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Abstract

Background and Aims: Stem cell transplantation is a po-
tential treatment option for liver cirrhosis (LC). Accurately 
and noninvasively monitoring the distribution, migration, 
and prognosis of transplanted stem cells using imaging 
methods is important for in-depth study of the treatment 
mechanisms. Our study aimed to develop Au-Fe3O4 silica 
nanoparticles (NPs) as tracking nanoplatforms for dual-
modal stem cell imaging. Methods: Au-Fe3O4 silica NPs 
were synthesized by seed-mediated growth method and 
co-precipitation. The efficiency and cytotoxicity of the NPs-
labeled bone marrow-derived mesenchymal stem cells (BM-
MSCs) were evaluated by Cell Counting Kit-8 assays, ICP-
MS, phenotypic characterization, and histological staining. 
The biodistribution of labeled BM-MSCs injected through dif-
ferent routes (the hepatic artery or tail vein) into rats with 
LC was detected by magnetic resonance imaging (MRI), 
photoacoustic imaging (PAI), and Prussian blue staining. 
Results: Synthesized Au-Fe3O4 silica NPs consisted of a core 
(star-shaped Au NPs) and an outside silica layer doped with 
Fe3O4 NPs. After 24 h coincubation with 2.0 OD concentra-
tion of NPs, the viability of BM-MSCs was 77.91%±5.86% 
and the uptake of Au and Fe were (22.65±1.82) µg/mL and 
(234.03±11.47) µg/mL, respectively. The surface markers 
of labeled BM-MSCs unchanged significantly. Labeled BM-
MSCs have osteogenic and adipogenic differentiation po-
tential. Post injection in vivo, rat livers were hypointense 
on MRI and hyperintense on PAI. Prussian blue staining 
showed that more labeled BM-MSCs accumulated in the 
liver of the hepatic artery group. The severity of LC of the 
rats in the hepatic artery group was significantly alleviated. 
Conclusions: Au-Fe3O4 silica NPs were suitable MRI/PAI 
dual-modal imaging nanoplatforms for stem cell tracking in 

regenerative medicine. Transhepatic arterial infusion of BM-
MSCs was the optimal route for the treatment of LC.
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Introduction

Liver cirrhosis (LC) is a chronic disease that affects 1% of 
the world population.1 Due to the compensatory ability of 
the liver, most patients are diagnosed at the middle and 
advanced stages, which are generally accompanied by fa-
tal complications, including portal hypertension, hepatic 
encephalopathy, renal failure, severe ascites, giant spleen, 
and repeated bacterial infections.2,3 Although liver trans-
plantation treats cirrhosis, limitations such as a shortage of 
liver donors, immune rejection, recurrence, and high costs 
significantly impede its clinical application.4,5

Mesenchymal stem cells (MSCs), derived from adult stem 
cells, are found in adipose, umbilical cord blood, peripheral 
blood, brain, skeletal muscle, and other tissues.6,7 They are 
easily isolated, cultured, and stored, enhancing their clini-
cal applications.8–10 Additionally, the low expression (positive 
rate ≤2%) of cell surface markers such as CD45, CD34, and 
CD14/CD11b may significantly reduce the host immune re-
sponse against MSCs.11 Existing data demonstrates the great 
potential of MSCs as cell replacement therapy for LC.12,13 
However, because survival, migration, homing, and functions 
of these cells after transplanting into the liver are unclear, 
their use as therapeutic agents for LC remains unexplored. To 
address these issues, reliable, noninvasive, real-time stem 
cell tracking and imaging techniques are urgently needed.

Various nanomaterials are used for stem cell imaging 
and tracking. For instance, image platforms based on Au 
and Iron oxide (Fe3O4) nanoparticles (NPs) are the most 
common. Au NPs have many advantages, including high 
plasticity and safety.14 Moreover, they absorb near-infrared 
light and generate photoacoustic signals, allowing precise 
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photoacoustic imaging (PAI).15,16 Fe3O4 NPs are widely em-
ployed as magnetic resonance imaging (MRI) T2 contrast 
agents because of their excellent relaxation efficiency and 
biocompatibility.17,18 This study aimed to develop composite 
Au and Fe3O4 NPs. The NPs labeled BM-MSCs, which allowed 
MRI/PAI dual-model imaging. The properties should allow 
accurate tracking of BM-MSCs when treating LC.

Methods

Preparation of Au-Fe3O4 silica NPs

Sodium citrate, chloroauric acid, and ferrous chloride were 
obtained from Shanghai Aladdin Biochemical Technology 
Co., Ltd (China). Au NPs were synthesized using the seed-
mediated growth method. Briefly, 15 mL of 1% (w/v) sodi-
um citrate was mixed with boiling 1 mM HAuCl4 solution for 
15 m and served as the gold seed solution. Five milliliters of 
the solution was transferred into 500 mL of water with 500 
mL of 1 M HCl and 1.25 mL of 100 mM HAuCl4. The solution 
was vigorously stirred for 15 m, followed by adding 5 mL of 
3 mM silver nitrate and 100 mM ascorbic acid. Finally, 10 
mL of 1% sodium citrate was added to the solution, and the 
formed Au nanostars were stored at 4°C. Fe3O4 NPs were 
prepared by co-precipitation. In brief, a solution containing 
2 mM FeCl3 and 1 mM FeCl2 was prepared in 180 mL of 0.04 
M HCl. A 12.5 mL ammonia solution was added dropwise 
under a nitrogen atmosphere at 60°C for 30 m and stirred 
for 1 h to synthesize Fe3O4 NPs. The synthesized Fe3O4 NPs 
were collected with centrifugation at 8,000 rpm for 10 m, 
washed three times with deionized water, and stored at 4°C. 
Finally, the prepared Au and Fe3O4 NPs were mixed at a 2:1 
weight ratio and incubated for 6 h. They were poured into 
ethanol, and the same volume of tetraethyl orthosilicate 
and ammonia solution was added and vigorously stirred 
for 2 h. The prepared Au-Fe3O4 silica NPs dispersion was 
washed with deionized water and incubated with the same 
volume of 3 g/200 mL polyvinyl pyrrolidone (PVP) solution 
overnight. The PVP-coated NPs were collected via centrifu-
gation at 8,000 rpm for 10 m and stored at 4°C.

Characterization of Au-Fe3O4 silica NPs

UV-Vis-NIR absorption spectrum of Au-Fe3O4 silica NPs was 
characterized using a UV-Vis-NIR spectrophotometer (UV-
3600 Plus; Shimadzu Corp., Japan). The hydrodynamic size 
and zeta potential were detected using a particle size analyzer 
(Nano ZSE, Malvern, UK). The morphology and particle size 
were also characterized using transmission electron micros-
copy (TEM) (Tecnai F20; FEI, USA). The powder X-ray diffrac-
tion (XRD) pattern was measured using an X-ray diffractom-
eter (X’Pert PRO MPD; Malvern Panalytical, Netherlands). In 
vitro PAI and MRI signal of the NPs were investigated using 
a Vevo 3100 imaging system (FUJIFILM VisualSonics, Cana-
da) and 3T magnetic resonance scanner (Spectra; Siemens, 
Germany), respectively. Magnetic responsiveness of the NPs 
was demonstrated using a magnet. Additionally, the NPs were 
incubated with H2O, phosphate buffer solution (PBS), Dulbec-
co’s modified Eagle medium (DMEM; Gibco, USA), or fetal bo-
vine serum (FBS) (Gibco) for 1 week. The absorbance at 785 
nm in different incubations was measured using the UV-Vis-
NIR spectrophotometer every 24 h to determine NPs stability.

Preparation, culture, and identification of BM-MSCs

BM-MSCs were provided by the Ophthalmology Laboratory, 

the Chinese PLA General Hospital, China. Sprague Dawley 
rats were sacrificed by excessive anesthesia with 3% pento-
barbital sodium (100 mg/kg), and their limbs were harvest-
ed. Bone marrow was flushed from the limbs with 4 g/L 
glucose DMEM culture medium (Gibco) supplemented with 
heparin (Sigma-Aldrich, China) and filtered using a 40 µm 
cell strainer (Corning Inc., USA). The cell suspension was 
added to a Percoll solution (Solarbio, China) at a 2:1 volume 
ratio. After 20 m centrifugation at 1,000 rpm, the middle-
layer cells were collected and washed twice with 1 mL PBS. 
The cells were cultured at 3×105 cells/cm2 density in DMEM 
containing 10% FBS and 1% penicillin/streptomycin (Gibco) 
at 37°C and 5% CO2 in a cell incubator (Thermo, USA).

BM-MSCs were identified by the expression of CD44, 
CD73, CD90, CD45, CD11b, and CD29 markers. In brief, 
PE-CD44, PE-CD73, PE-CD90, PE-CD45, APC-CD11b, and 
APC-CD29 antibodies (BD Bioscience, USA) were incubated 
with third-generation BM-MSCs for 2 h and the cells were 
washed three times with 1 mL PBS. Expression of the MSC 
markers was assayed by flow cytometry (FACSCanto; BD 
Bioscience).

Differentiation efficiency and viability of BM-MSCs 
labeled with Au-Fe3O4 silica NPs in vitro

Third-generation BM-MSCs were seeded in 96-well plates at 
a concentration of 2×104–1×105 cells per well. For NPs la-
beling, BM-MSCs were incubated with serially concentrated 
(0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 OD) Au-Fe3O4 silica NPs. 
After 24 h incubation, the labeled BM-MSCs were washed 
three times with fresh DMEM, and viability was determined 
with a CCK-8 assay (Shanghai Yisheng Biotechnology Co., 
Ltd, China). The cells were washed three times and incu-
bated with a fresh culture medium containing 10% (v/v) 
CCK-8 solution. After 4 h, absorbance at 450 nm was meas-
ured with a microplate reader (SpectraMax 190; Molecular 
Devices, USA) under dark conditions.

Following a general procedure, the samples were pre-
pared using nitric acid (electronic grade) after 12 h and 24 
h incubation. The Au and Fe content of BM-MSCs was meas-
ured using an inductively coupled plasma mass spectrom-
eter (ICP-MS) (NexION 300 ICP-MS; PerkinElmer, USA). Ad-
ditionally, the labeled BM-MSCs were visualized by Prussian 
blue staining and observed with an inverted phase-contrast 
microscope (WMS-1083; Shanghai Wumo Optical Instru-
ment Co., Ltd, China). CD44, CD73, CD90, CD45, CD11b, 
and CD29 expression was assayed by staining procedures 
described above to validate potential phenotypic changes of 
the labeled BM-MSCs.

Labeled BM-MSCs were stained with alizarin red and oil 
red O to determine their osteogenic and adipogenic po-
tential. The steps began with incubation of BM-MSCs in a 
6-well plate with Au-Fe3O4 silica NPs. After 24 h, the wells 
were washed with 2 mL PBS to remove excess NPs. The la-
beled BM-MSCs underwent adipogenesis and osteogenesis 
induction (adipogenic inducers: indomethacin 0.2 mmol/L, 
dexamethasone 1 mmol/L, IBMX 50 mmol/L, insulin 10 
mg/L and osteogenic inducers: ascorbic acid 50 mmol/L, 
β-sodium glycerophosphate 1 mol/L, and dexamethasone 
1 mmol/L). After induction, BM-MSCs were fixed with 4% 
formaldehyde at 20–25°C for 30 m. After washing three 
times with double distilled H2O (ddH2O), BM-MSCs were 
incubated for 3 to 4 m with 2% alizarin red S solution at 
room temperature, rinsed with ddH2O, and osteogenic dif-
ferentiation was evaluated by light microscopy. For oil red 
O staining, labeled BM-MSCs were treated with 60% iso-
propanol for 5 m, incubated in oil red O solution for 5 m, 
and rinsed with ddH2O. Adipogenic differentiation was ob-
served by light microscopy.
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Rat model of LC

The animal experimental protocol was approved by the In-
stitutional Animal Care and Use Committee of the Chinese 
PLA General Hospital. Male Sprague Dawley rats weighing 
from 400 g to 450 g were provided by the Laboratory Ani-
mal Center of the Chinese PLA General Hospital. They were 
injected intraperitoneally with 40% CCl4 in olive oil for 8 
weeks to establish the LC model. The first CCl4 dose was 5 
mL/kg, and subsequent doses were 3 mL/kg administered 
every 3 days. Rats were starved for 8 to 12 h before each 
administration.

Administration routes

Rats with LC were randomly divided into three experimen-
tal groups depending on the administration route, controls 
(n=10), hepatic artery injection (n=10), and tail vein in-
jection (n=10). The rats were anesthetized, and the skin 
of the right inguinal region was disinfected. A 1.5 F mi-
crocatheter (Medtronic; CA, USA) was introduced into the 
exposed femoral artery using a 22 G indwelling needle 
(Braun, Malaysia) and inserted into the common hepatic 
artery under the guidance of digital subtraction angiogra-
phy (Miyabi System; Siemens, Artris Zee, Germany and 
Allura Xper FD20; Philips, Netherlands). Subsequently, the 
labeled BM-MSCs suspension was injected into the hepatic 
artery through the catheter (1×107/mL BM-MSCs in 1 mL 
saline). Intramuscular injections of penicillin (300,000 U 
per rat, Chinese medicine) was administered for anti-infec-
tion treatment for 3 days after surgery. For tail vein injec-
tion, the same amount of labeled BM-MSCs was injected 
into the tail vein of rats through a 24 G indwelling needle 
(Braun, Malaysia) under anesthesia. After injection, the 
puncture site was pressed with gauze for 10 m to prevent 
bleeding.

Detection of NPs-labeled BM-MSCs in liver with MRI 
and PAI

The distribution of labeled BM-MSCs in the liver of rats with 
LC was tracked using a 7T nuclear magnetic scanner (Var-
ian, USA) before and after the injection (1, 6, 24, and 72 
h). The rats were scanned in the prone position using an ab-
dominal coil. The scanning parameters were repetition time, 
3,000 ms; time of echo, 36 ms; layers, 10; layer thickness, 
2 mm; layer spacing, 0.5 mm; and 256×256 pixels.

A PAI system (Nexus 128 Fully 3D Photoacoustic CT 
Scanner; Endra, USA) was used to detect the distribution 
of NPs-labeled BM-MSCs in the livers of rats from each 
experimental group. The anesthetized rats were scanned 
in the prone position. The liver was placed in the center 
of the detection field. The detection parameters were an 
excitation wavelength of 785 nm; angle of 120°, pulse 30, 
field of view 256×256, voxel 100 µm, and a window width 
50–500.

Detection of NPs-labeled BM-MSCs in vivo with 
pathological assays

Four rats per group were sacrificed 72 h after administra-
tion. Major organs such as the heart, liver, lung, and kidney 
were harvested, fixed, and cut into 5 µm tissue sections and 
stained with Prussian blue. The distribution of labeled BM-
MSCs was observed by microscopy (WMS-1083; Shanghai 
Wumo Optical Instrument Co., Ltd, China).

Statistical analysis

Statistical data analysis was performed with SPSS soft-
ware version 22.0 (IBM Corp., USA). Data were reported 
as means±standard deviations and compared by one-way 
analysis of variance. Results were considered statistically 
significant when p was <0.05.

Results

Characterization of Au-Fe3O4 silica NPs

Au-Fe3O4 silica NPs were established by combining star-
shaped Au NPs and Fe3O4 NPs. As shown in Figure 1A, Au-
Fe3O4 silica NPs showed obvious absorbance at approxi-
mately 880 nm due to the presence of star-shaped NPs, 
which is crucial for PAI. The zeta potential was −12 mV 
(Fig. 1B), indicating that Au NPs (41.5 mV) and Fe3O4 NPs 
(−29.7 mV) were successfully incorporated into the silica 
layer. They also had a hydrodynamic size of approximately 
300 nm. The result is consistent with the TEM images (Fig. 
1C-E) that showed Au-Fe3O4 silica NPs consisted of a star-
shaped Au core and an exterior silica layer doped with Fe3O4 
NPs (Fig. 1E). Typical diffraction peaks of Fe3O4 NPs and Au 
NPs in the XRD images further confirmed the incorporation 
of Au and Fe3O4 in the hybrid NPs system (Fig. 1F).

Increasing PAI signal intensity was positively correlated 
with the concentration of Au-Fe3O4 silica NPs (Fig. 2A, Ta-
ble 1). The measured MRI signal intensities at different NPs 
concentrations (0, 0.01, 0.02, 0.03, 0.04, and 0.05 OD) 
(Fig. 2B, Table 2) also revealed that the T2 relaxation rate 
(1/T2) was linearly related to NPs concentration. In addi-
tion, the NPs were entirely attracted to the side of the mag-
net when it was placed on one side of the Au-Fe3O4 silica 
NPs suspension, indicating their quick magnetic responsive-
ness (Fig. 2C). The high stability of Au-Fe3O4 silica NPs in 
various solutions (e.g., H2O, PBS, DMEM, and FBS, Fig. 2D) 
was confirmed as they had a constant absorbance of ap-
proximately 0.6 OD. The results demonstrate that Au-Fe3O4 
silica NPs could be visualized by both PAI and MRI.

Biocompatibility and labeling efficiency of Au-Fe3O4 
silica NPs

BM-MSCs were generated from the bone marrow of Sprague 
Dawley rats and cultured for three generations (Fig. 3A). Af-
ter incubating them for 24 h with Au-Fe3O4 silica NPs at 0.5, 
1.0, 2.0, 3.0, 4.0, and 5.0 OD, their viability was 98.43%±1
.59%,87.62%±1.34%,77.91%±5.86%,65.57%±12.8%,60
.91%±5.11%, and 42.43%±6.13% (Ptrend<0.001), respec-
tively. More than 80% of BM-MSCs were viable when the Au-
Fe3O4 silica NPs concentration was lower than 2.0 OD, which 
illustrated good biocompatibility (Fig. 3B, Table 3).

After coincubating BM-MSCs with Au-Fe3O4 silica NPs at 
a concentration of 2.0 OD for 24 h, the Au uptake at 0 
h, 12 h, and 24 h was (13.48±0.96) µg/mL, (14.66±0.59) 
µg/mL, and (22.65±1.82) µg/mL (p<0.05), respective-
ly (Fig. 3C, Table 4). Fe uptake at 0 h, 12 h, and 24 h 
was (125.52±4.47) µg/mL, (140.82±10.37) µg/mL, and 
(234.03±11.47) µg/mL (p<0.05), respectively. The re-
sults indicate that 24 h coincubation significantly increased 
the uptake of Au-Fe3O4 silica NPs. Moreover, Prussian blue 
staining in vitro confirmed that BM-MSCs take up more Au-
Fe3O4 silica NPs after 24 h incubation (Fig. 3D). TEM results 
showed that Au-Fe3O4 silica NPs remained inside the BM-
MSCs for 96 h after labeling (Fig. 3E).

Expression levels of CD44, CD73, CD90, CD29, CD45, and 
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CD11b on the surface of BM-MSCs were 97.81%, 99.27%, 
99.56%, 99.67%, 0.55% and 1.15%, respectively. After co-
incubating the cells with Au-Fe3O4 silica NPs (2.0 OD) for 
24 h, the expression levels were 99.06%, 98.07%, 97.38%, 
97.95%, 0.27%, and 0.10%, respectively. (Fig. 4A-H), indi-
cating that labeling BM-MSCs with Au-Fe3O4 silica NPs did not 
alter the expression of stem cell surface markers. Moreover, 
labeled BM-MSCs did not have a significant decrease in cell 
proliferation at 7 days (p>0.05; Fig. 4I, Table 5). Similar to 
the control (BM-MSCs), after adipogenesis and osteogenesis, 
induction of Au-Fe3O4 silica NPs-labeled BM-MSCs, oil red O 
and alizarin red staining results showed significant intracel-
lular lipid droplets and calcium salt deposition (Fig. 4J).

MRI/PAI dual-modal imaging features of rat liver 
after administering NPs-labeled BM-MSCs

For the hepatic artery group, T2-weighted images showed 
a patchy hypointense (dark) signal in the rat liver, 1 and 
6 h after injecting with Au-Fe3O4 silica NPs-labeled BM-
MSCs. Subsequently, the hypointense signal gradually dif-
fused within 72 h (Fig. 5A). A similar trend was observed on 
PA images, where the localized hyperintensity in the liver 
1 h after administration diffused within 72 h (Fig. 5B). In 
the tail vein group, T2-weighted images revealed a star-
shaped hypointense signal in the liver 24 h post-injection 
and diffuse hypointensity after 72 h (Fig. 5A). Similarly, the 
photoacoustic signal of the liver gradually increased within 
72 h after injection with the labeled BM-MSCs. (Fig. 5B). 
Furthermore, Prussian blue staining confirmed the results 
of MRI and PAI imaging (Fig. 6). The labeled BM-MSCs were 

visible in the liver of both experimental groups compared 
to control and accumulated in the lung (Fig. 7A). The blue 
staining was observed neither in the heart nor kidneys of 
both groups (Fig. 7B, C). In contrast to that in the tail vein 
group, 72 h after the infusion of labeled BM-MSCs in the 
hepatic artery group, blue-stained BM-MSCs were not only 
distributed in the portal area but were also clearly seen in 
the fibrous septa (Supplementary Fig. 1).

One month after the infusion of Au-Fe3O4 silica NPs-la-
beled BM-MSCs by each route in each group of rats, liver 
function and fibrosis-related hematological indexes aspar-
tate aminotransferase (AST), albumin (ALB), hyaluronic 
acid, and IV collagen fibrosis improved significantly in the 
hepatic artery group compared with that in the tail vein 
group (p<0.05; Supplementary Fig. 2A, Table 6). Masson 
staining results showed that the fibrous septa in the liver 
tissue of rats in the hepatic artery group were significantly 
narrower, and the degree of liver fibrosis was significantly 
improved compared with that in the tail vein group (Sup-
plementary Fig. 2B).

Discussion

The USA Food and Drug Administration has approved more 
than 60 clinical studies on therapeutic MSCs, suggesting 
good prospects for treating many diseases, including car-
tilage injury, diabetes, and diabetic foot.19–23 However, 
the distribution, migration, and destination of MSCs in 
vivo remain unclear. Therefore, real-time imaging-guided 
tracking of infused MSCs in vivo is necessary to explore 
their safety, efficacy, and mechanism in treating LC. Fluo-

Fig. 1.  Characterization of Au-Fe3O4 silica NPs. (A) The UV-Vis-NIR absorbance of Au-Fe3O4 silica NPs. Au-Fe3O4 silica NPs show obvious absorbance at approxi-
mately 880 nm due to the presence of star-shaped Au NPs. (B) Zeta potential of Au-Fe3O4 silica NPs is −12 mV, indicating Au NPs (41.5 mV) and Fe3O4 NPs (−29.7 mV) 
are successfully incorporated into the silica layer. (C) The hydrodynamic size of Au-Fe3O4 silica NPs is approximately 300 nm. (D–E) TEM images of Au-Fe3O4 silica NPs 
reveal a star-shaped Au core and an outside silica layer doped with Fe3O4 NPs. (F) The X-ray diffraction pattern of Au-Fe3O4 silica NPs confirms the incorporation of Au 
and Fe3O4 in the NPs system. NPs, nanoparticles; UV-Vis-NIR, ultraviolet-visible-nearinfrared; TEM, transmission electron microscopy.
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rescent and genetic markers are used to track therapeu-
tic stem cells. However, in vivo precise tracking of stem 
cells labeled with fluorescent markers is challenging be-
cause of poor penetration depth of fluorescence and high 
background noise from tissues. Various biomedical imag-
ing tools such as magnetic particle imaging, computed 
tomography, positron-emission tomography, and MRI are 
employed for cell tracking in vitro and in vivo.24–27 For 
example, MRI is a hot spot in stem cell tracking owing 
to its characteristics of noninvasiveness, low toxicity, and 
high labeling efficiency of magnetic iron oxide particles. 
However, low spatial resolution and poor sensitivity limit 
the applicability of MRI. High resolution and high contrast 
of PAI effectively compensate for the disadvantages of 
MRI. Therefore, composite NPs with multimodal imaging 
abilities improve labeling efficiency and allow accurate in 
vivo stem cell tracking. In our study, Au-Fe3O4 silica NPs 

were composed of MRI contrast-enhancing Fe3O4 NPs and 
photoacoustic-enhancing Au NPs, which provided a new 
noninvasive in vivo dual-modal imaging method for stem 
cell tracking. The results of CCK-8 assays, ICP, Prussian 
blue staining, phenotypic characterization, and adipogen-
esis and osteogenesis induction demonstrated that 24 h 
coincubation with Au-Fe3O4 silica NPs at an optical den-
sity of 2.0 OD safely and efficiently labeled BM-MSCs. The 
study also verified the feasibility of noninvasive monitor-
ing of BM-MSCs in vivo using multimodal imaging (MRI 
and PAI) after injecting rats with BM-MSCs labeled with 
Au-Fe3O4 silica NPs. Under the action of Fe3O4 NPs and Au 
NPs, the liver showed hypointensity on T2-weighted im-
ages and hyperintensity on PAI. In addition, Zhou Bin et 
al.28 found that stem cells eliminate superparamagnetic 
iron oxide (SPIO) when SPIO-labeled BM-MSCs enter the 
body. That phenomenon has implications for MRI tracking 

Table 1.  The signal intensity (a.u.) of Au-Fe3O4 silica NPs in PA images 
(Fig. 2A)

Concentra-
tion (OD) 0 0.01 0.05 0.1 0.2 0.3

Intensity (a.u.) 0.07 0.18 0.33 0.55 0.74 0.86

NPs, nanoparticles; PA, photoacoustic; OD, optical density.

Table 2.  The 1/T2 (s−1) of Au-Fe3O4 silica NPs in T2-weighted MR im-
ages (Fig. 2B)

Concentra-
tion (OD) 0 0.01 0.02 0.03 0.04 0.05

1/T2 (s−1) 0.62 6.73 13.76 18.29 22.73 25.42

NPs, nanoparticles; MR, magnetic resonance; OD, optical density.

Fig. 2.  Properties of Au-Fe3O4 silica NPs. (A) PA images of Au-Fe3O4 silica NPs. The increasing signal intensity positively correlates with the NPs concentration. (B) 
T2-weighted MR images of Au-Fe3O4 silica NPs. The T2 relaxation rate (1/T2) is linearly related to the NPs concentration. (C) Magnetic responsiveness of Au-Fe3O4 silica 
NPs. The Au-Fe3O4 silica NPs are entirely attracted to the side of the magnet. (D) Stability of Au-Fe3O4 silica NPs in H2O (top left), PBS (top right), DMEM (bottom left), 
and FBS (bottom right). The absorbance of Au-Fe3O4 silica NPs in the solutions is maintained at 0.6 OD for up to one week. NPs, nanoparticles; PA, photoacoustic; MR, 
magnetic resonance; PBS, phosphate buffered saline; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; OD, optical density.
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Fig. 3.  Labeling efficiency of Au-Fe3O4 silica NPs. (A) The morphology of BM-MSCs after 1, 2, and 3 days. (B) The viability of BM-MSCs after incubation with various 
concentrations of Au-Fe3O4 silica NPs for 24 h. More than 80% BM-MSCs are viable when the NPs concentration is lower than 2.0 OD. (C) The results of ICP-MS assays 
depict Au (left) and Fe (right) content (mg/mL) in BM-MSCs after incubating them with Au-Fe3O4 silica NPs for 0 h, 12 h, or 24 h. The Au and Fe uptake significantly 
increases after 24 h incubation. (D) The Prussian blue staining of BM-MSCs after 12 h or 24 h incubation with Au-Fe3O4 silica NPs. The cells take up more Au-Fe3O4 
silica NPs after 24 h incubation. (E) Transmission electron microscopy results show that Au-Fe3O4 silica NPs were inside cells 96 h after labeling BM-MSCs. Red arrows 
show Au-Fe3O4 silica NPs inside BM-MSCs. ***p<0.001. NPs, nanoparticles; BM-MSCs, bone marrow-derived mesenchymal stem cells; OD, optical density; ICP-MS, 
inductively coupled plasma mass spectrometry.
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Fig. 4.  Biocompatibility of BM-MSCs after Au-Fe3O4 silica NPs labeling. (A–D) The expression of stem cell surface markers before labeling BM-MSCs with Au-
Fe3O4 silica NPs. The expression of CD44, CD73, CD90, and CD29 is high, while that of CD45 and CD11b is low. (E–H) The expression of stem cell surface markers after 
labeling BM-MSCs with Au-Fe3O4 silica NPs. The expression of BM-MSC cell surface markers does not change after Au-Fe3O4 silica NPs labeling. (I) Labeled BM-MSC 
proliferation and viability levels. When Au-Fe3O4 silica NPs were labeled, the proliferation and viability of BM-MSCs did not show a significant decrease in 7 days. (J) 
Au-Fe3O4 silica NPs-labeled BM-MSCs for adipogenesis and osteogenesis induction. Similar to the control (BM-MSCs), Oil red O staining was visible as red lipid droplets 
inside the labeled BM-MSCs and Alizarin red staining shows calcium salt deposition inside the labeled BM-MSCs. NPs, nanoparticles; BM-MSCs, bone marrow-derived 
mesenchymal stem cells.

Table 3.  Viability of BM-MSCs after incubation with various concentrations of Au-Fe3O4 silica NPs (n=5; Fig. 3B)

Concentra-
tion (OD) 0.5 1.0 2.0 3.0 4.0 5.0

Cell viability (%) 98.43±1.59 87.62±1.34 77.91±5.86 65.57%±12.8 60.91±5.11 42.43±6.13

BM-MSCs, bone marrow-derived mesenchymal stem cells; NPs, nanoparticles; OD, optical density.

Table 4.  Results of ICP-MS assays to depict Au and Fe content in BM-MSCs after incubation with Au-Fe3O4 silica NPs at a concentration of 2.0 OD 
(n=3; Fig. 3C)

0 h 12 h 24 h

Au (µg/mL) 13.48±0.96 14.66±0.59 22.65±1.82

Fe (µg/mL) 125.52±4.47 140.82±10.37 234.03±11.47

ICP-MS, inductively coupled plasma mass spectrometry; BM-MSCs, bone marrow-derived mesenchymal stem cells; NPs, nanoparticles; OD, optical density.
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of stem cells in vivo. In this study, we observed that Au-
Fe3O4 silica NPs can effectively remain inside the cell for 96 
h after labeling via TEM, whereas BM-MSCs can maintain 
high viability. Therefore, when Au-Fe3O4 silica NPs-labeled 
BM-MSCs enter the body, the accurate tracing of BM-MSCs 
but not other cells, such as Kupffer cells, can be achieved 
for at least 96 h of dual-modal imaging.

Peripheral vein and the hepatic artery are the main 

routes of injecting stem cells for treating LC in clinical set-
tings. However, different administration routes affect the 
migration and distribution of stem cells. Cai et al.29 injected 
cirrhotic rats with MSCs labeled with SPIONs through the 
hepatic artery. The liver showed negative enhancement 
on T2-weighted images after 1 h, 3 days, and 7 days. In 
addition, the T2 signal intensity of the liver dropped sub-
stantially 1 h after injection and gradually increased after 

Table 5.  Proliferation and viability of BM-MSCs after Au-Fe3O4 silica NPs labeling (n=4; Fig. 4I)

Time, days 1 2 3 4 5 6 7

Cell viability (%) 103.00±16.37 101.00±11.86 98.25±9.14 99.75±7.14 103.50±6.81 95.50±8.23 99.75±5.74

BM-MSCs, bone marrow-derived mesenchymal stem cells; NPs, nanoparticles.

Fig. 5.  MRI/PAI dual-modal imaging of the rat liver. (A) MRI T2-weighted images reveal the hypointense signal (red arrows) in the liver of two rat groups at dif-
ferent time points after injecting with BM-MSCs labeled with Au-Fe3O4 silica NPs via the hepatic artery or tail vein compared to the control. (B) PA imaging shows the 
hyperintensity in the liver of rat groups injected with the labeled BM-MSCs via the hepatic artery or tail vein compared to the control. NPs, nanoparticles; BM-MSCs, 
bone marrow-derived mesenchymal stem cells; MRI, magnetic resonance imaging; PA, photoacoustic.
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Table 6.  Liver function and fibrosis-related hematological indexes of rats in each group 1 month after infusion of BM-MSCs (n=6; Supplementary Fig. 2A)

Control Tail vein Hepatic artery

AST (U/L) 164±8.29 143.5±13.55 124±11.47

ALT (U/L) 81±4.47 71±4.15 65.83±2.48

ALB (g/L) 31.92±1.03 34.93±0.73 38.33±0.79

TBIL (µmol/L) 23.65±3.54 16.47±3.15 13.78±2.18

hyaluronic acid (ng/mL) 110.88±10.79 93.85±3.17 80.41±7.07

IV collagen fibers (ng/mL) 38.22±2.84 27.06±3.24 20.17±3.59

AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALB, albumin; TBIL, total bilirubin.

Fig. 6.  Prussian blue staining of the rat liver 72 h after administering BM-MSCs labeled with Au-Fe3O4 silica NPs. Aggregation of NPs-labeled BM-MSCs is 
increased in the livers of rats administered the labeled cells via the hepatic artery compared with the livers of rats administered via the tail vein. BM-MSCs labeled with 
Au-Fe3O4 silica NPs are blue-stained (black arrows). NPs, nanoparticles; BM-MSCs, bone marrow-derived mesenchymal stem cells.

Fig. 7.  Histological assays of other major organs after administration of BM-MSCs labeled with Au-Fe3O4 silica NPs for 72 h. Higher aggregation of NPs-
labeled BM-MSCs is present in the lung (A) of rats administered the labeled cells via the tail vein than in the lung of rats administered via the hepatic artery. BM-MSCs 
labeled with NPs are observed neither in the heart (B) nor kidneys (C) of both groups. BM-MSCs labeled with Au-Fe3O4 silica NPs are blue-stained (black arrows). NPs, 
nanoparticles; BM-MSCs, bone marrow-derived mesenchymal stem cells.
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3 days. These findings indicate that MSCs injected through 
the hepatic artery preferably accumulate in the liver. The 
number of MSCs in the liver eventually decreased because 
of extrahepatic migration and intrahepatic stem cell death. 
Eggenhofer et al30 found that most MSCs (60%) primarily 
accumulate in the lung after being injected through the tail 
vein, aggregating in the liver 24 h later. Moreover, Gholam-
rezanezhad et al31 confirmed that BM-MSCs immediately 
aggregate in the lung after intravenous injection and gradu-
ally migrate to the liver. In our study, signal characteristics 
of the liver revealed by dual-modal MRI/PAI imaging after 
injecting BM-MSCs labeled with Au-Fe3O4 silica NPs through 
either the hepatic artery or tail vein were similar to those 
reported by previous studies of the distribution and migra-
tion of stem cells.

With regard to the mechanism of stem cell therapy for 
LC, previous studies have shown that when stem cells enter 
the body, they primarily home to the liver. Subsequently, 
the stem cells gradually differentiate into hepatocytes and 
replace the diseased cells. At the same time, stem cells in-
hibit the process of liver fibrosis through mechanisms such 
as mediating immune regulation to alleviate the inflamma-
tory response and remodeling the extracellular matrix.32–34 
In this study, we observed that BM-MSCs aggregated more 
in the liver in the hepatic artery group than in the tail vein 
group 72 h after the infusion of labeled BM-MSCs. Moreo-
ver, a significant distribution of BM-MSCs were observed in 
the fibrous septa. The reason may be that the infusion of 
BM-MSCs via the hepatic artery route avoids the systemic 
circulation and increases the aggregation of BM-MSCs in the 
liver site and accelerates the homing of stem cells. We fur-
ther found that some hematological indexes of liver function 
(AST and ALB), fibrosis (hyaluronic acid and type IV colla-
gen fibers), and the degree of liver fibrosis (Masson stain-
ing) were significantly improved in the hepatic artery group 
compared with those in the tail vein group 1 month after 
BM-MSC infusion. The results confirm that the advantages 
of BM-MSC infusion via the hepatic artery would improve 
the effectiveness of stem cell therapy for LC. Therefore, the 
study found that the transhepatic arterial route was supe-
rior to the tail vein route for the treatment of LC with BM-
MSCs. The limitation of our study is the lack of long-term 
validation data on the therapeutic effectiveness of BM-MSCs 
for the treatment of LC in rats, which should be the focus of 
future research.

Conclusions

In summary, we demonstrated that Au-Fe3O4 silica NPs 
were a precise MRI/PAI dual-modal imaging nanoplatform 
for tracking the distribution and migration of BM-MSCs in-
jected through different routes into rats with LC. This high-
precision stem cell tracking strategy can be applied to mon-
itor stem cells in regenerative medicine. In addition, the 
transhepatic arterial infusion of BM-MSCs is the preferred 
route of administration for the treatment of liver cirrhosis.
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