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Objective The purpose of this study was to produce an arginylglycylaspartic acid (RGD) peptide-modified
ultra-small superparamagnetic iron oxide (Fe;O,) nanoparticles (NPs) for targeted magnetic resonance (MR)
imaging of hepatocellular carcinoma (HCC) cells and verify its utility as aT1 positive MRI imaging contrast agent
in vitro and in vivo.

Methods The carboxylated Fe,O, NPs stabilized with sodium citrate were conjugated with polyethylene glycol
(PEG)-linked RGD nanoparticles to form a novel target contrast agent Fe;0,-PEG-RGD NPs. The specificity of
Fe,0,-PEG-RGD to bind RGD receptor was investigated in vitro by HepG2 cellular uptake and cell MR imaging,
and in vivo by MR imaging of subcutaneous HepG2 tumors of nude mice.

Results The formed Fe;O,-PEG-RGD NPs displayed good biocompatibility, and the ultrahigh r1 relaxivity was
1.37 mM 'S The synthesized Fe,O,-PEG-RGD NPs were demonstrated spherical-like with an approximate
diameter of 2.7 nm in similar size. The targeting effect to HepG2 cells was confirmed by in vitro cellular
uptake and cell MR imaging. The in vivo MR imaging of nude mice demonstrated that the MR signal intensity
enhancement of HepG2 tumor in Fe;O,-PEG-RGD NPs treated mice was significantly higher than in mice treated
with non-targeted Fe;O,-mPEG NPs at the same post-administration time point.

Conclusion The results indicate that the Fe;O,-PEG-RGD particles have potential utility asT1 positive contrast
agent in targeted MR imaging.
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EPATOCELLULAR carcinoma (HCC) is the

most frequent malignant tumor of liver

worldwide, especially in China.m"™ It is the

5th most common carcinoma and causes
one million deaths in the world annually.™™ Early diag-
noses of HCCs and surgical resection can enhance the
survival rate and ensure the life quality of survivals.®
Desperately, it is very important to develop a sensitive
method at an early date to detect hepatic nodules that
possess HCCs. The common manifestation of HCCs in
contrast enhanced CT and magnetic resonance imaging
(MRI) is high density/signal intensity in hepatic arterial
phase and low density/signal intensity in portal venous
phase, namely washout.”’*! However, early staged
HCCs less than 2 cm in size are often demonstrated
atypically."** About 65% of early staged HCCs, espe-
cially the well-differentiated nodules, are hypovascular
and do not wash out in portal phase because of the
retention of dual blood supply of both hepatic artery
and portal vein.™* ' These uncharacteristic features
cause difficulties in detection and differential diagnosis
of early staged HCC.

The current imaging modalities for early HCCs
diagnoses, e.g. CT, ultrasound (US), and MR imaging,
are generally based on the typical blood kinetic fea-
tures of enhancement. New diagnostic methods that
do not depend on typical vascularity are needed. The
emerging molecular imaging focus on tumor micro-
environment, where MR imaging is commonly applied
because of its significant advantages, such as superior
soft tissue contrast, high spatial resolution, and free
of radiation exposition."??? Molecular MR imaging has
brought novel insights into diagnosis of multiple dis-
eases.[”?8

Superparamagnetic iron oxide (Fe;0,) nanopar-
ticles (NPs) can be applied as negative contrast
agents for T2-weighted MR imaging,*?>* While small
size Fe;0, NPs (<5 nm) have been adopted as T1
contrast agents for MR imaging applications.?*?!
In our previous study, we developed a method to
synthesis arginyl-glycine-aspartate (RGD) peptide-
functionalized ultra-small Fe;O0, NPs for targeted
T1-weighted positive MR imaging.*® The objective
of this work was to investigate its T1 positive MR in-
tensity and the targeting effect of RGD-conjugated
Fe;0, NPs to HepG2 cells (a human hepatoma cell
line) overexpressing avB; integrin (Figure 1), and
to explore the possibility of its clinical application in
tumor targeted MR imaging.
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Figure 1. Schematic illustration of synthesis of Fe;0,-
PEG-RGD as a platform for targeted magnetic resonance
imaging of HepG, cells.

MATERIALS AND METHODS

Materials

All of the chemicals in this study were purchased
commercially and used without further purification.
1-ethyl-3(3-dimethylaminopropyl) carbodiimide hy-
drochloride (EDC), N-hydroxysuccinimide (NHS), and
diethylene glycol were from Aldrich (St Louis, MO,
USA); RGD was from GL Biochem (Shanghai, China);
Polyethylene glycol (PEG) with one end of amine group
and the other end of maleimide group (NH,-PEG-Mal,
M, =2000) and PEG monomethyl ether with the oth-
er end of amine group (mPEG-NH,, M,,=2000) were
both obtained from Shanghai Yanyi Biotechnology Co.
(Shanghai, China); Dulbecco’s modified eagle medium
(DMEM), phosphate buffer saline (PBS), fetal bovine
serum (FBS), streptomycin, and penicillin were from
Gibco (Carlsbad, CA, USA); sodium citrate, anhydrous
ferric chloride (FeCl;>99%) were from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China) and ap-
plied as received. The water used in the experiments
was purified by a Milli-Q Plus 185 water purification
system (Millipore, Bedford, MA, USA) with a resistivi-
ty higher than 18 MQ.cm. HepG2 cells and 293T cells
(a human embryonic kidney cell line) were purchased
from Institute of Biochemistry and Cell Biology (Chinese
Academy of Sciences, Shanghai, China).

Synthesis of Fe;0,-PEG-RGD NPs

Fe;0,-PEG-RGD NPs were synthesized using a mild
reduction route according to our previous study.!*!
In brief, sodium citrate was added to FeCl;-6H,0
(1081.00 mg), then the obtained black product was
dispersed into water and lyophilized to get Fe;0, NPs
powder for further use. Next, we added NH,-PEG-Mal

(20.00 mg) into 5 mL DMSO with vigorous magnetic



144 CHINESE MEDICAL SCIENCES JOURNAL June 2020

stirring at room temperature, followed by adding RGD
(6.92 mg, in 2 mL DMSO) and stirring for 72 hours to
obtain the product of NH,-PEG-RGD in white powder. At
last, the citric acid carboxy! of Fe;O, NPs (56.00 mg, in
10 mL DMSO) was dissolved dropwise into the DMSO
solution of NH,-PEG-RGD (11.08 mg, 5 mL) under
vigorous stirring at room temperature for 72 hours,
followed by lyophilization to produce powder of Fe;0,-
PEG-RGD NPs. We used Fe;0, NPs powder and mPEG-
NH, under the similar experimental conditions to pro-
duce powder of Fe;0,-mPEG NPs.

Characterization techniques

Hydrodynamic sizes and zeta potential were measured
by a Malvern Zetasizer Nano (ZS model ZEN3600, Mal-
vern, Worcestershire, UK) with a standard 633-nm la-
ser. The morphologies and sizes of nanoparticles were
evaluated on transmission electron microscopy (TEM)
(2010F, JEOL, Tokyo, Japan) at a voltage of 200 kV.
The Fe concentration was evaluated by inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES)
(Leeman Prodigy, Hudson, NH, USA). The nanoparticles
were dissolved with water to obtain Fe solution of dif-
ferent concentrations. The T1 relaxometry of the Fe;0,-
PEG-RGD NPs was examined by positive MR imaging via
a 0.5 T NMR Analyzing and Imaging system (NMI20-An-
alyst, Niumag Corporation Ltd, Shanghai, China).

Cytotoxicity assay and cell morphology observation
The cytotoxicity of the Fe;0,-PEG-RGD NPs was eval-
uated by MTT viability assay of HepG2 and 293T cells.
The cells were seeded into a 96-well plate with a den-
sity of 1 x 10" per well and incubated in regular DMEM
supplemented with 10% heat-inactivated FBS, 100 U/
mL penicillin, and 100 pg/mL streptomycin for 24 h.
Afterwards, the medium was replaced with a fresh
medium containing Fe;0,-PEG-RGD NPs at different
Fe concentrations. After 24 h incubation at 37°C and
5% CO,, MTT (20 pL, 5 mg/mL) in PBS was added
into each well and the cells were incubated for anoth-
er 4 h under regular culture conditions. The medium
was then carefully removed, and DMSO (200 uL) was
added into each well to dissolve the formed formazan
crystals. The absorbance at 570 nm of each well
was measured using a microplate photometer (Mul-
tiskan™ MK3, Thermo Fisher Scientific, Hudson, NH).
Mean and standard deviation for the triplicate wells
were calculated. After treatment with Fe;0,-PEG-RGD
NPs at different Fe concentrations (0-100 pg/mL)

for 24 h, the cell morphology was observed using a
Leica DM IL LED inverted phase contrast microscope
with magnification of 200x for each sample.

In vitro cellular uptake of the Fe;0,-PEG-RGD
NPs

HepG2 cells and 293T cells were seeded in MEM me-
dium and DMEM medium, respectively, supplemented
with 1% penicillin-streptomycin and 10% FBS at 37°C
with 5% CO,. The specific uptake of the Fe;0,-PEG-
RGD NPs by HepG2 cells was demonstrated using ICP-
AES analysis of the cells handled with the nanopar-
ticles for 4 hours. HepG2 cells were cultured in 12-
well plates at a density of 2x10° cells per well in 1 mL
DMEM and incubated at 37°C with 5% CO,. Next day
the medium was replaced by 1 mL fresh PBS (control),
and the Fe;0,-PEG-RGD NPs at Fe concentration of 25,
50, 75, and 100 pg/mL respectively. After 4 hours,
washed the cells three times with PBS, then tryp-
sinized, centrifuged, and resuspended in 1 mL PBS to
get the number of cells per well prior to being digested
by aqua regia solution. Finally, ICP-AES analysis was
performed to value the uptake of Fe;0,-PEG-RGD NPs
by HepG2 cell. For comparison, the uptake by 293T
cells was managed and valued under the same experi-
mental conditions.

In vitro MR imaging of targeted cancer cells
HepG2 cells were cultured in a 6-well plate at a density
of 3x10° cells per well in 2 mL DMEM, and incubated
at 37°C with 5% CO,. After a night culture to get the
cells confluence, replaced with 2 mL fresh medium
with Fe;0,-mPEG or Fe;0,-PEG-RGD NPs at Fe con-
centrations of 5, 10, 25, 50 and 100 pg/mL, respec-
tively. Next, seeded the cells at 37°C with 5% CO, for
6 hours. Then, washed the HepG2 cells 5 times with
PBS, trypsinized, centrifuged, and resuspended in 1 mL
PBS in 2 mL Eppendorf tubes for MR performance. T1
positive MR imaging of the cell suspension was per-
formed via a wrist receiver coil with inversion recovery
sequence: TR=400 ms, TE=20 ms, point resolu-
tion=128 mm x 128 mm, section thickness=0.5 mm,
and number of excitation=1.

Animal model and in vivo MR imaging

Animal model of tumor
The animal studies were approved by the Committee
on Use and Care of Animals Shanghai Jiaotong Uni-



Vol. 35, No. 2

versity affiliated General Hospital, and conducted in
accordance with local humane animal care standard.
Nude mice in about 4-5 weeks old were purchased
from Shanghai Laboratory Animal Centre. We inject-
ed HepG2 cells suspension (5x 10° cells in 0.2 ml fo-
late-free RPMI1640 medium) into the right lateral thigh
of nude mice, then maintained them under specific
pathogen-free (SPF) conditions for at least 4 weeks.
When the tumors reached 1.0 cm in diameter, the mice
were adopted for in vivo MR imaging.

In vivo MR imaging

Nine tumor bearing mice were randomly divided into
three groups: RGD-targeted Fe;0, NPs injection group,
Fe;0,-mPEG injection group and PBS injection group
(as control). Pentobarbital sodium of 40 mg/kg was
injected to the tumor-bearing mice, then Fe;0,-mPEG
or Fe;0,-PEG-RGD NPs dispersed in 0.3 mL PBS were
administrated via tail veins at a dose of 450 ug Fe
per mouse. MR imaging was performed on 3.0 T MR
scanner (Discovery 750, GE Healthcare, USA) with
a small animal coil (Magtron Inc., Shanghai, China)
and FSE sequence: TR=600 ms, TE=11.7 ms, slice
thickness=1.8 mm, FOV=3 cm x 3 cm, and point res-
olution=128 x 256. For each animal, T1-weighted MR
images were obtained before and at 15, 30, 60, and
90 min after injection of the nanoparticles. The tumor
MR signal intensities of three mice in each group were
collected under each condition and described as mean
and standard deviation (SD).

In vivo biodistribution and tumor uptake

After MR scanning, the tumor-bearing mice were eu-
thanized at 12 hours after injection and then organs
(heart, liver, spleen, lung, kidney) and tumors were
resected and weighed. The organs were then cut
into small pieces about 1-2 mm? in size and digested
by aqua regia solution (nitric acid/hydrochloric acid,
v/v=1:3) for 24 hours. Then, Fe content in organs

0.05 0.1 02
Figure 2. The in vitro T1-weighted MR images of the Fe;0,-mPEG (non-targeted) and Fe;0,-PEG-RGD (targeted) NPs at Fe
concentration of 0.05, 0.1, 0.2, 0.4, 0.8 mM, respectively.
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were quantified by ICP-AES. For comparison, the
mice without injection and the mice injected with the
non-targeted Fe;0,-mPEG NPs received the same pro-
cedures as controls. The tumor uptake of Fe;0,-PEG-
RGD NPs was further evaluated by TEM according to
the methods described in previous paper.t*” **

Statistical analysis

All statistical analyses were performed with SPSS (ver-
sion 21.0). Data of tumor MR signal intensity were
described as mean £ SD. One-way ANOVA statistical
analysis was performed to compare the MR signal in-
tensity of cells and animals. A P value < 0.05 was con-
sidered statistically significant.

RESULTES

Characterization of the Fe;0,-PEG-RGD NPs

The synthesized Fe;0,-PEG-RGD NPs were demon-
strated spherical-like with an approximate diameter
of 2.7 nm in similar size. Fe;0,-PEG-RGD NPs can be
dissolved in PBS, water, or cell culture fluid with quite
good stability. The pristine citrate-stabilized Fe;O, NPs
have a fairly negative surface potential of -39.7 mV via
the citrate stabilization. The surface potentials of the
Fe;0,-mPEG and Fe;0,-PEG-RGD measured were -8.8
mV and -10.1 mV, respectively. The hydrodynamic siz-
es of the Fe;0,-mPEG and Fe;0,-PEG-RGD were 168.7
nm and 212.5 nm, respectively.

T1 relaxometry

The synthesized Fe;0,-PEG-RGD NPs displayed good
biocompatibility and ultrahigh r1 relaxivity which was
1.37 mM'S™, Both the Fe;0,-mPEG and Fe;0,-PEG-
RGD NPs showed increased MR signal intensity; with
increasing of Fe concentration, the enhancement
of T1 signal intensity by Fe;0,-PEG-RGD increased,
which was more distinct than that of Fe;0,-mPEG
(Figure 2).

High

Non-targeted !

0.4 0.8 (MM Fe)
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In vitro cytotoxicity assay

The cell viabilities of HepG2 cells treated with Fe;0,-PEG-
RGD NPs at Fe concentrations of 10-100 pg/mL all ex-
ceeded 80%, while no obvious cytotoxicity in 293T cells
treated by Fe;0,-PEG-RGD was observed in the same
range of Fe concentration (Figure 3).

Targeted T1-weighted positive MR imaging

HepG2 cells in vitro

We explored the possibility of the Fe;0,-PEG-RGD NPs
as a nanoprobe for T1-weighted positive MR imaging of
HepG2 cells in vitro (Figure 4). The MR signal intensi-
ty of the HepG2 cells treated with Fe;0,-PEG-RGD NPs
was significantly higher than that treated with Fe;0,-
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mPEG NPs at the same concentration of Fe (F=10.2,
P=0.009). With the increase of Fe concentration, the
enhancement of T1 signal intensity by Fe;0,-PEG-
RGD was more distinct than that by Fe;0,-mPEG.

Xenografted HepG2 tumor model in vivo

Both targeted and non-targeted NPs injections pro-
duced MR contrast enhancement of HepG2 tumors
in mice (Figure 5). The quantitative tumor MR sig-
nal intensity data show that, at the same time point
(post-administrated 15 min, 30 min, 60 min, and 90
min), the tumor MR signal intensity enhancement of
Fe;0,-PEG-RGD NPs treated mice was significantly
higher than that treated with Fe;0,-mPEG NPs (F=8.6,
P=0.01).
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Figure 3. MTT assay of cell viability 24 hours after the treatment of Fe;0,-PEG-RGD NPs. PBS were used as control (n=3).

A. HepG2 cells; B. 293T cells.
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Figure 4. In vivo T1-weighted MR image of human hepatoma cell HepG2 acquired 2 hours after treated with the Fe;0,-mPEG
(non-targeted) and Fe;0,-PEG-RGD (targeted) NPs at Fe concentrations of 10, 25, 50, 75, and 100 pug/mL, respectively.
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Figure 5. In vivo T1-weighted MR imaging of HepG, tumor model mice before and after injection of the Fe;0,-mPEG
(non-targeted) and Fe;0,-PEG-RGD (targeted) NPs solution through tail vein. The arrows indicate the tumorous area.
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In vivo bio-distribution

The ICP-AES result data (Figure 6) showed there was
a significant uptake of Fe in liver, while only a relatively
small amount of Fe was absorbed by other organs (e.g.,
heart and kidney) and the tumor tissue. Importantly,
the Fe content in tumorous tissues after injection of
Fe;0,-mPEG and Fe;0,-PEG-RGD NPs were much higher
than the control mice without injection. The results fully
illustrated the important RGD targeting role in effec-
tively delivering the NPs to tumors, which consequently
render effective MR imaging targeting on tumors.

In vivo tumor uptake of Fe;0,-PEG-RGD NPs
On TEM images, we found a small number of elec-
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Figure 6. The in vivo biodistribution of Fe in tumor and
different organs of nude mice received injection of Fe;0,-
mPEG (non-targeted) or Fe;0,-PEG-RGD (targeted) NPs

(450 pg Fe, in 0.3 mL PBS).
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tron-dense particles in the vacuoles of cytoplasm of
HepG2 tumor cell in Fe;0,-PEG-RGD NPs treated model
mice (Figure 7).

DISCUSSION

In this study, Fe;0,-PEG-RGD NPs were synthe-
sized with a mild reduction route on the basis of our
former study.®® Fe,0, is usually regarded as T2 nega-
tive MR contrast agent because it decreases MR signal
intensity,'***% while small sized Fe;0, NPs with diam-
eter<5 nm can be adopted as T1 contrast agents. We
found that most Fe;0,-PEG-RGD particles were demon-
strated spherical in similar size, with an approximate
diameter of 2.7 nm, which is very small comparing to
Fe;0, nanoparticles. The T1-weighted MR images clear-
ly showed that both Fe;0,-mPEG and Fe;0,-PEG-RGD
nanoparticles demonstrated increased MR signal inten-
sity with the increase of Fe concentration.

It is important to know the potential cytotoxicity
of Fe;0,-PEG-RGD NPs in vitro before being adopt-
ed in vivo. This study showed that after Fe;0,-PEG-
RGD NPs treatment with Fe concentration in range of
10-100 pg/mL, the viability of HepG2 cells can remain
higher than 80% of its origin. The result indicates that
the prepared Fe;0,-PEG-RGD NPs have good cyto-
compatibility in the studied range of Fe concentration.
We explored the possibility of Fe;0,-PEG-RGD NPs as
a nanoprobe for T1-weighted positive MR imaging of
HepG2 cancer cells in vitro, and found that both the
Fe;0,-mPEG and Fe;0,-PEG-RGD NPs can produce

Figure 7. Transmission electron microscopy images of hepatocellular carcinoma in Fe;0,-PEG-RGD (targeted) NPs treated
mice. A. Image of a hepatocellular carcinoma cell (10000x); B. a higher-magnified image of the highlight area on image (A)
showing the distribution of Fe;0,-PEG-RGD NPs in the lysosomes (arrow) (30000x).
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T1-positive MR contrast enhancement in HepG2 cells
and the enhancing effect was correlated to Fe concen-
tration. Additionally, at the same Fe concentration, the
enhanced MR signal intensity of HepG2 cells by Fe;0,-
PEG-RGD NPs was higher than that by Fe;0,-mPEG
NPs without RGD. In particular, the MR signal intensity
of the HepG2 cells handled with the Fe;0,-PEG-RGD
NPs was significantly higher than that handled with the
Fe;0,-mPEG NPs at the same Fe concentration. These
results suggest that it is possible to adopted Fe;0,-
PEG-RGD NPs as a nanoprobe of specific T1 positive MR
imaging for avB3 overexpressing cancer cells in vitro.
We investigated the potential of using Fe;0,-PEG-
RGD NPs as a nanoprobe for targeted T1-weighted
MR imaging of tumors in vivo. It is clearly shown that
intravenous injections of targeted and non-targeted
NPs can both induce MR contrast enhancement of the
HepG2 tumors. At 60 minutes post-injection, both
nanoparticles are able to aggregate in the tumor re-
gion, reaching the maximum MR contrast enhancement
which was likely due to the maximum accumulation
of the nanoparticles in the tumor. The signal intensity
gradually decreased subsequently, which was probably
due to the metabolism process of the particles de-
creased its accumulation in the tumors. The quantita-
tive data of tumor MR signal intensity showed that the
post-adminstrated tumor MR signal intensity treated
with Fe;0,-PEG-RGD NPs was significantly higher than
that treated with non-targeted Fe;0,-mPEG NPs at the
same time point. These results suggest that the Fe;0,-
PEG-RGD NPs can be used as a nanoprobe for targeted
T1-weighted positive MR imaging of tumors in vivo
through the RGD-mediated active targeting pathway.
It is important to investigate the bio-distribution
of the Fe;0,-PEG-RGD NPs in vivo for its applications
as an contrast medium of MR imaging. ICP-AES data
showed that the Fe contents in major organs and tu-
mor tissue after injection of Fe;0,-mPEG and Fe;0,-
PEG-RGD NPs were much higher than that of the
control mice without injection. A significant uptake in
liver was observed. Data of Fe bio-distribution sug-
gested that the PEGylation modification of the Fe;0,
NPs allowed a portion of particles to escape from re-
ticuloendothelial system and transfer to tumor tissue
for effective MR imaging. The Fe content in the tumors
of mice treated with targeted Fe;0,-PEG-RGD NPs
was much higher than that treated with non-targeted
Fe;0,-mPEG NPs, indicating the important role of RGD
in targeting on and delivering to the tumor, and conse-

quently, effectively delineating tumors in MR imaging.

TEM imaging, a modality that identify the intracel-
lular distribution of nanoparticles, revealed the uptake
of Fe;0,-PEG-RGD NPs in HepG2 cell. The detection of
a small number of electron-dense particles in vacuoles
of HepG2 cells of Fe;0,-PEG-RGD NPs treated mice
indicated that the cellular uptake of Fe;0,-PEG-RGD
NPs was probably through the RGD receptor-mediated
pathway, instead of internalization by phagocytosis, or
diffusion through cytoderm.

To conclude, as a specific nanometre targeted MR
imaging probe, Fe;0,-PEG-RGD NPs targeting on avf3
can be used to study early staged HCC in animal mod-
els in vivo with high field MR imaging and provide ad-
ditional information to improve early diagnosis of HCC.
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