time
= 46 min 09 s for rabbit imaging.
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2.4. In Vitro Cytotoxicity Study
2.4.1. Cell Culture
3. RESULTS AND DISCUSSION
The Sarcoma 180 cells used in this study were provided
The average size of nanoparticles was analyzed using
from American Type Culture Collection then were culImage software and their schematic illustration of the mortured in RPMI 1640 medium, supplemented with 10%
phology. Figure 1 exhibits the characterization of obtained
fetal bovine serum FBS; 1% combination of penicillin and
Fe3 O4 @CS nanoparticles.
streptomycin.
As can be seen in Figure 1(a), all the characteristic
peaks were consistent with the standard database peaks,
2.4.2. MTT Assay
revealing the cubic inverse spinel structure of the samTo evaluate the effect of the nanoparticles on the viaple. The Figure 1(b) illustrates the FTIR spectra of Fe3 O4
bility of cells, MTT assay was performed according to
(red line), chitosan (blue line), and chitosan-coated Fe3 O4
3
Ref. [37]. After seeding 5 × 10 Sarcoma 180 cells per
(black line). It can be seen that the FTIR spectrum of
well in 96-well flat-bottomed microtiter plates, cells were
Fe3 O4 shows a strong peak at 586 cm−1 , which is assigned
incubated with 20 l of diluted Fe3 O4 @CS NPs to reach
to the characteristic Fe–O stretching vibration of magthe concentration between 15.125  M–125 M for
netic nanoparticles [19]. The vibration peak at 459 cm−1 is
48 hours. After that, 100 l of the medium was removed
attributed to tetrahedral and octahedral sites and peaks at
before adding 20 l of MTT solution and incubated
3400 cm−1 assigned to the O–H stretching from absorbed
for 4 hours at room temperature. Under the metabolism
moisture on the surface of the magnetic particles [43].
activity of viable cells, the MTT was taken into mitoIn the FTIR spectrum of chitosan, the absorption bands at
chondria and changed into blue formazan crystals. A
2920, 1415, and 1067 cm−1 are attributed to the stretchmicroplate reader was used to measure the absorbance
ing vibrations of C–H, C–N, and C–O, respectively, and
at 490 nm and all values were performed as a perthe band 1640 cm−1 is due to the bending vibration of
centage of the control. Graph and inhibitory concentra–NH2 . In case of chitosan-coated Fe3 O4 nanoparticles,
tion IC50 value was obtained by using Microsoft Excel.
the FITR shows all the characteristic vibrations of both
All presented values were expressed as mean ± standard
Fe3 O4 and chitosan. The shifts in the position of peaks at
deviation (SD).
1640 and 590 cm−1 demonstrate that the existence of a
5340
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Figure 1. Powder X-ray diffraction of the Fe3 O4 , Fe3 O4 @CS (a); FT-IR spectra for pure chitosan, bare ferrite particles, and chitosan-coated Fe3 O4
MNPs (b); TGA analysis of Fe3 O4 @CS NPs (c); the size distribution histograms of the Fe3 O4 @CS MNPs (d); their TEM photographs (e) and their
schematic illustration of the morphology (f).

hydrogen bond between the surface oxygen of Fe3 O4 and
the hydrogen of the amino group (–NH2  in the chitosan.
The broadening of the band at 3400 cm−1 may be due to
the interaction between OH on surface of Fe3 O4 and –NH2
of CS and the present of OH groups of CS layer. The thermogravimetric analysis (TGA) curve of the Fe3 O4 @CS
MNPs (Fig. 1(c)) shows the weight loss of 23% at temperature range from 200 to 550  C were the amount of
J. Nanosci. Nanotechnol. 20, 5338–5348, 2020

chitosan on the surface of the Fe3 O4 @CS MNPs. The
TEM image indicate that the shape of the Fe3 O4 @CS
MNPs were spherical and relatively uniform with the mean
size of 13.43 nm. Since the particles size observed in TEM
is less than 100 nm. The Debye–Scherrer equation can be
also employed to determine average crystal size:
d=

K
B cos 
5341
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Figure 2.

Le et al.

Hydrodynamic size distribution of the Fe3 O4 @CS magnetic fluid at different pHs (a) and at different NaCl concentrations (b).

where K is a constant dependent on the crystallite shape,
the Fe3 O4 @CS magnetic fluids initial and after 90 days of
 is the degree (position of the peak),  is the X-ray wavestorage is shown in Figure 3. It can be clearly seen that the
length, and B represents the full width at half maximum
chitosan-coated Fe3 O4 nanoparticles have a wide (abso(FWHM) of the peak. The average crystal size calculated
lute) range of the zeta-potential values. the chitosan-coated
from Debye–Scherrer equation is approximately 13 nm,
Fe3 O4 nanoparticles has a positive charge of about 45 mV,
which is consistent with particle sized obtained from TEM
which is large enough to prevent the particles form aggrestudy.
gations by electrostatic repulsion [17]. This zeta-potential
In order to utilize as biomedical material, magnetic
value is extremely stable as after 90 days of storage, only
nanoparticles should be well-dispersed and long-term sta1 mV in decrease of zeta-potential value is observed. This
ble in aqueous solution. The colloidal stability of the
result indicates that the prepared chitosan-coated Fe3 O4
nanoparticles depends on several parameters such as the
nanoparticles are highly stable in the aqueous solution in
particle size, hydrophilic or hydrophobic functional groups
a long period of time.
on the surface of the nanoparticles.
Under biological On:
con-Mon, 24
IP: 77.220.193.106
Aug 2020
Result
of the18:07:12
magnetization-magnetic field strength
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Publishers
ditions, the colloidal nanoparticles stability
depends
on Scientific
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measurement
at room temperature is presented in
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Figure 4. This figure shows that the small coercivity and
and especially, enzymes activity. While the interaction
low magnetic remanence which were about 6 Oe and
between the nanoparticles and biomolecular complexes
0.3 emu/g, respectively. Furthermore, the hysteresis loops
entities are difficult to evaluate, the influence of salt
are fitted well in the Langevin function:
concentration and pH on the colloidal stability of the






nanoparticles was selected to investigate the biomedical
H
H
kT
M = nL
= n coth
−
application ability of the nanoparticles. In this study, the
kT
kT
H
dispersity of Fe3 O4 @CS nanoparticles was examined by
DLS and zeta potential measurements. It is well known
that salt concentration in the body is maintained at about
158 mM, and the pH value is around 7.3. In the current
study, the colloidal stability of the Fe3 O4 @CS nanoparticles in saline at the concentrations in the range from
0–300 mM and the pH value from 2 to 12 were evaluated.
Obtained results is presented in Figure 2.
As can be seen from Figure 2, when the pH value varied
from 2 to 12, the hydrodynamic size of the Fe3 O4 @CS
nanoparticles maintained about 28 nm. This indicates that
the nanoparticles dispersed well and were stable in studied
solution. Similarly, when the NaCl concentration increased
from 0 to 300 mM, the hydrodynamic size also remained
about 30 nm. This suggests that the sample was stable
under the studied saline condition.
The long-term colloidal stability of the Fe3 O4 @CS magnetic fluid was evaluated using the zeta-potential which
is a measurement of the surface charge on the nanopartiFigure 3. Zeta potential scanning of the Fe3 O4 @CS magnetic fluids
initial and after 90 days of storage.
cles in aqueous solutions. The zeta potential scanning of
5342
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Figure 4. Experimental and fitting hysteresis curves of the Fe3 O4 @CS
nanoparticles (inset is the enlarged hysteresis curve).

Figure 5. Sarcoma 180 cell’s viability incubating with Fe3 O4 @CS
MNPs at different concentrations: 15,125 g/ml (C1), 30,25 g/ml (C2),
62,5 g/ml (C3) and 125 g/ml (C4) after 48 h.

with R2 > 0998. This indicates that the obtained
Fe3 O4 @CS nanoparticles were superparamagnetic matericells. However, the morphology of cells (spherical shape)
als at room temperature [40]. The saturation magnetization
were unchanged, which confirms the low cytotoxicity of
of the material was 68 emu/g.
the Fe3 O4 @CS MNPs.
MTT assay was done on Sarcoma 180 cell lines to
The as-synthesized Fe O @CS MNPs in this work
O
@CS
MNPs
examine the cytotoxicity effect IP:
of the
Fe
3 4
77.220.193.106
On: Mon, 24 Aug 2020 18:07:123 4
exhibited
a lower cytotoxicity compared with other pubon mammalian cells. This assay is based
on
the
metabolic
Copyright: American Scientific Publishers
superparamagnetic iron oxide nanoparticles. PreDelivered
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activity of living cells which cleavages a soluble
tetra- bylished
vious studies on HeLa cells (human cervix carcinoma),
zolium (yellow) into insoluble formazan (purple). It has
HepG2 cells (human liver cancer), MCF-7 (human breast
been demonstrated that the level of formazan crystal crecancer) and Jurkat cells (human leukemia) indicated that
ation is proportional to the cell viability. The IC50 value
the IC50 values of magnetic iron oxide nanoparticles were
was calculated from the cell viability-concentration curve
125 ± 17, 2383 ± 11, 1875 ± 21 and 64 ± 23 (g/ml),
in terms of absorbance. Obtained MTT result is exhibited
respectively, so our sample had about 7.5–27.9 times less
in Figure 5.
cytotoxicity. Another study on CHO-K1 cells (Chinese
As can be seen from Figure 5, the Fe3 O4 @CS MNPs
Hamster ovaries) also indicated that a sample of iron
revealed a low cytotoxicity on Sarcoma 180 with the cell
oxide nanoparticles had higher toxicity on human canviability of 106–83% in the range of the MNP concentracer cell lines. Their IC50 was less than 100 g/ml after
tion from 15.125 g/ml to 62.5 g/ml. When increase of
72 h of cell exposure [11]. In the same way, Ferucarthe MNPs concentration to 125 g/ml, survival cell rate
botran (Resovist® ), an approved superparamagnetic iron
reduced to 66.1%. The low survival cell rate at the high
oxide contrast agent for MRI, reduced cell viability of
MNPs concentration is possibly resulted from the MNPhuman aortic endothelial cells to 63% after 48 h at the
induced stress, which under the “overload dose,” the outer
concentration of 50 g Fe/ml [15]. The lower toxicity
layer of the MNPs around the cells would block the enterof our Fe3 O4 @CS MNPs was possible due to the small
ing of nutrient and dissolve gases such as oxygen [25]. The
size of the nanoparticles (13.4 nm for the inorganic core
IC50 value of the Fe3 O4 @CS MNPs on Sarcoma 180 caland about 28 nm for the core/shell, DLS size) and due
culated after 48 hours was 1785 ± 22 (g/ml). Obtained
to the present of CS layer. It was explained that the
results indicate that the Fe3 O4 @CS MNPs cause insignifsmall nanoparticles could pass through the cell memicant toxic effect on the Sarcoma 180 cell line.
brane thank to the interaction between negative charged
Morphology of cells observed by using an inverted
domain on cell membranes and the amino groups of chimicroscope is presented in Figure 6. This figure shows
tosan [30]. The NPs would then induce ROS (reactive
that the morphology of cells was insignificantly influenced
oxygen species) and lysosomal and mitochondrial damby the presence of the Fe3 O4 @CS MNPs. At the highage [22]. On the other hand, the low toxicity of the asest concentration (125 g/ml), the Fe3 O4 @CS MNPs were
synthesized Fe3 O4 @CS NPs indicated that the chitosan
aggregated and formed a thin layer on the surface of the
J. Nanosci. Nanotechnol. 20, 5338–5348, 2020
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Figure 6. Inverted microscope images of Sar.180 cells in the presence of the Fe3 O4 @CS MNPs at the different concentrations. Control with culture
medium (CA , Control with DMSO (CB , Fe3 O4 @CS concentration: 15,125 g/ml (C1), 30,25 g/ml (C2), 62,5 g/ml (C3) and 125 g/ml (C4).
Objective lens: 20×, Zoom: 5.6.

oligosaccharide coating decreased significantly the cytoThe signal intensity of MRI and MRI contrast effect of
toxic impact of the nanoparticles [29]. Other classical
the Fe3 O4 @CS MNPs were clearly changed according to
their concentration (Fig. 7(a)).
group that is gadolinium-based contrast agents such as
®
OnAug
the 2020
Multi-Slice
Multi-Echo (MSME) image, the
were
approved
by
Magnevist® , Dotarem® or Omniscan
IP: 77.220.193.106 On: Mon, 24
18:07:12
echo
time
(TE)
was
used
to control the image contrast
the U.S. Food and Drug Administration
(FDA)
as
MRI
Copyright: American Scientific Publishers
the “weighting” of the T 2 image. The overall signal
Ingenta
contrast agents but since 2010, FDA changed Delivered
the drug byand
intensity (S) of a MSME sequence can be approximately
label for those based on the risk of causing nephrogenic
expressed:
systemic fibrosis in patients with kidney dysfunction. Furthermore, in 2017 the Pharmacovigilance Risk Assessment
S = K · H · 1 − e−TR/T 1  · e−TE/T 2
Committee (PRAC) announced about the potential risks
of using these products due to their accumulation in the
When the TE reduced, the TE/T 2 ratio decreased toward
brain and other tissues. Therefore, biocompatibility is a
zero, the T 2-weighting term e−TE/T 2 reached to 1. Conkeys property of Fe3 O4 NPs, the Fe3 O4 @CS NPs from
versely, the importance of the exponential weighting term
this work is expected to overcome the available disadvanincreased when TE was extended compared with T 2, and
tages of published products, reduce the systemic toxicso “T 2-weighting” was higher. To evaluate systematically
ity and have long blood circulation to improve the target
the T 2-weighted MRI images, the experiment was carried
capacity while applied as either drug delivery or diagout at different values of TE.
nosis agent. In a previous work, CS nanoparticles exhibFigure 7(b) shows the T 2-weighted MRI images at the
ited very impressive antitumor efficacy in vivo against
different concentrations of the MNPs and various values of
S-180 [1] (Qi and Xu, 2006). In addition, the low cytotoxTE. As can be seen from the Figure 7(b), the MRI signal
icity of our Fe3 O4 @CS NPs suggested that the chitosan
intensity increased with increasing the nanoparticles conoligosaccharide coating layer improved significantly the
centrations and TE values. Data from Figures 7(d) and (e)
non-cytotoxicity of the sample, and thus the as- prepared
showed that even when TE of 37 ms, the change in sigFe3 O4 @CS MNPs were expected to reduce the systemic
nal intensity was large enough in comparison with control
toxicity and have potential for clinical applications.
sample. In medical practice, with TE of 50 ms or higher
In-vitro MR imaging using Fe3 O4 @CS MNPs as conwas usually applied for MRI measurements. With smaller
trast agent and the transverse relaxation rate r2 are preTE values, the time needed to collect signal was shorter
sented in Figure 7. As can be seen from Figure 7, the
and the images were sharper.
Fe3 O4 @CS MNPs exhibited an increase of the transverse
In the color map of r2 value coded image, positive and
relaxation rate r2 and acted as contrast agents in the
negative contrasts were indicated by the bright violet and
MR imaging, which showed a signal loss (darker) conorange color, respectively. In the Figure 7(f), the transtrast on the r2 value or the T 2-weighted MR images.
verse relaxation rate r2 of the Fe3 O4 @CS nanoparticles
5344
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Figure 7. The signal intensity of MRI and MRI contrast effect of the Fe3 O4 @CS MNPs (a); the MRI signal intensity at the different concentrations
of the MNPs and at the different values of TE (b); T 2-weighted contrasts and r2 color maps in the presence of the Fe3 O4 @CS nanoparticles at the
different concentrations in 1.5% agarose solution: TR = 4000 ms, TE = 25 (c); TE = 37 ms (d) and TE = 50 ms (e); 1/T 2 (R2)-Fe concentration plot
of the Fe3 O4 @CS nanoparticles at 1.5 T (f).
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Table I. Relaxation rate r2 of Fe3 O4 @CS and commercial Fe3 O4 nanoparticle-based MRI contrast agents at 37  C
Brand name
Ferumoxides (Feridex IV,
Endorem)
AMI-25, Feridex
Sinerem (AMI-227)
Ferumoxytol
VSOP-C184 ferropharm
Ferucarbotran (SHU-555A),
resovist
MION-46L
SHU-555C ferucarbotran,
supravist
Fe3 O4 @CS

Ligand shell

DLS size (nm)

r2 relaxation rate
(mM−1 s−1 /T

Dextran

80–150

120, 1.5T

Dextran
Dextran
Carboxylmethyl-dextran

58
15–30
30

107, 0.47T
65, 1.5T
89, 1.5T

Citrate
Carboxydextran

7
60

Dextran

Target

Company

Reticuloendothelial
System, Liver
Stem cell labeling

Advanced magnetics (U.S.A)

Guerbet (France)
Advanced magnetics (U.S.A)

33.4, 1.5T
189, 1.5T

Blood pool
Macrophage
Blood pool
–
Liver

18–24

35, 0.47T

Liver

Dextran

20

90, 1.5T

Blood pool

Center for molecular imaging
Research, charlestown, MA
Bayer schering (Germany)

Chitosan

28–30
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in agar. of 1.5%, which was determined by taking the
injection (Fig. 8(a)). In this figure, the liver part of the
slope of a linear fit of 1/T 2 versus the Fe concentration,
image was darker than the image before the injection.
was 130.32 (mM−1 s−1 . This r2 value was larger than that
Especially, when getting 0.3 cm2 liver tissue before and
of the major commercial Fe3 O4 products such as Feruafter injecting Fe3 O4 @CS, the signal strength diminished
moxide (Feridex) [18], AMI-25 (Feridex; Endorem) and
from 185.3 to 84 pixel (in proportion to 2.2 times to before
MION [14], SHU 555C (Supravist) [34] and larger than
injecting) and is showed on Figure 8. The results of anithat reported by Cha [4]. The transverse relaxation rate r2
mal experimentation show that the contrast agent based on
of the Fe3 O4 @CS nanoparticles were smaller than that of
our Fe3 O4 @CS nanoparticles can be used as a T 2 agent
SHU-555A (Ferucarbotran) (Table I). This is ascribed to
MRI.
IP: 77.220.193.106 On: Mon,in24
Aug 2020 18:07:12
in this Scientific Publishers
the high r2 value of the prepared Fe3 OCopyright:
4 @CS MNPs
American
Superparamagnetic iron oxide nanoparticles (SPIOs)
work leading to the high saturation magnetizations
value by Ingenta
Delivered
injecting vein was an effective contrast agent for magnetic
of Fe3 O4 cores (68 emu/g), which decrease the transverse
resonance imaging (MRI). SPIOs were phagocytosed by
relaxation rate r2.
macrophages in different target tissues depending on the
To evaluate the clinical imaging application potential
particle size and their composition [5, 32, 35]. For SPIOs
of the Fe3 O4 @CS MNPs, in vivo experiment on a rabbit
having a relatively large hydrodynamic (DLS) size of 50
weighting 1.5 kg was carried out. For MRI imaging,
to 100 nm quickly implemented by macrophages of the
3 ml of Fe3 O4 @CS MNPs solution (at concentration of
reticule-endothelial system (RES) such as liver, spleen and
5 mg/ml) was injected in the rabbit via ear vein (Fig. 8).
bone marrow and failed tumor-associated macrophages
MR images in T 2 mode showed a sharp contrast MR
(TAMs) in vivo, while ultrasmall superparamagnetic iron
images compared to before the injection. Specifically,
oxide nanoparticles (USPIOs) with hydrodynamic sizes
after 15 min of the injection (Fig. 8(b)), spleen, liver
below 50 nm would escape from RES phagocyte into some
and kidney were more clearly observed than before the

Figure 8. T 2-weighted MR images of the liver, kidney, spleen of a rabbit: Before (a) and after 15 minutes (b) of the injection of the Fe3 O4 @CS
ferrofluid.
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tumor-associated macrophages labeling,” the Fe3 O4 @CS
ferrofluid obtained with hydrodynamic size about 30 nm
are advantageous in tumor accurate diagnosis, thank to
escape of the Fe3 O4 @CS ferrofluid from Reticuloendothelial system.
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