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Hepatic fibrosis (HF), as the only reversible process of chronic liver disease, remains a big diagnostic challenge.
Development of noninvasive and effective methods to assess quantitatively early-stage HF is of great clinical
importance. Compared with conventional diagnostic methods, near-infrared fluorescence imaging (NIR) and
magnetic resonance imaging (MRI) could offer highly sensitive and spatial resolution signals for HF detection.
However, precise detection using contrast agents is not possible. Superparamagnetic iron oxide (SPIO)
nanoparticles have low toxicity, high sensitivity and excellent biocompatibility. Integration of FezOg4
nanoparticles and indocyanine green (ICG), coupled with targeting ligand of integrin «,Bs, arginine—
glycine—aspartic acid (RGD) expressed on hepatic stellate cells (HSCs), were used to detect HF. Both in
vivo and in vitro results showed that the SPIO@SiO,—-ICG—-RGD had high stability and low cytotoxicity. The
biodistribution of SPIO@SIO,-ICG-RGD was significantly different between mice with HF and healthy
controls. SPIO@SiO,-ICG-RGD was characterized and the results of imaging in vitro and in vivo
demonstrated the expression of integrin o,z on activated HSCs. These data suggest that our SPIO@SIO,—
ICG-RGD probe could be used for the diagnosis of early-stage HF. This new nanoprobe with a dual-
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1. Introduction

Hepatic fibrosis (HF) is a key stage in the progression of chronic
liver disease,> which can aggravate to cirrhosis and liver
cancer. As shown in Scheme 1, liver injury can be initiated by
several precipitating factors. Liver injury initiates a cascade of
fibrogenic processes initiated by inflammatory and fibrogenic
signals.>* In response to a persistent liver injury, macro-
phages®® initiate the recruitment and transformation of resi-
dent quiescent hepatic stellate cells (HSCs)”® to a myofibroblast
phenotype, which is highly activated, proliferative, motile, and
contractile.” The cells of this phenotype are a major source of
aredundant extracellular matrix (ECM).'*** Accumulation of the
ECM is the main reason for HF induction.® In this process,
integrin a,B; is expressed by HSCs. Integrin o, B3 enhances the
adhesion and migration of HSCs, which bind to the ECM,"”>™**
whereas integrin ao,f; is not expressed by hepatocytes. Hence,
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modality imaging approach holds great potential for the diagnosis and classification of HF.

integrin o,B; can be used as a unique target to activate HSCs,
which induce fibrogenesis in the liver. The targeting ligand of
integrin o,B; is a sequence of three amino acids: arginine-
glycine-aspartic acid (RGD).**"

Recent studies have reported that HF is reversible and
treatable at an early stage.'® Therefore, early detection of HF
in patients with chronic liver diseases is important for clinical
management and treatment decisions. Liver biopsy is used as
the “gold standard” to assess HF stage. However, it is an inva-
sive procedure with some significant complications, so it is not
usually accepted by patients.”* Laboratory examinations and
imaging such as ultrasound (US), US shear-wave elastography,
computed tomography, and magnetic resonance imaging (MRI)
are often used in the diagnosis of liver cirrhosis and related
complications. However, these methods have drawbacks
regarding early diagnosis. Hence, for most patients, lesions are
not identified at an early stage.”*>*

The development of multifunctional probes can combine the
advantages of two or more diverse imaging modalities to make
imaging more effective.’**” Therefore, a multifunctional probe
can be developed to target and image HF. This strategy could
provide a novel method for HF detection to overcome the
shortcomings of single-imaging modalities.

We hypothesized that a probe could combine two signals
(MRI and near infrared fluorescence (NIR) imaging) to aid the
diagnosis of HF.>®** Superparamagnetic iron oxide (SPIO)
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Schemel Pathogenesis of hepatic fibrosis. (A) Etiology of liver damage. (B) Liver damage at the cellular level. (C) Development of hepatic fibrosis.

nanoparticles have low toxicity, high sensitivity and excellent
biocompatibility, and are the first T2 contrast agents for MRI to
be used clinically.*® Compared with fluorescent quantum dots
and cyanine dye, indocyanine green (ICG) is the only NIR organic
dye approved by the US Food and Drug Administration (FDA) for
medical imaging and diagnosis in clinical practice for more than
50 years.** ICG and SPIO have disadvantages: a tendency to
aggregate and degrade rapidly in aqueous solution; a tendency to
clear rapidly from the body with a short half-life of 2-4 min;
absence of active targeting; being prone to photo-bleaching.
Hence, the most effective method is to establish novel particles
combined with ICG and SPIO. Also, “hydrothermal synthesis”
refers to the chemical reactions of substances in a sealed heated
solution above ambient temperature and pressure.*

In this context, to improve the targeting ability of particles,
an optimal target site should be selected for HF. As mentioned
above, RGD can be used to target activated HSCs by binding to
integrin o, B3 receptors because the integrin a,; is expressed on
activated HSCs* (the target cells in HF). Hence, we enabled the
binding of RGD to the surface of nanoparticles.

Here, we report the synthesis of small-scale core-shell nano-
particles. These were engineered by conjugation with ICG and
SPIO, which target integrin a,f; due to its RGD sequence. Then,
we evaluated the potential utility of the nanoprobe, SPIO@SiO,-
ICG-RGD, using MRI/NIR for precise imaging guidance of early-
stage HF in a mouse model. We found that the nanoparticles
simultaneously possessed MRI/fluorescence imaging features in
HF in vivo. Interestingly, a synergistic effect of the nanoparticles
suggested that they have good biocompatibility and could realize
imaging-guided location of HF.

2. Experimental
2.1. Materials and instrument

Tetraethylorthosilicate (TEOS), (3-aminopropyl)triethoxysilane
(APTES) and pyrrole were obtained from Sigma-Aldrich (Saint
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Louis, MO, USA). 2-Methoxy (polyethyleneoxy) propyl trime-
thoxysilane = (PEG-silane, 596-725 Da) and cetyl-
trimethylammonium bromide (CTAB, 98%) were purchased
from Alfa Aesar China (Beijing, China). The RGD peptide (Arg-
Gly-Asp, 5 mg, 98%) and Fe;0,~COOH (1 mg mL ', Fe) nano-
particles were obtained from Thermo Scientific (Waltham, MA,
USA). ICG solution (10 mg mL ™) was purchased from Dandong
Medical and Pharmaceutical Co. Ltd. (Dandong, China). All
other chemicals were of analytical grade and used without
further purification. Deionized water (DI water) was obtained
from a water-purification system (Millipore, Bedford, MA) with
a resistivity of 18.2 MQ cm 2.

Transmission electron microscopy (TEM) using a 1011
system (JEOL, Tokyo, Japan) and scanning electron microscopy
(SEM) employing a S-4800 instrument (Hitachi, Tokyo, Japan)
using an acceleration voltage of 100 kV enabled evaluation of
the morphology and size of nanoparticles. The hydrodynamic
particle size distribution was measured by dynamic light scat-
tering (DLS) using a Zeta potential meter (ZEN 3600-nanoZs;
Malvern Instruments, Malvern, UK). X-ray photoelectron spec-
troscopy (XPS) was done on an ESCALab™ 250Xi instrument
(Thermo Scientific) using 200 W monochromatic Al Ko radia-
tion. The ICG concentration was determined using an absor-
bance assay at 785 nm for ICG. UV-vis-NIR spectra were
obtained with a Lambda 25 spectrophotometer (PerkinElmer,
Waltham, MA, USA). Fluorescence images were obtained using
an animal in vivo optical imaging system (IVIS Spectrum; Per-
kinElmer). MRI was done using an animal MRI scanner (Aspect,
Shoham, Israel).

2.2. Synthesis of SPIO@SiO,-ICG-RGD

The nanoprobe was synthesized following the scheme shown in
Fig. 1. SPIO cores (Fe;O, nanoparticles) were synthesized as
described previously.** After modification of Fe;O, nano-
particles (which had a hydrodynamic diameter of 24 £+ 4 nm),

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Synthesis of SPIO@SIiO,-ICG-RGD (schematic).

SiO, nanocores were prepared using a conventional method.
Briefly, the reactive solvents were prepared by adding ethanol
(3 mL) to DI water (2 mL). After stirring for 0.25 h by magnetic
stirrers at room temperature, 5 mL of Fe;0,~COOH (1 mg mL ",
Fe;0,4) was added to the solvent, followed by 0.3 mL of ammonia
solution (25%). About 30 uL of TEOS was added dropwise and
allowed to react followed by continuous stirring at 800 rpm for
3 h at 40 °C. An external magnetic field was used to collect solid
products, and then rinsed thrice with DI water and ethanol. The
precipitate was re-dispersed in 10 mL of ethanol.

Then, SPIO@SiO, nanoparticles were coated with poly-
ethylene glycol (PEG) MW-5000 using a dual-solvent exchange
method. Approximately 0.01 mg mL ™" of ICG was added to 1 mL
of the resulting solution (loading efficiency: 30%). The mixture
was then placed on a shaker and incubated at room tempera-
ture overnight. The unloaded ICG molecules and SPIOs were
removed by ultracentrifugation at 10 000 rpm. The RGD peptide
was combined with SPIO@SiO, nanoparticles using the NHS-
EDS reaction and shaken for 6 h. The targeting probe was
stored at room temperature within silver paper to protect it
from light.

After the synthesis, for in vivo imaging, =100 pL of
SPIO@Si0,-ICG-RGD (0.2 mg mL™ ", Fe;0,) was used for each
mouse, which contained 1 pg of ICG dye.

2.3. Cell-line culture, cytotoxicity assay and toxicity
evaluation in vivo

A mouse HSC line, human HSC line (LX-2) and normal human
liver cell line (HL7702) were purchased from China Infrastruc-
ture of Cell Line Resources (Beijing, China). Mouse HSC and
HL7702 lines were cultured in H-Dulbecco's modified Eagle's
medium (H-DMEM) (Gibco, Billings, MT, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin-
streptomycin. LX-2 cells were cultured in L-DMEM (Gibco)
supplemented with FBS (10%), basic fibroblast growth factor
(bFGF), insulin, hydrocortisone, transferrin, streptomycin and
penicillin. The cultured cells were maintained in 5% CO, in
a tissue culture incubator at 37 °C.

This journal is © The Royal Society of Chemistry 2018

Mouse HSC cells, LX-2 cells and HL7702 cells were used to
detect the toxicity of the SPIO@SiO,-ICG-RGD nanoprobe. The
cytotoxicity assay of the nanoprobe was evaluated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Thermo Scientific). Cells (mouse HSC, LX-2 or HL7702)
were seeded in a 96-well tissue culture plate at 1 x 10* cells per
well using 200 pL of cell culture medium to disperse them as
described previously.”** Before the experiment, the cells
reached 60-80% confluence after incubation in 5% CO, for 48 h
(mouse HSC, LX-2) or 24 h (HL7702) 37 °C. After reaching 60-
80%, the cells were incubated with SPIO@SiO,-ICG-RGD (10,
25, 50, 75, 150, and 300 pg mL ™', Fe;0,). After 24 h of incuba-
tion, 100 pL of fresh medium and 10 pL of MTT solution (5 mg
mL " in phosphate-buffered saline (PBS)) was added to each
well and cultured for an additional 4 h. After removal of the old
medium, 120 pL of dimethyl sulfoxide was added to each well
and the absorbance at 600 nm read using a microplate reader to
calculate relative cell viabilities.

For evaluation of the toxicity of nanoparticles, an in vivo test
was undertaken on 10 healthy mice separated randomly as
a treatment group and control group (n = 5 per group).
Approximately 200 pL (0.2 mg mL ™", Fe;0,) of SPIO@Si0,-1CG-
RGD was delivered via the tail vein to the treatment group. After
being raised conventionally for 4 weeks, blood was obtained from
the hearts of mice and in vivo biochemistry tests undertaken.

2.4. Invitro cell fluorescence imaging

For fluorescence imaging in vitro, mouse HSC cells and LX-2
cells were incubated with SPIO@SiO,-ICG-RGD (50 pL;
0.2 mg mL ", Fe;0,) for 2 h in a 96-well tissue culture plate.
Before that, 1 x 10° cells were cultured in 96-well microtiter
plates for 24 h. Cells were washed thrice to stop uptake by the
cell culture medium and twice with PBS. Then, 2 mL of the cell
culture medium was added to the cell culture dish.

Then, a homemade stereoscopic fluorescence microscope
was applied to observe cellular uptake of SPIO@SiO,-ICG-RGD
at an excitation wavelength of 780 nm and emission wavelength
of 840 nm.

RSC Adv., 2018, 8, 6699-6708 | 6701
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2.5. Ethical statement of animal experiment and
preparation of a mouse model

The experimental protocol was approved by the Institutional
Animal Care and Ethics Committee of Capital Medical Univer-
sity (Beijing, China). Animal experiments were carried out in
compliance with the relevant guidelines of the National Insti-
tutes of Health (Bethesda, MD, USA). The maintenance and care
of animals ensured humane treatment, and all methods were
carried out in accordance with relevant guidelines.

Five-week-old male Kunming mice were obtained from the
Beijing Vital River Laboratory Animal Technology Co., Ltd (Bei-
jing, China). The mouse model for HF was obtained from the
Laboratory Animal Center of the Chinese Academy of Medical
Sciences (Beijing, China). The mouse model was induced by
intraperitoneal injection of carbon tetrachloride (CCl,).
Approximately 2.5 pL of CCl, (40%) per gram of body weight was
intraperitoneally injected twice a week into mice (n = 20). The
quality of life of mice was observed continuously until the HF
model was established for the experiments. After =2 weeks, an
early-stage HF mouse model was ready for the experiments, as
confirmed by histology. Animal procedures were implemented
under anesthesia (3% isoflurane-air mixture).

2.6. Fluorescence imaging of HF in vivo

Fluorescence imaging in vivo was undertaken on 10 mice with
HF and 10 healthy mice (controls). Approximately 100 uL
(0.2 mg mL ", Fe;0,) of SPIO@Si0,-ICG-RGD was delivered via
the tail vein. An IVIS Spectrum imaging system (PerkinElmer)
was used to monitor the change in fluorescence signal in mice
0.5,1, 3,6,12, 24, 48, 72, and 96 h post-injection with excitation
and emission wavelengths of 790 nm and 828 nm, respectively.
Imaging data were analyzed with IVIS Living Image v3.0 (Per-
kinElmer). The region of interest (ROI) was selected to measure
the mean fluorescence intensity (MFI) of the liver. The target:-
background ratio (TBR) was obtained by dividing the MFI of the
liver area by the corresponding body background area. To
evaluate the targeting ability of RGD, imaging of the HF of mice
treated with SPIO@SiO,-ICG in vivo was done.

2.7. MRI of HF in vivo

In vivo MRI data were obtained on a 1.0-T MRI system (Aspect).
T2-weighted axial whole-liver MRI datasets were obtained using
a fast spin echo-imaging sequence (TR/TE/TI = 1500 ms/20.7
ms/100 ms; flip angle = 90°; field of view = 40 x 40 mm; slice
thickness = 1 mm; resolution = 1 x 1 mm; slices = 16). All were
processed using the same scanning protocol. We monitored the
change in the MRI signal in mice 1, 3, 6, 9, 12, 48, 72, and 96 h
post-injection. The change in MRI contrast in the liver following
injection of the targeting probe was calculated quantitatively
using the ROI method with eFilm image processing software
(Merge Healthcare Corp., Chicago, IL, USA). The mean MRI
signal intensities of the ROI were calculated from the liver.
Then, the normalized signal intensities (SIs) were obtained by
comparing the SIs before and after that of the liver ROI. We
used two methods to evaluate the SI. First, we used SNR
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(STiiver/SDpackground)- Second, the values were calculated from the
liver and corresponding muscle areas. The mean change in MRI
contrast was calculated from five MRI slices of the entire liver
and muscle with the same area of the ROIL

To evaluate the targeting ability of RGD, =100 uL
of SPIO@SiO,-ICG was delivered by the tail vein to HF mice
(n=10). Then, in vivo imaging of HF was obtained from the IVIS
Spectrum imaging system (PerkinElmer) and the 1.0-T MRI
system (Aspect) using the method mentioned in Sections 2.6
and 2.7. The results of the experiment are given in ESI (Fig. S2
and S37).

2.8. Probe biodistribution and histology

Mice were sacrificed following optical imaging/MRI. The heart,
liver, spleen, lungs, and kidneys were harvested to determine
the biodistribution of the probes and for histology. The optical
images for assessing the fluorescence distribution were ob-
tained using the IVIS Spectrum imaging system. Prussian blue
staining was undertaken for the detection of iron in tissue
sections. Tissue morphology was verified by hematoxylin and
eosin (H&E) staining. Slices were examined using a digital
microscope (QWin; Leica, Wetzlar, Germany).

2.9. Statistical analyses

Data are the mean + standard deviation from at least three
sample replicates. Statistical comparisons were conducted
using Student's t-tests and paired t-tests with SPSS v17 (IBM,
Armonk, NY, USA), and graphs were drawn using Prism 5
(GraphPad, La Jolla, CA, USA). P < 0.05 was considered
significant.

3. Results

3.1. Synthesis and characterization of SPIO@SiO,-ICG-RGD

The morphology of SPIO@SiO,-ICG-RGD was characterized
using SEM (Fig. 2A) and TEM (Fig. 2B). SPIO@SiO,-ICG-RGD
exhibited a typical spherical morphology with an average diam-
eter of <100 nm (Fig. 2A and B). The average hydrodynamic
diameter of SPIO@Si0,-ICG-RGD was —100 nm as measured by
DLS (Fig. 2C). The excitation spectrum of SPIO@SiO,-ICG-RGD
exhibited a fluorescence intensity at 807 nm (Fig. 2D). In the UV-
vis spectrum, absorption peaks were detected at 712 nm and
779 nm, which corresponded to SPIO and ICG, respectively
(Fig. 2E). XPS indicated that iron, carbon, oxygen, nitrogen, and
silicon were present in the core-shell composite SPIO@SiO,
(Fig. 2F). Iron arose mainly from Fe;O,, which formed the core of
the nanoprobe. Silicon came mainly from SiO, nanosheets.
Oxygen originated from the oxygen-containing functional groups
in SiO, and Fe;0, nanoparticles. Carbon arose mainly from TEOS
and alcohol, which provide carboxyl groups in the SiO,@Fe;0, to
be grafted next. Nitrogen may have originated from the residual
ammonia solution. The XPS high-resolution spectra of Fe 2p, C
1s, Si 2p and O 1s from the fractured surfaces of SPIO@SiO, are
given in Fig. S1.t The Fe 2p spectrum (Fig. S1AT) for the
composite consisted of two symmetrical broadened peaks with
binding energies of 709.34 eV and 724.24 eV, which were

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Characteristics of a dual-functional agent SPIO@SiO,-ICG-
RGD. (A) SEM image of SPIO@SiO,-ICG-RGD. (B) TEM image of
SPIO@SiO,—-ICG-RGD. (C) DLS-measured diameters of SPIO@SiO,—
ICG-RGD in PBS. (D) Spectra of SPIO@SiO,—-ICG—-RGD. (E) Visible
absorption spectra of SPIO@SiO,—-ICG-RGD. (F) XPS spectrum of
SPIO@SIiO,-ICG-RGD. (G) T2-weighted MRl and T2 relaxation for
various concentrations of SPIO@SiO,—-ICG-RGD.

attributed to Fe 2ps, and Fe 2p,.,, respectively. That was indi-
cated for Fe*" and Fe®" in Fe;0,, and the mixed state of FeO and
Fe,0;. These values agree very well with literature values.*® The C
1s spectrum of SPIO@SiO, (Fig. S1Bt) was separated into three
peaks at binding energies of 284.27, 285.78, and 288.31 eV, which
were attributed to SP® + C, C + O and C=0 groups, respectively.
For the Si 2p and O 1s spectra in SPIO@SiO,, the strongest peaks
were at 101.69 eV (Fig. S1Ct) and 531.30 eV (Fig. S1Dt), respec-
tively, with the calculated content in nanoparticles being
17.82 wt% and 7.40 wt%, respectively. The relaxation times of the
core Fe;O, in the structure indicated that the paramagnetic
characteristic would enhance the T2 contrast. The different
MRI signals were captured using a 1.0-T MRI scanner (Fig. 2G).
The variables exhibited a linear relationship, with * = 0.988 and
R*=12356%x10 *ms "

3.2. Toxicity to HSCs in vitro and in vivo

We investigated the safety of our nanomaterials, which is of
utmost importance in biomedical applications. The toxicity of
SPIO@Si0,-ICG-RGD was assessed using a microplate reader
to ensure their safety and compatibility in vivo. The effects on
HSC survival are shown in Fig. 3A. Survival of the three cell lines
was >85%. Different concentrations resulted in a slight decrease
in the C50 value from 10 to 300 pg mL™ . The cytotoxicity testing
of SPIO@SiO,-ICG-RGD indicated that it had good biocom-
patibility for use in vivo.

This journal is © The Royal Society of Chemistry 2018
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Testing of SPIO@SiO,-ICG-RGD uptake revealed signifi-
cantly high fluorescence intensity after 2 h of incubation with
SPIO@Si0,-ICG-RGD in mouse HSCs and LX-2 cells (Fig. 3B).
The RGD sequence in the probe could target both of these lines
and bind specifically with the integrin a,f; receptor, suggesting
that the SPIO@SiO,-ICG-RGD probe had satisfactory specificity
for HSCs (Fig. 3B). These results suggested that SPIO@SiO,-
ICG-RGD could be used for NIR imaging or for observing HSCs
in the liver of a living body.

The results of toxicity testing of SPIO@SiO,-ICG-RGD in vivo
are shown in Table S1.7 Apart from alanine aminotransferase
(ALT), levels of all the other indicators were not significantly
different between normal and test groups (p < 0.05).

3.3. HF detection using SPIO@SiO,-ICG-RGD by NIR
imaging in vivo

Mice were divided into two groups: HF (n = 10) and control (n =
10). Then, 150 pL of SPIO@Si0,-ICG-RGD (0.2 mg mL™ ') was
injected intravenously into all mice. Continuous fluorescence
imaging was undertaken up to 96 h using an in vivo optical
imaging system (IVIS Spectrum) for both groups (Fig. 4A and B).

After the initial distribution period (<12 h), most fluores-
cence signals were emitted from abdominal areas. Then, the
signal faded gradually after injection at different times in the
HF (>72 h) and control (<24 h) groups. The images of
SPIO@SiO,-ICG showed similar tendencies as the normal
group with SPIO@Si0,-ICG-RGD (Fig. S2A and S2Bf).

These results suggested that the probes were excreted
through the liver and digestive system in control and HF
groups; there was no substantial change in the metabolic
pathway. However, the duration of the probe in the HF group
was longer than that in the healthy group because HSCs with
high expression of integrin a,f; in mice in the HF group were
bound to the RGD sequence in the SPIO@Si0,-ICG-RGD probe.
Notably, differences between the HF and control groups were
observed. The most significant contrast at the optical signal
point of SPIO@Si0,-ICG-RGD appeared from 0.5 h to 3 h (P <
0.05), and the most significant contrast point appeared 2.5 h
after injection (P = 0.002), with a value of (2.192 =+ 0.0479) x 107
(Fig. 4C); these results agreed with the TBR value in Fig. 4D, and
the most significant contrast point value was 2.059 & 0.0372.

3.4. HF detection using SPIO@SiO,-ICG-RGD by MRI in
vivo

MRI was done in the same mice used for NIR imaging. After
intravenous injection with the SPIO@SiO,-ICG-RGD probe,
mice underwent continuous MRI along with NIR imaging up to
96 h. The results shown in Fig. 5A and B indicate that the T2
MRI signal decreased continuously in the liver. The metabolism
results were the same as those determined using NIR imaging.
After gathering data, SI analyses were done (Fig. 5C) and double-
checked (Fig. 5D). Differences between the Sljjyert0-SDpackground
ratios (SNRs) for HF and control groups were compared
(Fig. 5C). Moreover, compared with the normal group
SPIO@SiO,-ICG-RGD, the data for SPIO@SiO,-ICG showed
almost the same tendency as shown in Fig. S3A and B.f The

RSC Adv., 2018, 8, 6699-6708 | 6703
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visible contrast at the MRI signal point of SPIO@SiO,-1CG-
RGD appeared from 1 h to 5 h (P < 0.05), and the most
visible MRI signal peak contrast appeared 3 h after injection
(P = 0.005), with a peak SNR of 3.494 + 0.537. Differences in
the liver-to-muscle ratios between the HF and control groups
were assessed (Fig. 5D). The most visible MRI signal contrast
point of SPIO@SiO,-ICG-RGD appeared 3 h after injection
(P =0.005), and the peak SI value was 0.3261 £ 0.0307. Using
these two methods, similar trends were obtained, although the
results revealed different values for the same point.

6704 | RSC Adv., 2018, 8, 6699-6708

3.5. Histopathology

Liver tissue slices were prepared and subjected to staining
(H&E, Masson, Prussian Blue). Fig. 6 shows the histopathology
of spleen, lung, kidney, intestine, and liver tissues from mice in
the HF group and that of liver tissue from mice in the control
group.

Upon Masson staining, the distribution of collagen could be
seen clearly, and HF tissue could be distinguished from normal
tissue in the control group (normal liver) (Fig. 6A), whereas
SPIO@Si0,-ICG-RGD induced a much higher level of staining

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Histopathology of mice with hepatic fibrosis (HF) and healthy (control) mice. (A) Slides of liver tissue from HF mice and control mice after
intravenous injection of SPIO@SIO,-ICG—-RGD. A photograph of Masson stains and Prussian blue stains of liver tissue collected from the HF and
control group of mice. (B) A photograph of Prussian blue staining from the lung, spleen, kidney and intestine of HF mice.

of iron ions in the HF liver than in the normal liver (Fig. 6A). To
detect the biodistribution of the probe, the main organs from
mice in the HF group were stained with Prussian blue (Fig. 6B),
which stained iron ions blue. Prussian blue staining of the lung,
spleen, kidney, and intestine tissue from mice in the HF group
indicated less staining of iron ions than that observed in the
liver. These results suggested that SPIO@SiO,-ICG-RGD can be
used as a HF imaging agent that can target normal liver tissue
precisely.

4. Discussion

HF, as the only reversible process of chronic liver disease,
remains a big diagnostic challenge. Noninvasive and effective
methods have been developed to assess HF quantitatively.'***~>°
Using SPIO/ICG with an RGD-based targeting integrin a,f; as

This journal is © The Royal Society of Chemistry 2018

a nanoprobe, we created SPIO@SiO,-ICG-RGD. The latter could
be used to quantify and characterize the early stage of HF in
mice induced by CCl, in an accurate and noninvasive manner.

Here, we described the design and potential of SPIO@SiO,-
ICG-RGD, which can be used for MRI-NIR imaging to accu-
rately detect HF regions. To meet the challenge of developing
a safe, convenient, and highly effective dual-mode imaging
agent to diagnose HF, we chose SPIO and ICG as the photo-
graphic developers for T2 MRI and NIR imaging, respectively,
which have been in clinical use for a long time.**** Compared
with the conventional diagnostic method, NIR imaging and
MRI could offer high sensitivity and spatial resolution for the
early detection of HF with no radiation exposure, and could be
a powerful tool for offering structural and functional imaging
information. The high sensitivity of NIR imaging enabled
detection of tiny amounts of ICG. In addition, because MRI can

RSC Adv., 2018, 8, 6699-6708 | 6705
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show sectional anatomic information clearly, it could detect
changes in signal intensity gradually from the portal area to the
liver capsule area, in accordance with histological analyses.
However, ICG can be cleared rapidly by the liver,*” whereas SPIO
may adhere to macrophages for a long time.*® To avoid these
disadvantages of these two substances and to combine them
together, we used a core-shell structure of SiO, to “wrap” them.
As revealed by XPS, there was a very small peak and less iron
content on the surface of the composite, which showed that we
had wrapped the Fe;0, in the center successfully. Then, we used
PEG, which increased the biocompatibility of the inorganic
material (SiO,) in tissue.

For precise detection, we took advantage of the enhanced
permeability and retention effect. When selecting the target, we
found that the RGD-modified probe targeted HSCs that over-
expressed integrin o,f;, and probe specificity was verified in
vitro and in vivo.*>>** With specific binding of the RGD peptide to
integrin a,B3, nanomaterials could be internalized within cells
by clathrin-mediated endocytosis (also known as receptor-
mediated endocytosis). Some studies have shown'**® that the
expression of integrin o, [3; increases significantly in the fibrotic
liver, especially in advanced fibrosis, but not dramatically at the
early stage. Meanwhile, the low sensitivity of detectors for
imaging of early-stage HF by targeting integrin o,p; restricts
their use in clinics. Some studies have confirmed the
target,'>'*¢ but fewer studies have reported nanoprobe target-
ing of the other receptors used for molecular imaging of HF in
animal models. Several studies have reported targeted therapy
of HF,*»* but we thought it was more important to diagnose it
first.

After creation of SPIO@SiO,-ICG-RGD compound, toxicity
assays confirmed its biocompatibility and safety in vitro and in
vivo. Use of the targeting probe SPIO@SiO,-ICG-RGD for MRI
and NIR imaging enabled qualitative and quantitative evalua-
tion of HF in a timely manner (Fig. 4 and 5). The early HF
induced in Kunming mice (the most widely applied animals in
medical experiments in China) with CCl, was confirmed by
histology. The result clearly showed the synchronization of
signal distribution. Fast clearance of compounds is a feature of
the liver, but this feature was not seen in organs with lesions,
mainly because the probe targeted overexpressed integrin o, f;
on HSCs. Non-use of the targeting probe SPIO@SiO,-ICG for
MRI and NIR imaging revealed rapid clearance from fibrotic
livers just like in normal mice (Fig. S2 and S3t). Hence, we
observed greater accumulation of SPIO@SiO,-ICG-RGD in the
fibrosis group, not only in MRI signals but also in NIR signals,
than in the control group. This process repeats itself until
clearance of the nanomaterial from the bloodstream is
complete. Histopathology clearly demonstrated nanoprobe tar-
geting of the liver just as we designed it, and SPIO@SiO,-1CG-
RGD had nonspecific uptake into macrophages (Kupffer cells).

Thus, NIR imaging an MRI revealed that SPIO@SiO,-ICG-
RGD can elicit accurate identification of fibrotic regions in the
liver. This method provides valuable information for HF diag-
nosis. Nevertheless, a dual-mode probe capable of detecting
HSCs in HF regions is required for further clinical application of
this modality.
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5. Conclusions

Core/shell nanoparticles of SPIO@SiO,-ICG-RGD were synthe-
sized and utilized for in vitro and in vivo biomedical applica-
tions that were safe, convenient, and highly effective. Integrated
Fe;0,4 nanoparticles and ICG (which are both FDA-approved)
coupled with RGD to target fibrotic cells and HSCs. The
SPIO@Si0,-ICG-RGD probe targeted overexpressed integrin
ayB; on HSCs, and showed specific MRI and NIR imaging
signals that demonstrated different clearance times from the
liver. This dual-mode method could be used for HF detection.
The present study provides empirical evidence to substantiate
the promising potential of a SPIO@SiO,~-ICG-RGD probe to
diagnose liver disease.

6. Compliance with ethical standards

The authors declare that all experimental protocols were in
compliance with ethical standards.

7. Ethical approval

This article does not contain studies with human participants
undertaken by any of the authors. All animal experimental
protocols were approved by the Institutional Animal Care and
Ethics Committee of Capital Medical University, and all the
methods were carried out in accordance with the relevant
guidelines.

Conflicts of interest

The authors declare that they have no conflict of interest.

Acknowledgements

This work was supported by the Beijing Municipal Adminis-
tration of Hospitals Clinical Medicine Development of Special
Funding Support (ZYLX201511); National Natural Science
Foundation of China (81227901, 81501540); Strategic Priority
Research Program (B) of Chinese Academy of Sciences
(XDB02060010).

References

1 B. S. Ding, Z. Cao, R. Lis, et al., Divergent angiocrine signals
from vascular niche balance liver regeneration and fibrosis,
Nature, 2014, 505(7481), 97-102.

2 F. Heymann and F. Tacke, Immunology in the liver-from
homeostasis to disease, Nat. Rev. Gastroenterol. Hepatol.,
2016, 13(2), 88-110.

3 E. Seki and D. A. Brenner, Recent advancement of molecular
mechanisms of liver fibrosis, J. Hepato-Biliary-Pancreatic Sci.,
2015, 22(7), 512-518.

4 L. Campana and J. P. Iredale, Regression of Liver Fibrosis,
Semin. Liver Dis., 2017, 37(1), 1-10.

5 J. Kohn-Gaone, B. J. Dwyer, C. A. Grzelak, et al., Divergent
Inflammatory, Fibrogenic, and Liver Progenitor Cell

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10847h

Open Access Article. Published on 12 February 2018. Downloaded on 12/4/2025 10:02:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Dynamics in Two Common Mouse Models of Chronic Liver
Injury, Am. J. Pathol., 2016, 186(7), 1762-1774.

6 F. Tacke and H. W. Zimmermann, Macrophage
heterogeneity in liver injury and fibrosis, J. Hepatol., 2014,
60(5), 1090-1096.

7 1. Mederacke, C. C. Hsu, J. S. Troeger, et al., Fate tracing
reveals hepatic stellate cells as dominant contributors to
liver fibrosis independent of its aetiology, Nat. Commun.,
2013, 4, 2823.

8 R. K. Stewart, A. Dangi, C. Huang, et al.,, A novel mouse
model of depletion of stellate cells clarifies their role in
ischemia/reperfusion- and endotoxin-induced acute liver
injury, J. Hepatol., 2014, 60(2), 298-305.

9 T. Kisseleva, The origin of fibrogenic myofibroblasts in
fibrotic liver, Hepatology, 2017, 65(3), 1039-1043.

10 M. Pinzani, Pathophysiology of Liver Fibrosis, Dig. Dis., 2015,
33(4), 492-497.

11 V. Hernandez-Gea and S. L. Friedman, Pathogenesis of liver
fibrosis, Annu. Rev. Pathol.: Mech. Dis., 2011, 6, 425-456.

12 L. Chen and D. R. Brigstock, Integrins and heparan sulfate
proteoglycans on hepatic stellate cells (HSC) are novel
receptors for HSC-derived exosomes, FEBS Lett., 2016,
590(23), 4263-4274.

13 F. Li, H. Yan, J. Wang, et al., Non-invasively differentiating
extent of liver fibrosis by visualizing hepatic integrin
alpha,beta; expression with an MRI modality in mice,
Biomaterials, 2016, 102, 162-174.

14 F. Li, Z. Song, Q. Li, et al., Molecular imaging of hepatic
stellate cell activity by visualization of hepatic integrin
alpha,beta; expression with SPECT in rat, Hepatology,
2011, 54(3), 1020-1030.

15 F. G. Giancotti and E. Ruoslahti, Integrin signaling, Science,
1999, 285(5430), 1028-1032.

16 S. E. D'Souza, M. H. Ginsberg, T. A. Burke, S. C. Lam and
E. F. Plow, Localization of an Arg-Gly-Asp recognition site
within an integrin adhesion receptor, Science, 1988,
242(4875), 91-93.

17 S. E. D'Souza, T. A. Haas, R. S. Piotrowicz, et al., Ligand and
cation binding are dual functions of a discrete segment of
the integrin beta 3 subunit: cation displacement is
involved in ligand binding, Cell, 1994, 79(4), 659-667.

18 D. Povero, C. Busletta, E. Novo, et al, Liver fibrosis:
a dynamic and potentially reversible process, Histol
Histopathol., 2010, 25(8), 1075-1091.

19 C. Jimenez Calvente, A. Sehgal, Y. Popov, et al., Specific
hepatic delivery of procollagen alphal(r) small interfering
RNA in lipid-like nanoparticles resolves liver fibrosis,
Hepatology, 2015, 62(4), 1285-1297.

20 A. M. Salazar-Montes, L. D. Hernandez-Ortega, M. S. Lucano-
Landeros and J. Armendariz-Borunda, New gene therapy
strategies for hepatic fibrosis, World J. Gastroenterol., 2015,
21(13), 3813-3825.

21 R. P. CadranelJF and F. Degos, Practices of liver biopsy in
France: results of a prospective nationwide survey. For the
Group of Epidemiology of the French Association for the
Study of the Liver (AFEF), Hepatology, 2000, 32(3), 477-481.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

22 Y. Guo, S. Parthasarathy, P. Goyal, R. J. McCarthy,
A. C. Larson and F. H. Miller, Magnetic resonance
elastography and acoustic radiation force impulse for
staging hepatic fibrosis: a meta-analysis, Abdom. Imag.,
2015, 40(4), 818-834.

23 W. R. Kim, T. Berg, T. Asselah, et al., Evaluation of APRI and
FIB-4 scoring systems for non-invasive assessment of hepatic
fibrosis in chronic hepatitis B patients, J. Hepatol., 2016,
64(4), 773-780.

24 A. Huber, L. Ebner, M. Montani, et al, Computed
tomography findings in liver fibrosis and cirrhosis, Swiss
Med Wkly, 2014, 144, w13923.

25 X. Yu, Y. Wu, H. Liu, et al., Small-Animal SPECT/CT of the
Progression and Recovery of Rat Liver Fibrosis by Using an
Integrin alpha,beta,-targeting Radiotracer, Radiology, 2016,
279(2), 502-512.

26 W. Shang, C. Zeng, Y. Du, et al, Core-Shell Gold
Nanorod@Metal-Organic Framework Nanoprobes for
Multimodality Diagnosis of Glioma, Adv. Mater., 2017,
29(3), DOI: 10.1002/adma.201604381.

27 C. Zeng, W. Shang, X. Liang, et al., Cancer Diagnosis and
Imaging-Guided Photothermal Therapy Using a Dual-
Modality Nanoparticle, ACS Appl. Mater. Interfaces, 2016,
8(43), 29232-29241.

28 J. Cai, B. Gu, F. Cao and S. Liu, A transferrin-target magnetic/
fluorescent dual-mode probe significantly enhances the
diagnosis of non-small cell lung cancer, Oncotarget, 2016,
7(26), 40047-40059.

29 K. Roy, R. K. Kanwar and J. R. Kanwar, LNA aptamer based
multi-modal, Fe;O,-saturated lactoferrin  (Fe;O,4-bLf)
nanocarriers for triple positive (EpCAM, CD133, CD44)
colon tumor targeting and NIR, MRI and CT imaging,
Biomaterials, 2015, 71, 84-99.

30 Y. Tanaka, T. Nakazawa, T. Inoue, et al., SPIO-enhanced MRI
is useful in predicting malignant potential of vascular
transformation of hypointensehypovascular nodules on
Gd-EOB-DTPA-enhanced MRI, Hepatol. Res., 2016, 1118-
1126.

31 B. D. Wiegand, S. G. Ketterer and E. Rapaport, The use of
indocyanine green for the evaluation of hepatic function
and blood flow in man, Am. J. Dig. Dis., 1960, 5, 427-436.

32 S. Rasalingam, C. M. Wu and R. T. Koodali, Modulation of
pore sizes of titanium dioxide photocatalysts by a facile
template  free  hydrothermal  synthesis = method:
implications for photocatalytic degradation of rhodamine
B., ACS Appl. Mater. Interfaces, 2015, 7(7), 4368-4380.

33 E. Patsenker and F. Stickel, Role of integrins in fibrosing
liver diseases, Am. J. Physiol. Gastrointest. Liver Physiol.,
2011, 301(3), G425-G434.

34 J. Zheng, Y. Dong, W. Wang, et al., In situ loading of gold
nanoparticles on Fe;0,@SiO, magnetic nanocomposites
and their high catalytic activity, Nanoscale, 2013, 5(11),
4894-4901.

35 A. Barbieri, W. Weiss, M. A. Van Hove, et al., Magnetite
Fe304(111): surface structure by LEED crystallography
andenergetics, Surf. Sci., 1994, 302(3), 259-279.

RSC Adv., 2018, 8, 6699-6708 | 6707


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10847h

Open Access Article. Published on 12 February 2018. Downloaded on 12/4/2025 10:02:31 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

36 E. Patsenker, Y. Popov, F. Stickel, et al., Pharmacological
inhibition of integrin alpha,beta; aggravates experimental
liver fibrosis and suppresses hepatic
Hepatology, 2009, 50(5), 1501-1511.

37 F. G. Moody and L. F. Rikkers, AldreteJS. Estimation of the
functional reserve of human liver, Ann. Surg., 1974, 180(4),
592-598.

38 L. Josephson, E. V. Groman, E. A. Menz, et al., functionalized
superparamagnetic iron oxide colloid as a receptor directed
MR contrast agent, Magn. Reson. Imaging, 1990, 8(5), 637-646.

39 X. Zhou, F. R. Murphy, N. Gehdu, et al., Engagement of o, 33
integrin regulates proliferation and apoptosis of hepatic
stellate cells, J. Biol. Chem., 2004, 279(23), 23996-24006.

angiogenesis,

6708 | RSC Adv., 2018, 8, 6699-6708

View Article Online

Paper

40 A. J. Beer and M. Schwaiger, Imaging of integrin o,B;3
expression, Cancer Metastasis Rev., 2008, 27(4), 631-644.

41 F. G. Giancotti and E. Ruoslahti, Integrin signaling, Science,
1999, 285(5430), 1028-1032.

42 H. T. Duong, Z. Dong, L. Su, et al., The use of nanoparticles
to deliver nitric oxide to hepatic stellate cells for treating
liver fibrosis and portal hypertension, Small, 2015, 11(19),
2291-2304.

43 J. A. Yang, W. H. Kong, D. K. Sung, et al., Hyaluronic acid-
tumor necrosis factor-related apoptosis-inducing ligand
conjugate for targeted treatment of liver fibrosis, Acta
Biomater., 2015, 12, 174-182.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra10847h

	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h

	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h

	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h
	The diagnosis of hepatic fibrosis by magnetic resonance and near-infrared imaging using dual-modality nanoparticlesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra10847h


