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Abstract Hepatocellular carcinoma (HCC) is the most
common type of liver malignant tumor, which is often
diagnosed in advanced stages, resulting in low survival
rate. The sensitive diagnosis of early HCC presents a
great interest. Herein, a novel superparamagnetic con-
trast agent composed of iron oxide nanoparticles is
reported. Firstly, polyethyleneimine-coated iron oxide
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(Fe;04@PEI) nanoparticles (NPs) were synthesized
via a mild reduction route, followed by their mod-
ification of polyethylene glycol monomethyl ether
(mPEG-COOH) via 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide hydrochloride coupling chemistry. After
acetylation of the remaining PEI amines, the PEGylated
Fe;04 (Fes04@PEL Ac-mPEG-COOH) NPs were suc-
cessively characterized via different techniques. The
Fe;0,@PEIL Ac-mPEG-COOH probes with an Fe;Oy
NP size of 9 nm are water dispersible and cytocompatible
within the given concentration range. The percent-
ages of PEI and m-PEG-COOH on the particles
surface are calculated to be 15.5 and 7.2%, respectively.
Prior to the administration of Fe;O,@PEIL Ac-mPEG-
COOH NPs of ultrahigh r, relaxivity (461.29 mM 's™")
via tail intravenous injection for MR imaging of HCC,
the orthotopic model of HCC was established in the
nude mice by surgical transplantation with HCCLM3
cells. The analysis of MR signal intensity (SI) in the
orthotopic tumor model demonstrated that the devel-
oped Fe;0,@PEL.Ac-mPEG-COOH NPs were able
to infiltrate into the tumor area through the en-
hanced permeability and retention (EPR) effect
reaching the bottom at 2 h postinjection. The developed
Fe;04@PEL Ac-mPEG-COOH NPs may be further ap-
plied for theranostics of different diseases through
combing various therapeutic agents.

Keywords Polyethyleneimine - Polyethylene glycol -
Iron oxide nanoparticles - Orthotopic hepatocellular
carcinoma - MR imaging
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Introduction

Hepatocellular carcinoma (HCC) is acknowledged as a
typical type of liver cancer worldwide. Meanwhile, it is
hard to be diagnosed early and cured in time, leading to
patients’ low survival rate (Liu et al. 2011; Villanueva
and Llovet 2011). Therefore, building a tumor model in
corresponding environment to imitate the physiological
conditions is crucial for accurately studying the mecha-
nism of HCC. In this case, the accurate diagnosis of
orthotopic HCC at an early stage will have more prac-
tical meanings through the operation of advanced mo-
lecular imaging techniques.

Magnetic resonance imaging (MRI) has the merits of
non-ionizing radiation, high sensitivity, good spatial
resolution, and offering tomographic information and
three-dimensional detail of the soft tissue
(Krishnamurthy et al. 2015; Parker et al. 2015; Pierre
et al. 2015; Riederer et al. 2015). Nowadays, enhanced
MR scan is used for the differential diagnosis of benign
and malignant disease and the commercially available
MR contrast agents used in clinical settings for cancer
diagnosis are generally 7' contrast media (Gd or Mn/
chelator complexes) (Salaa et al. 2010). However, with
respect to the short blood circulation time and potential
renal toxicity of Gd/chelator complexes, the application
of T, contrast agents is expected to provide additional
pathological information in cancer diagnosis. In recent
years, magnetic iron oxide (Fe;O,4 and Fe,O3) nanopar-
ticles (NPs) with excellent biocompatibility have gained
great attention in various biomedical applications (Chen
et al. 2010; Cheng et al. 2012; Guo and Shi 2012; Pan
etal. 2007), particularly in MR imaging of cancer due to
their high r, relaxivity (Krishnamurthy et al. 2015;
Kumar et al. 2010). As is well known, the model of
orthotopic transplanted tumors can approach the real
physiopathologic processes better than the model of
subcutaneous transplanted tumors. Herein, the iron ox-
ide contrast agents for 7,-weight MR imaging has been
employed in the orthotopic tumor model of HCC.

Fe;04 NPs are liable to aggregate because of their
inherent magnetic property and large surface energy
(Krishnamurthy et al. 2015; Kumar et al. 2010). Like-
wise, the Fe;O4 NPs modified with reactive surface
groups have an ability to be further functionalized to
have improved colloidal stability and biocompatibility
and to have specificity for MR imaging of different
biological systems. A prior work has demonstrated that
polyethyleneimine (PEI) can be used as an effective
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stabilizer to synthesize PEI-coated Fe;0,4 (Fe;0,@PEI)
NPs (Cai et al. 2013; Li et al. 2014). Hence, the synthe-
sis of stable Fe30,@PEI NPs with ultrahigh 7,
relaxivity is available via a mild reduction route. It is
also known that PEGylation of NPs can alleviate the
uptake of NPs by the reticuloendothelial system (RES)
and prolong their blood circulation time (Peng et al.
2012; Wen et al. 2013). Furthermore, it has been dem-
onstrated that NPs can be retained in tumor sites via a
passive targeting strategy based on the enhanced perme-
ability and retention (EPR) effect in the tumor tissues
with leaky vasculature and poor lymphatic drainage
(Barreto et al. 2011; Maeda 2010; Minelli et al. 2010).
In this work, Fe;04@PEI NPs were synthesized via a
mild reduction route, according to the previous work
(Hu et al. 2015; Li et al. 2015). Then, the NPs were
modified with polyethylene glycol monomethyl ether
(mPEG-COOH) via l-ethyl-
3-(3-(dimethylamino)propyl) carbodiimide hydrochlo-
ride (EDC) coupling chemistry. After acetylation of
the remaining PEI surface amines, PEGylated Fe;04
NPs (Fe;04@PEL Ac-mPEG) were prepared and char-
acterized via different techniques. Then, their cytotox-
icity was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) viability assay and
cell morphology observation. Furthermore, the devel-
oped Fe;0,@PEIL Ac-mPEG NPs were used for MR
imaging of HCCLM3 cells in vitro and the orthotopic
HCC tumor model in vivo. The developed
Fe;0,@PEL Ac-mPEG NPs are expected to become a
nanoplatform for MR imaging of various tumors.

Experimental
Materials

PEG monomethyl ether with terminal end of carboxyl
group (mPEG-COOH, Mw = 2000) was acquired from
Shanghai Yanyi Biotechnology Corporation (Shanghai,
China). EDC and N-hydroxysuccinimide (NHS) were
purchased from J&K Chemical Ltd. (Shanghai, China).
Ferric chloride hexahydrate (FeCl;:6H,O > 99%),
branched PEI (Mw = 25,000), ammonia (25-28%),
triethylamine, acetic anhydride, sodium sulfite, dimeth-
yl sulfoxide (DMSO), and all the other chemicals and
solvents were obtained from Sigma-Aldrich (St. Louis,
MO). All the chemicals were used without further puri-
fication. MTT was acquired from Shanghai Sangon
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Biological Engineering Technology & Services Co.,
Ltd. (Shanghai, China). HCCLM3 cells (a HCC cell
line) were from Liver Cancer Institute, Zhongshan Hos-
pital, Fudan University (Shanghai, China). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), penicillin, and streptomycin were obtained from
Hangzhou Jinuo Biomedical Technology (Hangzhou,
China). The water employed in all experiments was
purified from a Milli-Q Plus 185 water purification
system with resistivity higher than 18.2 MQ cm
(Millipore, Bedford, MA).

PEGylated Fe;0,@PEI NPs

Fe;04,@PEI NPs were synthesized via a mild reduction
route (Hu et al. 2015; Li et al. 2015). Briefly,
FeCl;-6H,0 dissolved in water was placed into a
250-mL three-necked flask and then vigorously stirred
in N, atmosphere for 15 min. And then, the prepared
sodium sulfite solution was added slowly in it. After
30 min, PEI and ammonia were successively added in it.
The reaction mixture was vigorously stirred for 30 min
at 60~70 °C and then for another 1.5 h at room temper-
ature. The Fe;04,@PEI NPs were gained after necessary
magnetically collection, washing by water, and centri-
fugation (8000 rpm, 10 min) to remove the aggregated
larger particles. A total of 10 mL of Fe;0,@PEI NPs
(80 mg) aqueous solution was washed with DMSO for
three times and then dissolved into 10 mL DMSO. The
Fe;0,@PEI NPs were conjugated with mPEG accord-
ing to protocols reported in the literature (Hu et al.
2015). The DMSO solution of PEG preactivated by
NHS and EDC was added into the aforementioned
Fe;04@PEI solution to form the raw Fe;O4,@PEI-
mPEG-COOH product after vigorous magnetic stirring
for 1 day. The remaining PEI amines were then acety-
lated according to the literature (Li et al. 2015). Briefly,
triethylamine was added into the aforementioned
Fe;04@PEI-mPEG-COOH solution under vigorous vi-
brating at room temperature. After 30 min, acetic anhy-
dride was added into the above mixture solution and the
reaction was continued for 1 day. After 3 cycles of
magnetic separation/washing/redispersion, the formed
Fe;0,@PEIL Ac-mPEG-COOH NPs were obtained.
Although the complete acetylation is unable to screen
the positive surface potential of the particles due to the
nature of the acetylation reaction, it is believed that the
steric hindrance of the PEG spacer is able to largely
avoid the electrostatic interaction-based non-specific

cellular uptake of the particles (Cai et al. 2013). Finally,
the formed PEGylated Fe;0,4 (Fe;04@PEILAc-mPEG-
COOH) NPs were either dispersed in 10 mL water or
lyophilized to get dry powder for further use.

Characterization techniques

Dynamic light scattering (DLS) and zeta potential were
performed using a Malvern Zetasizer Nano ZS model
ZEN3600 (Worcestershire, UK) with a standard 633-nm
laser. Prior to measurements, samples were dispersed in
water (0.1 mg/mL). The organic component percentage
of samples was determined by thermal gravimetric anal-
ysis (TGA) using a TG 209 F1 (NETZSCH Instruments
Co., Ltd., Selb/Bavaria, Germany) thermogravimetric
analyzer. The analysis process was operated under
flowing N, atmosphere with a setting procedure (tem-
perature range 25-700 °C, heating rate 10 °C/min). The
morphology of the NPs was characterized by transmis-
sion electron microscopy (TEM, JEOL 2010F analytical
electron microscope, Tokyo, Japan) with an accelerating
voltage of 200 kV. Samples were prepared by depositing
a diluted NPs suspension (6 pL) onto a carbon-coated
copper grid and dried in air before measurements. TEM
images were randomly selected and the average size and
size distribution were analyzed using an Imagel soft-
ware (National Institutes of Health, Bethesda, MD). At
least 300 NPs were countered and analyzed. The Fe
concentration in the NPs suspension was determined
by Leeman Prodigy inductively coupled plasma-
optical emission spectroscopy (ICP-OES, Hudson,
NH). Transverse relaxation time, 7>, of NPs was mea-
sured by using a 0.5-T NMI20-Analyst nuclear magnet-
ic resonance (NMR) analyzing system (Shanghai
Niumag Corporation, Shanghai, China). Samples were
diluted in water with Fe concentration in the range of
0.0025-0.04 mM. The acquisition parameters of 75-
weighted sequence were set as follows: TR = 5800 ms,
TE = 60 ms, FOV = 60 mm x 60 mm, echo train
length = 1, echo spacing = 23.5 ms, slice
thickness = 0.6 mm, and matrix = 156 x 156. T,
relaxivity (r,) was determined by linearly fitting
1/T, (sfl) as a function of Fe concentration (mM).

Cytotoxicity assay and cell morphology observation

HCCLMS3 cells were routinely cultured and passaged in
25 cm? plates in DMEM supplemented with 10% heat-
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inactivated FBS, penicillin (100 U/mL), and streptomy-
cin (100 pg/mL) at 37 °C and 5% CO,.

The MTT viability assay was carried out to evaluate
in vitro cytotoxicity of the PEGylated Fe;04 NPs under
a standard manufacturer instruction (Cai et al. 2013;
Shen et al. 2012). Briefly, HCCLM3 cells were seeded
into a 96-well plate with 200 pL of DMEM at a density
of 1 x 10* cells per well. After incubation overnight to
allow the cells to become about 75% confluence, the
adherent cells were cultured with 200-pL fresh medium
containing PBS (control) and PEGylated Fe;O4 NPs in
an Fe concentration range of 0.25-2.0 mM for an addi-
tional 24 h, followed by adding 20 uL. MTT solution
(5 mg/mL in PBS) into each well. The HCCLM3 cells
were then incubated for another 4 h at 37 °C. After that,
the mixture was carefully discarded and replaced by
200 pL DMSO to dissolve the insoluble formazan crys-
tals. Finally, a Thermo Scientific Multiskan MK3
enzyme-linked immunosorbent assay (ELISA) reader
(Thermo scientific, Hudson, NH) was employed to re-
cord the absorbance of each well at 570 nm. Mean and
standard deviation (SD) of five samples for each exper-
imental group were reported. To further assess the cyto-
toxicity of PEGylated Fe;O4 NPs, the morphology of
HCCLMS3 cells treated with the particles at different Fe
concentrations ranging from 0.25 to 2.0 mM for 24 h
was observed by phase contrast microscopy (Leica DM
IL LED inverted phase contrast microscope, Leica
Microsystems, Wetzlar, Germany) with a magnification
of x200 for each sample.

In vitro MR imaging of HCCLM3 cells

HCCLM3 cells with 2 mL DMEM at a density of
1 x 10° per well were seeded into 24-well plate and
cultured overnight at 37 °C and 5% CO,. Then, the
adherent cells were cultured in a 2-mL fresh medium
containing PBS (control) and PEGylated Fe;0,4 NPs at
different Fe concentrations (0.1, 0.2, 0.4 and 0.8 mM,
respectively). After that, the cells incubated at 37 °C and
5% CO, for an additional 6 h were washed with PBS for
five times, trypsinized, centrifuged, and resuspended in
1 mL of PBS (containing 0.5% agarose) in a 2-mL of
Eppendorf tube before MR imaging. 7>-weighted MR
imaging of the cell suspension was conducted by a 3.0-T
Verio MR system (Siemens Healthcare, Munich,
Germany) with TR/TE = 2500/69 ms,
FOV = 60 mm x 60 mm, matrix = 416 x 416, and
slice = 1.5 mm.
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In vivo MR imaging of orthotopic HCC tumor model

All animal experiments were carried out in accordance
with protocols approved by the ethical committee of
Zhongshan Hospital. To establish the orthotopic HCC
tumor models, HCCLM3 cells (1 x 107) were subcuta-
neously inoculated into the right flanks of 6-week-old
BALB/c nu/nu male mice (Shanghai Slac Laboratory
Animal Center, Shanghai, China). The HCCLM3 cell
line was established at Liver Cancer Institute of Fudan
University from the lung metastatic lesions of BALB/c
nude mice bearing human hepatocellular carcinoma
(HCC) from the metastatic HCC cell line MHCC97-H.
It has been shown to have a high potential for lung
metastases and extensive metastases when the cells are
inoculated subcutaneously or orthotopically in nude
mice.(Yang et al. 2005) The HCCLM3 cell line is very
suitable to establish the orthotopic tumor model of HCC
because of the high metastasis and little necrotic
tissue.(Li et al. 2004) After 3—4 weeks, non-necrotic
tumor tissue was cut into 1-mm?® pieces and
orthotopically implanted into the livers of other 6-
week-old BALB/c nu/nu male mice. After 3—4 weeks,
the mice were anesthetized via intraperitoneal injection
of pentobarbital sodium solution (2%, 0.1 mL), and
PEGylated Fe;04 NPs ([Fe] = 500 pg, 20 mg/kg,
0.1 mL in PBS) were injected into each mouse via the
tail vein. After placing the mice into a wrist receiver coil,
MR images of the mice at different time points (0.5, 1.0,
2.0, 4.0, and 6.0 h) postinjection were obtained using a
3.0-T Verio MR system under the same parameters for
MR imaging of cells in vitro. n = 3 for each time point.

Histology studies

For histology studies, the PEGylated Fe;04 NPs were
delivered to tumor-bearing mice ([Fe] = 500 pg,
20 mg/kg, 0.1 mL PBS for each mouse) via the tail vein.
The major organs of mouse (heart, liver, liver tumor,
spleen, lung, and kidney) were harvested at 15 days
postinjection, and then all organs were fixed in formal-
dehyde, embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) according to proto-
cols described in the literature (Peng et al. 2013). Organs
from healthy mouse were used as control. Finally, the
sections were imaged with a phase contrast microscope
(Leica DM IL LED inverted phase contrast microscope)
with a magnification of x200 for each sample.
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In vivo biodistribution

To assess the biodistribution of the Fe;O4@PEI-
mPEG-COOH NPs, HCCLM3 tumor-bearing mice
were euthanized after intravenous injection of
Fe;04@PEI-mPEG-COOH NPs ([Fe] = 500 pg,
20 mg/kg, 0.1 mL in PBS) via tail vein at 24 h
postinjection, and the heart, liver, spleen, lung, kid-
ney, and tumor were extracted and weighed. The
organs were then cut into small pieces and digested
by aqua regia (nitric acid/hydrochloric acid,
v/v = 1:3) for 1 day. The tumor-bearing mice with-
out injection were used as control, and the Fe con-
tent in different organ pieces was determined by
ICP-OES. For each experiment, a group of 3 mice
was used to assess the mean and standard deviation
of the data.

Statistical analysis

Student-Newman-Keuls test and one-way ANOVA
were performed to evaluate the significance of the ex-
perimental data. A p value of 0.05 was selected as the
significance level, and the data were indicated with one
asterisk for p < 0.05, two asterisks for p < 0.01, and three
asterisks for p < 0.001, respectively.

Results and discussion
Synthesis and characterization of PEGylated Fe;04 NPs

In this study, Fe;0,@PEI NPs were synthesized via
a mild reduction route according to the previous
work (Hu et al. 2015; Li et al. 2015). The aminated
PEI-enabled Fe;O4 NPs were modified with mPEG-
COOH. After acetylation of the remaining PEI sur-
face amines, the PEGylated Fe;04 NPs were obtain-
ed (Scheme 1).

Various techniques were employed to characterize
the intermediate products and the prepared PEGylated
Fe;04 NPs. To quantify the percentage of PEI coating,
TGA was carried out (Fig. 1). Obviously, the
Fe;04,@PEI NPs had a weight of 84.5% at the tem-
perature of 700 °C (Fig. 1, curve a). As naked Fe;O4
NPs do not show any significant weight loss (Li et al.
2015), the percentage of PEI coated on the particle
surface was calculated to be 15.5%. Next, the prepared
Fe;04,@PEI NPs were conjugated with mPEG-COOH

via EDC coupling chemistry, and the degree of
PEGylation was also quantitatively analyzed by
TGA. According to the previous research results (Cai
et al. 2013; Li et al. 2015), the initial weight loss of
Fe;04 is 0. Because of the thorough loss of PEI and
PEG without carbonaceous mass remaining (Luo et al.
2015), clearly, after further modification with mPEG-
COOH, the weight loss of Fe;04@PEI-mPEG-COOH
NPs was determined to be 22.7% (Fig. 1, curve b).
Thus, the mPEG-COOH modified onto the particle
surface was calculated to be 7.2%.

Zeta potential and hydrodynamic size of products
synthesized by each step surface modification were
recorded (Table 1). Obviously, the Fe;04,@PEI-COOH
NPs have a quite positive surface potential of
+44.8 mV due to the existence of numerous PEI
amines. After modification of mPEG-COOH, the sur-
face potential of Fe;04@PEI-mPEG-COOH NPs
displayed a slight decrease (+42.5 mV). To impart
them with improved cytocompatibility as well as to
avoid non-specific cell membrane binding, the positive
charges of Fe;0,@PEIl-mPEG-COOH NPs are needed
to be further neutralized. Apparently, the surface po-
tential of the formed Fe;0,@PEIL Ac-mPEG-COOH
NPs dramatically decreased (+18.7 mV), suggesting
the successful acetylation reaction. It should be men-
tioned that the positive surface charges of the
Fe;0,@PEIL. Ac-mPEG-COOH NPs were unable to
be completely neutralized via acetylation reaction due
to the fact that a number of PEI amines used to
stabilize the Fes04 NPs are unable to be acetylated
(Hu et al. 2015; Li et al. 2013). The hydrodynamic
size of the formed NPs dispersed in ultrapure water
was checked by dynamic light scattering (DLS)
(Table 1). Clearly, the Fe;0,@PEI, Fe;0,@PEI-
mPEG-COOH, and Fe;0,@PEI. Ac-mPEG-COOH
NPs displayed a hydrodynamic size of 220.4, 231.1,
and 242.9 nm, respectively. In order to evaluate the
stability of these NPs, we measured the hydrodynamic
size of the NPs again after 7 days of storage at room
temperature just like the previously study (Cai et al.
2015). The hydrodynamic diameter of the NPs was
256.5 nm, which was not significantly different from
the value observed before storage.

The morphology and size of the prepared PEGylated
Fe;04 NPs were characterized by TEM (Fig. 2). Obvi-
ously, the majority of the NPs have a quasi-spherical
shape (Fig. 2a) and exhibit a narrow size distribution
with a mean diameter of 9.0 £ 2.1 nm (Fig. 2b). The
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Scheme 1 Schematic
representation of the synthesis of
the Fe;04,@PEL. Ac-mPEG-
COOH NPs

° Fe3+

e PEI

’émPEG-COOH

TEA : triethylamine

Nast3, 60-70 C

EDC/NHS

B0 DMSO

O'H
0%V/VAL

NHAc

O\

Ac,0 : acetic anhydride *

measured size by TEM is smaller than that measured by
DLS, which can be attributed to the fact that TEM
reveals the size of a single core NP, while DLS charac-
terizes the size of NP clusters in aqueous solution
(Calatayud et al. 2014; Liu et al. 2013).

FTIR spectroscopy was next applied to qualita-
tively demonstrate the PEI coating on the surfaces of
the Fe;04,@PEI-mPEG-COOH NPs (Fig. 3). Coated
by PEI, the Fe;04@PEI NP spectrum shows very
strong bands at 3450 and 1630 cm ', however, that
naked Fe;O4 NPs only exhibit weak bands at 3450
and 1630 cm ' (Cai et al. 2013; Li et al. 2015).
Moreover, the strong absorption bands at 2930 and
2850 cm ' in the spectrum of the Fe;0,@PEI NPs

100

95+

Weight (%)

o
<
T

150 300 450 600
Temperature (°C)

Fig. 1 TGA curves of the Fe30,@PEI (a) and Fe;0,@PEI-
mPEG-COOH NPs (b)

75
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should be due to the —CH,— groups of PEIL. The
FTIR spectroscopic results qualitatively confirmed
the successful coating of PEI on the surface of
Fe304 NPs.

T, relaxivity measurements

From the 7,-weighted MR images (Fig. 4a), it can be
clearly seen that PEGylated Fe;O04 NPs are able to
decrease the MR signal intensity with the increase of
Fe concentration. By linear fitting of the relaxation rate
(1/T5) versus the Fe concentration, the r, relaxivity of
the PEGylated Fe;O, NPs was calculated to be
46129 mM ' s (Fig. 4b). Fe;04 NPs prepared via
the mild reduction route display a much higher », value
than those synthesized via co-precipitation method, hy-
drothermal route, or thermal decomposition approach
(Cai et al. 2012; Shen et al. 2012; Yang et al. 2011),
indicating their great potential for 75-weighted MR im-
aging. The ultrahigh 7, relaxivity should be due to the
advantage of the mild reduction method, allowing for
the generation of Fe;O0,4 NPs with high magnetic dipole
interactions, in agreement with the literature (Hu et al.
2015).

In vitro cytotoxicity assay

However, experimental evidence in vitro has shown
that the toxicity of iron oxide NPs (Mahmoudi et al.
2011). Then, in vitro cytotoxicity of the PEGylated
Fe;04 NPs was evaluated by the MTT cell viability
assay (Fig. 5). Apparently, the viability of the



J Nanopart Res (2017) 19: 39

Page 7 of 12 39

Table 1 Zeta potentials and hydrodynamic sizes of the Fe;0,@PEI, Fe;0,@PEI-mPEG-COOH, and Fe;0,@PEL Ac-mPEG-COOH NPs

Materials Zeta potential (mV) Hydrodynamic size (nm) Polydispersity index (PDI)
Fe;0,@PEL 448 +2.1 2204 +5.1 0.49 +0.02
Fe;04@PEI-mPEG-COOH 425+1.6 231.1+2.8 0.21£0.02
Fe;04@PELAc-mPEG-COOH 187+14 2429 +3.5 0.26 = 0.06

Data are provided as mean = SD (n = 3)

HCCLM3 cells is higher than 80% after the treat-
ment of PEGylated Fe;sO4 NPs at different Fe con-
centrations (0.25-2.0 mM) for 24 h, confirming their
good cytocompatibility. Furthermore, the
cytocompatibility of the PEGylated Fe;O, NPs was
evaluated using phase contrast microscope to visual-
ize the morphologies of cells treated with NPs at
different Fe concentrations ranging from 0.25 to
2.0 mM (Fig. 6). Obviously, PEGylated Fe;O, NPs
do not change the morphologies of HCCLM3 when
compared with those of control cells treated with
PBS (Fig. 6a). The cell morphology observation
result corroborates the aforementioned data of the
MTT assay, indicating that the PEGylated FesO4
NPs are cytocompatible in the studied Fe concentra-
tion range. However, the iron oxide nanoparticles are
having their toxicity when they are higher than the
100 mg/L, and no cytotoxic effect was found in the

Fig. 2 TEM micrographs (a) and size distribution histogram (b) of the PEGylated Fe;04 NPs

Frequency (%)

studied Fe concentration range. We can include a
point that it’s a dependent cytotoxicity of the iron
oxide nanoparticles (Parivar et al. 2016).

MR imaging of cancer cells in vitro

With the confirmed ultrahigh », relaxivity and ex-
cellent cytocompatibility, the PEGylated Fe;O4 NPs
were next investigated to be used for MR imaging of
cancer cells in vitro. Figure 7a shows the 7>-weight-
ed MR images of HCCLM3 cells treated with the
PEGylated Fe;04 NPs at different Fe concentrations
(0.1, 0.2, 0.4, and 0.8 mM, respectively). Obviously,
a prominent decreasing trend of MR signal intensity
of HCCLM3 cells is shown with the increasing Fe
concentration, which is ascribed to the increasing
cellular uptake of the NPs (Li et al. 2015). Further-
more, the decreasing trend was further verified by

Mean diameter = 9.0 nm
o =2.1nm

[
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[
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—— Fe O, @PEI
— Fe,O,@PEI-mPEG-COOH
— Fe, O, @PEI-Ac-mPEG-COOH

T T T T T T T i ¥
3500 2800 2100 1400 700
-1
Wavenumber (cm )

Fig. 3 FTIR spectroscopy demonstration of the PEI coating on
the surfaces of the Fe;0,@PEI-mPEG-COOH NPs

quantitatively analyzing the MR signal intensity of
cell images (Fig. 7b). Apparently, the measured MR

‘0000

[Fe] 0.0025 0.005 0.01

r,=461.29 mM's"
R'=0.997

0 N 1 " 1 L 1 N 1
0.00 0.01 0.02 0.03 0.04
Fe concentration (mM)

Fig. 4 T>-weighted MR image (a) and linear fitting of 1/75 (b) of
the PEGylated Fe;04 NPs at an Fe concentration of 0.0025, 0.005,
0.01, 0.02, and 0.04 mM, respectively
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Fig.5 MTT viability assay of HCCLM3 cells after treatment with
PBS (control) and PEGylated Fe;04 NPs in an Fe concentration
range of 0.25-2.0 mM for 24 h

signal intensity of the HCCLM3 cells treated with
the PEGylated Fe;O4 NPs is in a concentration-
dependent manner, and the signal intensity of
HCCLM3 cells treated with the NPs at a higher
concentration is much lower than that of HCCLM3
cells treated with the NPs at a lower concentration.
These results suggest that the formed PEGylated
Fe;04 NPs can be uptaken by HCCLM3 cells and
enable MR imaging of HCCLM3 cells in vitro.

In vivo MR imaging of orthotopic HCC tumor model

Then, the developed PEGylated Fe;O4 NPs were uti-
lized for in vivo MR imaging of an orthotopic HCC
tumor model. Figure 8a reveals the contrast enhance-
ment of 7,-weighted MR image of tumors before and
after the treatment of the PEGylated Fe;O, NPs. Appar-
ently, from the time point of before injection to the time
point of 2 h postinjection, the MR signals of tumors
gradually decrease. This is attributed to the fact that the
PEGylated NPs are able to be accumulated into the
tumor region via the EPR effect. The MR signal inten-
sity of tumors becomes the weakest at 2 h postinjection.
At 4 h postinjection, the NPs begin to be metabolized,
leading to the recovery of the MR signal. The quantita-
tive MR signal intensity versus the time points of post-
injection of the NPs (Fig. 8b) reveals that the tumor MR
signal intensity becomes the lowest at 2 h postinjection
and slightly recovers at 4 h postinjection. By statistical
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Fig. 6 Phase contrast microscopic images of HCCLM3 cells treated with PBS (a) and PEGylated Fe;O,4 NPs at an Fe concentration of 0.25
(b), 0.5 (¢), 1.0 (d), 1.5 (e), and 2.0 mM (), respectively for 24 h. The scale bar in each panel represents 100 pm

analysis, the MR signal intensity at 2 h postinjection is
significantly lower than that at 0.5 and 6 h postinjection,
but the comparisons with that at 1 or 4 h postinjection
show no difference. Throughout these times, the MR

&
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Fig. 7 T,-weighted MR imaging (a) and MR signal intensity
analysis (b) of HCCLM3 cells treated with PBS and PEGylated
Fe304 NPs at an Fe concentration of 0.1, 0.2, 0.4, and 0.8 mM,
respectively, for 6 h

signal intensity of the normal liver tissue is significantly
lower than that of the tumor tissue. These results dem-
onstrate that the developed Fe;O04@PEI. Ac-mPEG-
COOH NPs are able to infiltrate into the tumor area
through the EPR effect reaching the bottom at 2 h post-
injection, and the MR signal intensity of the normal liver
tissue is obviously lower than that of the tumor tissue
because of the phagocytosis of Kupffer cells. When the
lesions are highlighted via 7,-weighted negative con-
trast enhanced MR imaging, the biological characteris-
tics (blood supply pattern) of HCC are also represented
by the developed Fe;04,@PEI. Ac-mPEG-COOH NPs.

Histology examinations

An MTT cell viability assay had been applied to evalu-
ate the cytotoxicity of the formed Fe;O4@PEI Ac-
mPEG-COOH NPs in the previous study (Hu et al.
2015), so in this study, we had not repeated it. Histology
examinations were performed to assess the potential
in vivo toxicity of the PEGylated Fe;04 NPs. As shown
in Fig. 9, the cell structure and morphology of all organs
of the mouse treated with the PEGylated Fe;O4 NPs
exhibit no apparent damages compared with those of the
corresponding organs acquired from the control mice
without treatment. This confirms that the injected
PEGylated Fe;O4 NPs do not exert any obvious
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Fig. 8 In vivo MR imaging (a) (a) 0h

and signal intensity analysis (b) of
tumors (asterisk) after
intravenous injection of the
PEGylated Fe;04 NPs (500 pg
Fe, 0.1 mL PBS for each mouse)

at different time points (b) 28

postinjection

Ratio (SNR)

-Nno1Se

Signal-to

-
N
1

in vivo toxicity to the mouse and, hence, hold great
potential to be used for tumor MR imaging applications.

In vivo biodistribution

To evaluate the biodistribution of the Fe;O4,@PEI-
mPEG-COOH NPs, ICP-OES was performed to an-
alyze the Fe concentration in several major organs
including heart, liver, spleen, lung, kidney, and tu-
mor (Fig. 10). It is clear that after 24 h postinjection
of Fe;0,@PEI-mPEG-COOH NPs, the Fe concentra-
tion in all the organs and tumor tissue of the tumor-
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05h _ 1h___2h__ 4h__ Gh

N
N
I

N
o
1

N
(o))
1

Spleen Lung

0 05 10 20 40 6.0

Time (h)

bearing mice is higher than that of the control mice
without injection. But only the Fe concentration in
spleen and liver is significantly higher. The majority
of the Fe is uptaken by the spleen and liver, i.e.,
preferentially accumulation occurs in liver and spleen
(Edge et al. 2016), and a quite small amount of Fe
remains in the other organs, such as heart, lung,
kidney, and tumor. The Fe accumulation in spleen
and liver is typical due to the clearance effect of
reticuloendothelial system (RES) located in these
organs (Hanini et al. 2011; Kumar et al. 2010).
The Fe content determined in main organs of control

Kidney

Fig. 9 H&E stained tissue sections from the mice at 15 days postintravenous injection of the PEGylated Fe;O4 NPs ([Fe] = 500 pg, 0.1 mL
PBS for each mouse) and the mouse without treatment (control). The scale bar in each panel represents 100 pm
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Fig. 10 Biodistribution of the major organs and tissue of the mice,
i.e., heart, liver, spleen, lung, kidney, and tumor, at 24 h
postintravenous injection of a PBS solution containing the
PEGylated Fe;0,4 NPs (500 pg Fe, 0.1 mL PBS)

mice group is ascribed to that Fe element is one of
the essential elements in the living body.

Conclusion

In summary, PEGylated Fe;O,4 NPs with an ultrahigh r,
relaxivity were prepared via a mild reduction route for
T,-weighted MR imaging of an orthotopic tumor model
of HCC. The mild reduction endowed the synthesized
Fe;0,@PEI NPs to be covalently conjugated with
mPEG-COOH via EDC coupling chemistry. The thus
formed PEGylated Fe;04 NPs possessed good water
dispersibility and cytocompatibility in the given Fe con-
centration range. No hematology studies were per-
formed because the hemolysis assay of the same nano-
particles had been carried out, suggesting their negligi-
ble hemolytic activity (Hu et al. 2015; Li et al. 2013).
Therefore, the developed PEGylated Fe;04 NPs could
be used for MR imaging of HCCLM3 cells in vitro and
an orthotopic tumor model of HCC in vivo with the
proven ultrahigh 7, relaxivity (461.29 mM ' s ). Given
the PEI amine-enabled conjugation chemistry, the
PEGylated Fe;04 NPs may be further integrated with
some anticancer drugs into one unique nanoplatform for
theranostic of various types of cancers.
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