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CT/NIRF dual-modal imaging tracking and therapeutic efficacy of 
transplanted mesenchymal stem cells labeled with Au 
nanoparticles in silica-induced pulmonary fibrosis
Jie Huanga, Jie Huangb, Xinyu Ningb, Wei Luoa,c,d, Mengling Chena,c,d, Zhangyan Wanga,c,d, Wei 
Zhanga,c,d, Zhijun Zhangb*, Jie Chaoa,c,d,e*

Abstract  Mesenchymal stem cells (MSCs) have shown promising therapeutic effects in cell-based therapies and regenerative 
medicine. Efficient tracking of MSCs is an urgent clinical need that will help to understand their behavior after 
transplantation and allow adjustment of therapeutic strategies. However, no clinically approved tracers are currently 
available, which limits the clinical translation of stem cell therapy. In the current study, a nanoparticle (NP) for computed 
tomography (CT)/fluorescence dual-modal imaging, Au@Albumin@ICG@PLL (AA@ICG@PLL), was developed to track bone 
marrow-derived mesenchymal stem cells (BMSCs) administered intratracheally into mice with silica-induced pulmonary 
fibrosis, which facilitated understanding of the therapeutic effect and the possible molecular mechanism of stem cell 
therapy. The AuNPs have firstly formed in the bovine serum albumin (BSA) solution and modified with indocyanine green 
(ICG), subsequently coated the poly-L-lysine (PLL) layer to enhance intracellular uptake and biocompatibility. BMSCs were 
labeled with AA@ICG@PLL NPs with high efficiency without an effect on biological function or therapeutic capacity. The 
injected AA@ICG@PLL-labeled BMSCs could be tracked via CT and near-infrared fluorescence (NIRF) imaging for up to 21 
days after transplantation. Using these NPs, the molecular anti-inflammatory mechanism of transplanted BMSCs was 
revealed, which included the downregulation of proinflammatory cytokines, suppression of macrophage activation, and 
delay of the fibrosis process. The current study suggests a promising role for imaging-guided MSC-based therapy for 
pulmonary fibrosis, such as idiopathic pulmonary fibrosis (IPF) and pneumoconiosis. 

Keywords  Mesenchymal stem cells; Au nanoparticles; CT/NIRF imaging tracking; Cell therapy; Silicosis

1. Introduction
Pulmonary fibrosis (PF) is a consequence of multiple 

interacting genetic and environmental risk factors and is 
regarded as an irreversible step in many pulmonary diseases, 
such as idiopathic pulmonary fibrosis (IPF) and pneumoconiosis 
(parenchymal lung disease arising from the inhalation of 
inorganic dust at work)1-4. The most common, fastest-growing, 
and most serious type of pneumoconiosis is silicosis, which is 
caused by the inhalation of free crystalline silicon dioxide and is 
the occupational health issue with the highest incidence in 
developing countries5. Currently, available management 
strategies are focused on controlling the associated symptoms 

and complications; there is no proven curative treatment for 
silicosis2.

Recently, an increasing number of studies have elucidated 
the repair mechanisms and protective effects of MSCs in animal 
models of lung diseases6, including COPD7, ALI/ARDS8, IPF9 and 
silicosis10. MSCs are multipotent adult cells that can be isolated 
from various organs, including bone marrow, skin, umbilical 
cord, and adipose tissue. BMSCs are the most frequently 
studied MSCs11. The strong immunosuppressive ability and low 
immunoreactivity of these cells make them safe for 
transplantation as autografts or allografts. Furthermore, their 
differentiation ability and paracrine effects make them valuable 
in tissue repair and regeneration. Some studies showed that 
BMSCs administration could inhibit proinflammatory and 
profibrotic cytokine release and relieve pathological changes 
associated with silica-induced PF in animal models10, 12.

Although studies have recognized BMSC-based therapy as 
a new potential treatment option for silicosis, longitudinal, 
noninvasive methods to trace the cells post-transplantation and 
to evaluate their biodistribution, function, and final fate are 
lacking13. A clear understanding of the in vivo behavior of the 
transplanted cells will be not only helpful in determining the 
possible mechanism of stem cell therapy but also necessary for 
translation from basic research to clinical practice.

To date, biomedical imaging techniques, such as magnetic 
resonance imaging (MRI)14, CT imaging15, optical imaging16, 
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single-photon emission tomography/positron emission 
tomography (SPECT/PET)17, and fluorescent imaging18, have 
been widely used for noninvasive cell tracking. Among these 
techniques, fluorescence is the most commonly used technique 
in small animal experiments investigating biological 
processes19. Cells labeled with specific reporter genes, such as 
green fluorescent protein (GFP) and luciferase, via viral vectors 
can be directly tracked in space and time by sensitive optical 
detectors. However, the use of viral vectors requires genetic 
modification, which affects the biological character of the cells 
to some extent. Alternatively, indocyanine green (ICG), a near-
infrared fluorescence (NIRF) dye approved by the U.S. Food and 
Drug Administration (FDA) as a clinical imaging agent, has 
proven to be a promising clinical agent for effective and safe cell 
tracking in many diseases20, 21. Furthermore, cells could be 
labeled with NPs, such as superparamagnetic iron oxide (SPIO) 
NPs22, Au NPs23, and UCNPs24, that enter the cell by endocytosis 
and then are trapped intracellularly to achieve cell tracking. 
Among these NPs, SPIO NPs have been applied for the 
visualization of MSCs via MRI in many disease models. Another 
class of inorganic NPs, gold NPs, can be detected by CT, a 
technique that provides higher spatial resolution than MRI. In 
the clinic, CT imaging is commonly used to image patients with 
suspected lung fibrosis due to its superior spatial resolution, fast 
acquisition time, moderate cost, and multiplanar capabilities25. 
As each imaging method has its strengths and limitations, a 
combination of high spatial distribution CT with high-resolution 
NIRF could facilitate the evaluation of fibrosis and the tracking 
of stem cells. 

In this work, we developed a novel CT/NIRF dual-modal 
imaging NP, AA@ICG@PLL, by conjugating Au@Albumin (AA) 
with ICG using albumin as a nanoreactor and poly-L-lysine (PLL) 
as a cationic transfection agent for visualization of transplanted 
BMSCs during the treatment of silica-induced lung fibrosis. 
AA@ICG@PLL NPs were effectively taken up by BMSCs before 
transplantation without affecting cell viability or differentiation 
ability. Moreover, by highly sensitive CT and fluorescence 
imaging of AA@ICG@PLL NPs, we imaged and traced labeled 
BMSCs for up to 21 d post-transplantation. We further 
demonstrated that the transplanted BMSCs played an anti-
inflammatory role by inhibiting macrophage activation and 
exerted anti-fibrotic effects in a silica-induced lung fibrosis 
mouse model.

2. Results
2.1 Preparation and characterization of AA@ICG@PLL NPs

2.1.1 Synthesis of AA@ICG@PLL NPs:

Considering clinical convenience and affordability, NPs 
were designed based on the Au@Albumin NPs that were 
reported by Shi et al.26. The synthesis process for AA@ICG@PLL 
NPs is shown in Figure 1A. HAuCl4·3H2O was reduced by 
N2H4·H2O in the BSA solution, which is used as a stabilizing agent 
to enhance the aqueous solubility, colloidal stability, and 
biocompatibility of AuNPs, followed by the formation of 
Au@Albumin NPs. Then, the NIRF dye ICG was loaded onto the 

Au@Albumin NPs via electrostatic adsorption to generate 
Au@Albumin@ICG (AA@ICG) NPs. To improve the nanoparticle 
internalization, a positively charged transfection agent, PLL was 
then modified on the surface of AA@ICG NPs by physisorption 
as described in our previous study27, thereby generating 
AA@ICG@PLL NPs.

2.1.2 Characterization of AA@ICG@PLL NPs:

The morphology and size of the prepared AA@ICG@PLL 
were characterized by transmission electron microscopy (TEM). 
Figure1B showed that the NPs were spherical, with a diameter 
of 12.2 nm ± 1.59 nm, and had high dispersibility. The ultraviolet 
(UV)-visible (Vis) absorption spectra for Au@Albumin NPs, free 
ICG, AA@ICG, and AA@ICG@PLL NPs in water are presented in 
Figure 1C. Compared with Au@Albumin NPs, both AA@ICG and 
AA@ICG@PLL NPs showed the characteristic peak of ICG, and 
the absorption peaks of ICG on their surfaces were red-shifted 
compared to that of free ICG, which may be caused by 
physicochemical changes in ICG upon binding to protein28 or 
aggregation29, consistent with previous reports30, 31. The 
amount of loaded ICG was not significantly different between 
AA@ICG NPs and AA@ICG@PLL NPs; the loading capacity 
reached approximately 27% (Figure 1D).The optical properties 
of the AA@ICG@PLL NPs were also detected. Measurement of 
the fluorescence spectra showed that the emission peak of ICG, 
when loaded in AA@ICG@PLL, was red-shifted by 
approximately 15 nm compared with free ICG and was still in 
the detection range (Figure S1A). The above results indicated 
that ICG successfully coated the surface of Au@Albumin NPs, 
and the PLL coating did not influence the ICG loading efficiency 
and the optical properties. 

Then, the surface charge property and hydrodynamic size 
of the NPs were analyzed. The AA@ICG@PLL NPs had a positive 
zeta potential at approximately +35.1 mV, higher than that of 
AA@ICG (+4.1 mV), which facilitated the uptake of 
AA@ICG@PLL NPs by stem cells (Figures 1E, S1B)32.  Figure 1F 
showed that the average hydrodynamic diameter of AA@ICG 
NPs tested by dynamic light scattering (DLS) was 43.5 nm. After 
the PLL coating, the size of the AA@ICG@PLL NPs increased to 
59.3 nm but maintained a narrow size distribution, which was 
slightly larger than that observed by TEM due to the 
morphology of hydrated materials. The AA@ICG@PLL NPs 
showed limited variation (<20%) in hydrodynamic size after 
seven days of storage in deionized water at 4°C, indicating 
excellent stability in aqueous medium (Figure S1C). At the last 
time point of seven days’ absorption spectra measurement, 
AA@ICG@PLL NPs showed a reduction in absorption intensity 
by approximately 19%, while the absorption value of free ICG 
had decreased dramatically by 63% (Figure S1D). These results 
showed that AA@ICG@PLL improved the absorption stability of 
free ICG and acted as an efficient carrier to deliver ICG to BMSCs 
for imaging function.

To check imaging ability, CT imaging of AA@ICG@PLL NPs 
diluted in ddH2O was performed with a Hiscan XM Micro-CT 
(Suzhou Hiscan Information Technology Co., Ltd.). With 
increasing Au concentration, AA@ICG@PLL NPs gradually 
yielded brighter CT signals. The Hounsfield unit (HU) of 
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AA@ICG@PLL NPs was linearly dependent on the Au 
concentration (Figure 1G). Also, AA@ICG@PLL NPs had a higher 
attenuation coefficient than the clinically used CT contrast 
agent Iohexol, indicating the good CT imaging contrast ability of 
the NPs. Moreover, fluorescence images of ICG in AA@ICG@PLL 
NPs were obtained with a Maestro in Vivo Imaging System (CRi 
Inc., USA), and the results showed that the fluorescence signal 
strength was directly proportional to the Au concentration 
(Figure S2).

2.2 BMSCs labeled with AA@ICG@PLL NPs

To clarify the effect of BMSCs on lung tissue repair, a 
sensitive and reliable method of labeling BMSCs and tracking 
them in vivo is required. The capacity of BMSCs to uptake NPs 
has been confirmed in many studies33. In order to determine the 
optimal conditions for cell labeling with AA@ICG@PLL NPs, 
dynamic processes of BMSCs uptake of NPs under different 
treatment times and concentrations were observed using a live 
cell imaging system. Figure 2A and Supplementary Movie 1 
show that the accumulation of AA@ICG@PLL NPs gradually 
increased over time in whole cells. Considering the reduced 
BMSCs viability in the serum-free culture medium, 24h was 
chosen as the appropriate incubation time. The cell labeling 
efficiency at various Au concentrations (0, 50, 100, 200, and 300 
μg mL-1) was also observed under bright-field microscopy. As 
indicated in Figures 2B and S3A, the relative NP labeling area in 
the cytoplasm was concentration-dependent. The results of 
flow cytometry analysis shown in Figure S3B further confirmed 
that BMSCs were nearly 100% labeled after incubation for 24 h 
with AA@ICG@PLL NPs at an Au concentration of 200 μg mL-1, 
then the intracellular Au content measured by inductively 
coupled plasma mass spectrometry (ICP-MS) was 
approximately 218 pg per cell (Figure 2C). Moreover, the CCK8 
cell viability assays (Figure 2D) showed no significant alterations 
in cytotoxicity for concentrations up to 200 μg mL-1. Based on 
the efficiency and toxicity results, the Au concentration 200 μg 
mL-1  was chosen in the following experiments. To further 
confirm that the NPs were internalized by BMSCs, fluorescence 
confocal microscopy was used to image DiO and AA@ICG@PLL 
double-labeled BMSCs. The images in Figure 2E showed that 
AA@ICG@PLL NPs were trapped into the cytoplasm but not be 
attached to the surface.

Next, CT and NIRF imaging of the labeled BMSCs were 
performed in vitro. Compared to unlabeled BMSCs, labeled 
BMSCs exhibited stronger signals by CT imaging (Figure 2F); the 
average CT values were 84.4, 147.2, and 156 HU for BMSCs 
labeled with AA@ICG@PLL NPs at Au concentrations of 50, 100, 
and 200 μg mL-1, respectively (Figure S4A). Fluorescence images 
of tubes containing labeled BMSCs with various Au 
concentrations were obtained; the labeled cells appeared high-
intensity signals, whereas the unlabeled cells could not detect 
significant signals (Figure 2G). The total radiant efficiency of 
each tube containing AA@ICG@PLL NPs at Au concentrations of 
50, 100, and 200 μg mL-1 was calculated as 6.03x106, 9.66x106, 
and 1.36x107 photons/s/cm2/sr, respectively, demonstrating 
that the imaging signal of labeled BMSCs is Au concentration-

dependent (Figure S4B). These data illustrated the high 
sensitivity of CT and NIR detection in vitro, ensuring the 
reliability of labeled BMSC tracking in animals.

2.3 Effects of AA@ICG@PLL labeling on cell migration, 
differentiation, and proliferation

To evaluate the safety of AA@ICG@PLL labeling, cell 
migration, and proliferation were examined after labeling. As 
shown in Figure 3A and supplementary movie S2, most of the 
cells migrated from the initial location during the observation 
period. Cell division could also be observed during this period, 
(red arrows), indicating that the vitality of BMSCs was not 
affected by NPs. Furthermore, cultures of labeled BMSCs were 
expanded to further determine the fate of NPs in the cells 
(Figure 3B). BMSCs labeled with AA@ICG@PLL grew well after 
four passages in normal culture conditions. However, along 
with cellular proliferation, NP release by exocytosis was 
observed. At passage 4 (P4), after labeling, fewer than 50% of 
the NPs remained in the cytoplasm (Figure 3C). 

To identify AA@ICG@PLL labeling would affect the 
differentiation capabilities of BMSCs or not, cells were first 
incubated with AA@ICG@PLL NPs labeling medium (200 μg mL-

1,24h), and then changed to adipogenic or osteogenic induction 
medium. Osteoblasts secrete alkaline phosphatase (ALP), which 
likely degrades inorganic pyrophosphate to provide sufficient 
local phosphate for mineralization; therefore, ALP activity is 
commonly considered a marker of osteogenesis34. As shown in 
Figure 3D and 3E, both labeled and unlabeled BMSCs exhibited 
purple NBT-formazan, which was produced by the reaction 
between ALP and BCIP/NBT. Regarding adipogenic 
differentiation, Oil Red O-stained lipid deposits were not 
different between labeled and unlabeled BMSCs. In short, the 
differentiation capabilities were not affected by AA@ICG@PLL 
NP labeling.

2.4 In vivo tracking of transplanted BMSCs during silica-induced PF

After determining the usability and safety of NPs in vitro, 
the feasibility of in vivo tracking of BMSCs in the silica-induced 
PF mouse model was investigated. The protocol is shown in 
Figure 4A, in which AA@ICG@PLL-labeled BMSCs (1×106 cells) 
suspended in 100 μL of saline were intratracheally transplanted 
into the lung, followed by CT and NIRF scanning. As shown in 
Figure 4B, CT images of mouse lungs from the labeled BMSC 
groups at day 7 (d7) post-transplantation indicated obvious CT 
signals. Moreover, a strong fluorescence signal from the ICG 
distributed in the lungs was detected by the Maestro In Vivo 
Imaging System (Figure 4C). Then, the mice were sacrificed, and 
ex vivo fluorescence intensity images of major organs, including 
the heart, lungs, liver, spleen, and kidneys, were obtained. As 
shown in Figure 4C, the fluorescence signal intensity was 
significantly higher in the lungs than in the other organs, which 
agreed with the above in vivo results. To more accurately and 
reliably track AA@ICG@PLL-labeled BMSCs in vivo, the cell 
membrane dye DiO was used to mark BMSCs before 
transplantation. At 7 d post-transplantation, signals from DiO 
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(green) and ICG (red) showed co-localization in mouse lung 
tissue slide analysis (Figure 4D).

As BMSC therapy is expected to play a role in both the early 
inflammation and in late fibrosis stages, the feasibility of 
continuous in vivo tracking of labeled BMSCs in the silica-
induced PF mouse model was explored. Figure 5A shows the CT 
images at 7 d, 14 d, and 21 d after labeled BMSCs 
transplantation, while the image obtained pre-transplantation 
was used as a control. Compared to the control group, CT signals 
of the labeled BMSCs could be tracked up to 21 d in the right 
lung after transplantation (square box in Figure 5A and 5B). 
Moreover, the NIRF images in Figure 5C revealed that strong 
fluorescence signals could also be observed for 21 d in the lung 
after transplantation. Fluorescence from double-labeled BMSCs 
detected in lung tissue slides at different time points confirmed 
the signals captured by CT and NIRF scanning (Figure 5D). These 
results demonstrated that AA@ICG@PLL-labeled BMSCs could 
be monitored for up to 21 d after transplantation.

2.5 BMSCs ameliorate silica-induced lung fibrosis

To confirm the safety and usability of labeled BMSCs in a 
clinical setting, experimental silicosis mouse models were 
generated35. The technical scheme of this experiment is shown 
in Figure 6A. The mice were treated with AA@ICG@PLL-labeled 
or unlabeled BMSCs (1x106) intratracheally on d7 after exposure 
to a silica suspension. After CT imaging on d28, all mice were 
sacrificed for subsequent analyses.

First, the safety of labeled BMSC transplantation in a PF 
mouse model was evaluated. As shown in Figure 6B, there was 
no significant difference in mouse body weight among groups, 
and no mice died during the experimental period. Hematoxylin 
and eosin (H&E) staining of heart, liver, spleen, and kidney 
tissues (Figure 6C) showed no obvious changes among groups. 
In the lungs, the alveolar structure was markedly destroyed in 
the SiO2 group compared to the control group, accompanied by 
a large area of inflammatory cell aggregation. After the 
transplantation of BMSCs, the alveolar damage was decreased, 
and inflammatory cell aggregation was weaker, while no 
difference in the therapeutic effect was observed between 
labeled and unlabeled BMSCs. These results suggested that 
BMSC transplantation in silica-induced PF mouse models was 
safe and that labeled BMSCs could maintain their treatment 
effects.

To further evaluate the clinical application of labeled 
BMSCs, CT imaging, histopathology, and plasma hydroxyproline 
assays were performed. Figure 7A shows representative images 
of radiological features in the lungs of mice in each group at d28. 
The lungs of mice in the control group were clear. However, 
different-sized high-density or reticular fibrous shadows and 
signs of traction bronchiectasis were found to be diffusely 
distributed in the lungs of mice in the SiO2 group. In the labeled 
and unlabeled BMSC transplantation groups, the typical 
radiological features of an inflammatory response and the 
fibrotic changes were alleviated. Sirius red staining of collagen 
deposition (Figure 7B) revealed increased extracellular matrix 
deposition in lung sections from mice exposed to silica 

compared with those in the control group. Collagen deposition 
and associated fibrosis were alleviated after labeled or 
unlabeled BMSC transplantation. In addition to the 
histopathology analysis, plasma hydroxyproline content, a 
marker of collagen deposition, and overall degree of fibrosis, 
was also assessed (Figure S5). After labeled or unlabeled BMSC 
transplantation, the plasma hydroxyproline content was 
quantifiably reduced compared to SiO2 treatment alone. These 
results suggested NPs did not affect the antifibrotic role of 
BMSCs in a silica-induced PF mouse model.

2.6 BMSCs exert a protective effect by downregulating macrophage 
activation in silica-induced PF

Silicosis is initiated via the phagocytosis of silica particles by 
alveolar macrophages; these activated macrophages release 
various oxidants and cytokines, which play crucial roles both in 
the early inflammation and late fibrosis stages of the disease36. 
The active inflammatory response is characterized by 
neutrophil and macrophage infiltration of the interstitium and 
alveolar spaces after silica exposure. First, HE staining of lung 
tissue (Figures 6C and S6A) demonstrated that BMSC 
transplantation could alleviate lung inflammation and reduce 
cell infiltration in silica-induced lung injury. Many studies, 
including our previous studies37, 38, have shown the vital roles of 
macrophages in silicosis, especially in inflammation during 
disease progression. Therefore, we examined the expression of 
F4/80, a macrophage marker, in lung tissue from the above 
groups and observed significantly increased F4/80 expression in 
the SiO2 group compared with the control group (Figure S6B). 
However, the high F4/80 expression level was decreased after 
BMSC treatment, suggesting that BMSC treatment could reduce 
the number of macrophages in silica-induced lung injury. 
Moreover, proinflammatory cytokines secreted by 
macrophages, such as TNF-α, IL-6, and CXCL2, were detected in 
lung tissue and BALF by RT-PCR and ELISA. As shown in Figure 
7C, BMSCs ameliorated the severity of lung inflammation by 
downregulating the mRNA levels of these proinflammatory 
cytokines in lung tissue. Similar results of attenuated TNF-α, IL-
6, and CXCL2 protein levels upon BMSC transplantation were 
found in the BALF analysis (Figure 7D). These results indicated 
that BMSC administration ameliorated silica-induced lung injury 
by attenuating lung inflammation via the downregulation of 
proinflammatory cytokine and chemokine expression and 
production.

To determine whether labeled BMSCs share the same 
molecular mechanism of silica-induced macrophage activation 
with normal BMSCs, in vitro experiments involving THP-1-
derived macrophages were performed. Consistent with 
previous data39, Figures S7A-B show the silica-induced 
activation of THP-1-derived macrophages, characterized by the 
significant time-dependent increases in the protein levels of 
NOS2 (M1 macrophage marker) and ARG and SOCS3 (M2 
macrophage markers) after SiO2 exposure. Then, THP-1-derived 
macrophages exposed to SiO2 exposure for 24 h were treated 
with BMSC conditioned medium (CM). As shown in Figures 8A-
B, BMSC-CM significantly suppressed the SiO2-induced 
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expression of markers of macrophage activation compared to 
the control medium, and the effects were concentration-
dependent. We also collected conditioned medium from 
labeled BMSCs, which had similar therapeutic effects as that 
from control BMSCs, suggesting that AA@ICG@PLL labeling 
does not influence the therapeutic potential of BMSCs (Figures 
8C-D). This finding was confirmed by immunocytochemistry 
(Figure 8E).

3. Discussion
Even though therapeutic strategies based on stem cell 

transplantation have shown great potential in experimental 
lung injury models40, 41, there is limited information about the 
fate of BMSCs after transplantation into the lungs. In a previous 
study, Xu et al. used highly sensitive in vivo upconversion 
luminescence (UCL) imaging13, 42 in acute lung injury mouse 
models to show that human amniotic fluid-derived stem (hAFS) 
cells labeled with UCNP-PEG-PEI migrated to the lungs over 72 
h. Sean V. Murphy et al. tried to use a gadolinium-based 
Trimetasphere®-positive contrast agent to track hAFS cells via 
MRI14, and the labeled cells could be tracked within lung tissue 
for up to one week after transplantation. With the demand for 
more accurate information on transplanted cells, some studies 
have tried to combine two or more imaging modalities to trace 
cells43, 44. In this study, we successfully prepared novel 
AA@ICG@PLL NPs to perform dual CT and NIRF imaging 
tracking of labeled BMSCs for up to 21 d post-transplantation in 
a PF mouse model.

 Due to the high contrast between air-filled lungs and soft 
tissues, CT imaging can provide detailed 3D structural 
information at high spatial and temporal resolution and thus is 
more suitable that other methods for cell tracking in lung 
disease models. Among various CT contrast agents, Au NPs have 
the largest atomic number and X-ray absorption coefficient, 
straightforward surface modifiability, and good 
biocompatibility13, 15, 42. However, Au NPs cannot be detected 
directly on tissue slides, while the commercially available 
tracking reagent SPIO can be visualized by Prussian blue 
staining. To achieve efficient and reliable cell tracking signals, it 
is necessary to combine the strengths of different imaging 
modalities. Because of their super-high sensitivity, real-time 
mod, and high contrast, optical imaging techniques are widely 
used in disease examination and therapy45-48. Light in the near-
infrared region of approximately 700–900 nm, which can 
maximize tissue penetrance in addition to minimizing the 
autofluorescence from nontarget tissue, is ideal for imaging 
deeper tissues49. Furthermore, NIRF signals can be detected by 
confocal microscopy ex vivo in tissues to confirm the reliability 
of signals in vivo. In previous studies, several NIRF nanoprobes 
have been used for cell tracking, such as cy5.5, quantum dots 
(QD), and ICG. Though QD was used to track stem cells 
transplanted into the liver50 and brain51, the risk of pro-
thrombosis mediated by QD labeling of cells was reported firstly 
in 2010 by Ramot Y 52.Therefore, in this study, AuNPs were 
modified with ICG, a NIRF dye currently used in several clinical 
imaging applications21, 53 with attractive, stable optical 

absorption; the resulting NPs could be detected by in vivo NIRF 
imaging and in vitro confocal imaging. 

Cell tracking NPs must meet several criteria in addition to 
image contrast ability. 1. High cell labeling efficiency. Uptake of 
sufficient NPs into each cell is necessary to achieve good 
detection of transplanted BMSCs. Therefore, in the process of 
synthesizing AA@ICG@PLL NPs, PLL was used to modify the 
surface of AA@ICG NPs by physisorption. This modification did 
not affect the physiochemical properties of the NPs but did 
promote highly efficient internalization into BMSCs, consistent 
with previous reports54, 55. 2. Biological safety. In vitro and in 
vivo experiments confirmed that AA@ICG@PLL NP labeling 
does not affect cell viability or disrupt cell functions, such as 
migration, proliferation, and differentiation. Labeled cells 
maintained therapeutic effects and showed no adverse impacts 
on mouse body weight or major organs. 3. Long-range in vivo 
cell-tracking property. Referring to previous studies56, 57, we 
transplanted 1x106 AA@ICG@PLL-labeled BMSCs 
intratracheally into mice with silica-induced PF. At 21 d post-
transplantation, signals from labeled cells were still detectable 
in the mouse lungs via CT and NIRF, and the ICG fluorescence 
were colocalized with DiO-labeled BMSCs in lung tissue slides, 
demonstrating the presence of AA@ICG@PLL. Importantly, 
AA@ICG@PLL NPs were confirmed as suitable cell-tracking NPs 
with noninvasive and long-term tracing potential. However, 
there are still several problems that remain to be solved: NPs 
labelling BMSCs through endocytosis could also be removed or 
diluted during cell proliferation or apoptosis, then taken up by 
live BMSCs or macrophages as previously reported58, 59; these 
processes could lead to signal attenuation and fluorescence 
quenching during the tracking process. Furthermore, the signals 
from NPs could not distinguish between live and dead cells. 
Potential ways to address these issues could be firstly modifying 
the NPs to extend the intracellular retention time without 
affecting the cell biological features, then combining cell-
tracking NPs with reporter genes or finding specific CT signal 
characteristics that could represent the different conditions of 
the NPs. These ideas will be investigated in our future studies.

After monitoring the accumulation of AA@ICG@PLL-
labeled BMSCs in PF mouse lungs, we further explored the 
therapeutic mechanism of these transplanted cells in PF 
models. Previous studies suggested that the effects of MSC-
based silicosis treatment may result from the suppression of IL-
1 signaling through IL1-Ra and a decrease in TNF-α expression60 
during early inflammation or from the inhibition of SiO2-induced 
EndoMT through the regulation of ER stress and autophagy61 in 
late fibrosis. In this study, we focused on exploring the effects 
of MSCs on macrophages, which are essential for both 
inflammatory reactions and the development of fibrosis38. 
When macrophages respond to external stimuli, such as SiO2 
exposure in this study, they functionally polarize into different 
phenotypes, specifically the classically activated (M1) and 
alternatively activated (M2) phenotypes62. Activated 
macrophages produce cytokines that provoke proliferative 
signaling by fibroblasts and ultimately induce alterations in 
collagen metabolism and deposition in the lungs. We found that 
BMSC transplantation could decrease the alveolar macrophage 
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population in mice with PF, and BMSC-CM could downregulate 
the markers related to macrophage activation, suggesting that 
paracrine secretion might be an essential mechanism by which 
BMSCs exert therapeutic effects. However, the specific 
cytokines involved and the underlying mechanism warrant 
further investigation.

4. Conclusion
Novel AA@ICG@PLL NPs suitable for CT/NIRF dual-modal 

imaging were synthesized and used to label and track BMSCs 
without interfering with cellular migration, proliferation, and 
differentiation. The labeled BMSCs could be tracked for up to 
21 d after transplantation in vivo by NIRF and CT imaging, and 
the transplanted BMSCs downregulated silica-induced 
macrophage activation and played an anti-inflammatory and 
antifibrotic roles in the silica-induced PF mouse model. Our 
work may provide a potential way to achieve long-term tracking 
of transplanted BMSCs in the treatment of silicosis.

5. Experimental section
Reagents

HAuCl4·3H2O (520918) and PLL (MW=30 kD, P1024) were 
purchased from Sigma-Aldrich. BSA and ICG were purchased 
from BBI Life Sciences Co. SiO2 with a diameter of approximately 
2–5 μm was purchased from Sigma (S5631). The silica was 
sterilized overnight (200°C for 16 h) and then diluted in sterile 
NS to 5 mg/mL or 50 mg/mL for in vitro or in vivo experiments. 
Rabbit polyclonal antibody to NOS2 (18985-1-AP) was obtained 
from Proteintech (Rosemont, IL, USA), and ARG1 (9819S) and 
SOCS-3 (2923S) antibodies were obtained from Cell Signaling 
Technology (Danvers, MA, USA). An anti-F4/80 antibody 
(ab100790) was purchased from Abcam (Cambridge, MA, USA). 
Mouse TNFα, IL-6, and CXCL2 ELISA kits were obtained from 
Proteintech.

Cell culture

Human BMSCs isolated from bone marrow aspirates were 
purchased from Nanjing Drum Tower Clinical Stem Cell Center 
and cultured as previously described. The cells were cultured in 
T75 flasks in DMEM/F12 containing 10% FBS, penicillin (100 
U/mL), streptomycin (100 μg/mL), and 2 mM l-glutamine at 
37°C in a 5% CO2 atmosphere. The medium was changed every 
three days. BMSCs at P3-8 were used for all experiments. 
Adipogenic and osteogenic differentiation media purchased 
from Cyagen Biosciences were used according to the 
manufacturer’s instructions.
The human monocytic cell line THP-1 (ATCC) was cultured in 
RPMI 1640 medium containing 10% FBS, streptomycin (100 
μg/mL), and penicillin (100 U/mL) in a 5% CO2 atmosphere at 
37°C. Then, 50 nM phorbol myristate acetate (PMA) was used 
to stimulate 6x105 THP-1 cell per well differentiation for 24 h 
before the experiments.

AA@ICG@PLL NP synthesis and characterization

The synthetic process of Au@Albumin NPs was similar to that 
described previously, with moderate modifications. Briefly, 500 
mg BSA was dissolved in 20 mL deionized water, then added 
HAuCl4·3H2O (9.2 mL, 25.39 mM). After 5-10 min stirring, 
N2H4·H2O (40 μL) was added into the mixture, and continuously 
stirred for 30 min. After the intensive mixing, the unreacted BSA 
and N2H4·H2O were removed through dialysis for 6 h to get the 
purified product, Au@Albumin NPs. The surface of NPs was 
coated with the NIRF dye ICG by adding Au@Albumin into 5 mL 
of a 1 mg/mL ICG solution and then stirring for 12 h. Free ICG 
was removed via ultrafiltration to get AA@ICG NPs. Lastly, PLL 
and AA@ICG NPs at a mass ratio of 3:200 were mixed and 
sonicated for 3 h, yielding the AA@ICG@PLL nanotracer.
The TEM images of AA@ICG@PLL were conducted using the 
transmission electron microscope operating at an accelerating 
voltage of 100 kV. UV-Vis spectra were obtained using a 
Shimazu UV2550 UV-Vis spectrophotometer. The ICG loading 
capacity was calculated with the following equation: loading 
efficiency=WICG/WAux100 %, where WICG represents the weight 
of ICG loaded on NPs, and WAu represents the weight of Au in 
NPs. The hydrodynamic diameter and size distribution, as well 
as the zeta potential, were determined by the ZEN3600 Nano ZS 
instrument (Malvern). The emission spectra were detected by a 
fluorescence spectrometer (FluoroMax-4 Compact 
Spectrofluorometer, HORIBA Scientific) with excitation of 760 
nm, and the emission spectra were recorded from 770 to 850 
nm. Both the excitation slit width and emission slit width were 
5 nm. ICP-MS (Thermo Fisher Scientific) was used to determine 
the intracellular Au concentration.

Cell loading with AA@ICG@PLL NPs

AA@ICG@PLL NPs resuspended in serum-free medium were 
added in excess to BMSCs at 37°C for 24 h. After incubation, the 
cells were washed twice with PBS to remove unbound NPs and 
collected for subsequent experiments.

Cell viability assessments

CCK8 assays were performed to evaluate BMSC viability after 
labeling with AA@ICG@PLL NPs. CCK8 reagent (5 mg/mL, 
Sigma-Aldrich) was added to each well, and the cells were 
incubated at 37°C for 1-4 h. The colored solution was 
transferred to a 96-well plate, and the resulting absorbance was 
read at 550 nm.

Animal experiments

All animals were maintained on a 12:12 h light/dark cycle under 
constant temperature (23°C) and humidity (50%) conditions 
with free access to food and water. All animal procedures were 
approved by the Laboratory Animal Care and Use Committee at 
Southeast University and were performed in strict accordance 
with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals.
Male C57BL/6 mice were divided into four groups (n≥6 each 
group), the control, SiO2, SiO2+BMSC, and SiO2+labeled BMSC 
groups. After anesthesia induced by pentobarbital sodium (1%, 
50 mg/kg), mice were intratracheally administered 100 μL of a 
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silica suspension, except for those in the control group, which 
received 100 μL of saline. Then, the mice in the control and SiO2 
groups were intratracheally injected with 100 μL of saline, and 
those in the SiO2+BMSC and SiO2+labeled BMSC groups 
received 100 μL of BMSCs (1x106) or AA@ICG@PLL-labeled 
BMSCs (1x106), respectively, on d7 following the intratracheal 
administration of silica.

CT imaging

CT imaging in this study was captured by a micro-CT system 
(Hiscan XM) followed these scanning parameters: voltage, 60 
kV; electricity,133 μA; scanning resolution, 50 μm; single 
exposure time, 1.2 s; scanning circle, 360°; scanning angle 
interval, 0.5°. The reconstruction and analysis software 
programs were provided by Hiscan.

NIR fluorescence imaging

In vitro and in vivo NIR fluorescence images of ICG (704 nm 
excitation and 735 nm filter) were obtained with a Maestro in 
Vivo Imaging System (CRi Inc., USA).

Histopathological examination

Mice were sacrificed, and the organs were quickly isolated, 
fixed in 4% paraformaldehyde, embedded in OCT and cut into 
5-mm-thick sections. Tissues on glass slides were stained with 
H&E for histopathological evaluation and with Sirius red for 
fibrosis assessments following the manufacturer’s directions.

Real-time fluorescent quantitative RT-PCR

The relative mRNA expression of TNF-α, IL-6, and CXCL2 in lung 
tissue was determined by RT-PCR. Mouse primers used in this 
study were purchased from Invitrogen, and the sequences were 
provided in Table S1.

ELISA

For detection of TNF-α, IL-6, and CXCL2 level in mice BALF. 1mL 
BALF collected from each mouse was centrifuged at 300 × g for 
5 min at 4 °C, and the supernatant collected for cytokine 
analysis by ELISA following the manufacturer’s directions.
Blood samples for hydroxyproline level analysis were collected 
from mice in different groups. After centrifuging at 3000× g for 
15 min at 4 °C, the plasma was used for ELISA following the 
manufacturer’s directions.

Western blotting

The expression levels of specific proteins in THP-1-derived 
macrophages were determined by Western blotting, as 
previously described35. Briefly, the treated cells were lysed to 
get total protein. The protein concentration was quantified 
through BCA, according to the manufacturer’s instructions. 
Equal amounts of the proteins in different groups were 
separated via SDS-PAGE gel electrophoresis and transferred to 
PVDF membranes. After blocking, the membranes were 
incubated with specific primary antibodies at 4°C overnight and 
then with secondary antibodies for 1 h at room temperature. 

The protein amounts loaded were normalized according to the 
GAPDH signal. 

Immunofluorescence

The cell and tissue Immunofluorescence were performed as 
previously described39. Briefly, the treated cells and lung tissues 
were fixed with 4% paraformaldehyde for 15 min at room 
temperature, followed by permeabilization with 0.3% Triton X-
100. After that,10% normal goat serum was added to block for 
2 h at room temperature and then incubated with specific 
primary antibodies at 4°C overnight. Finally, the appropriate 
fluorescent secondary antibodies were added at a 1:400 
dilution for 2 h and the nuclei were stained with DAPI.

Statistical analysis

The data are presented as the mean±SEM. Unpaired numerical 
data were compared using an unpaired t-test (two groups) or 
analysis of variance (ANOVA; more than two groups). A p-value 
of <0.05 was considered to indicate statistical significance.
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Figure Legend

Figure 1. Synthesis and characterization of AA@ICG@PLL NPs

A. Schematic illustration of the synthesis of AA@ICG@PLL NPs. 
B. The TEM image of AA@ICG@PLL NPs (inset shows the size 
distribution of AA@ICG@PLL NPs, 12.2 nm ± 1.594 nm). Scale 
bar=200 nm.C. UV-Vis absorption spectra of Au@Albumin NPs, 
free ICG, AA@ICG, and AA@ICG@PLL NPs in water. D. Loading 
efficiency of AA@ICG and AA@ICG@PLL NPs. E. Zeta potential 
measurements of AA@ICG and AA@ICG@PLL NPs. F. DLS data 
of AA@ICG and AA@ICG@PLL NPs in aqueous solution. G. 
Transverse CT images and calculated HU values of 
AA@ICG@PLL NPs and iohexol at different Au and I 
concentrations.

Figure 2. BMSCs labeled with AA@ICG@PLL NPs

A. Bright-field images of BMSCs incubated with AA@ICG@PLL 
NPs at 0 h, 6 h, 12 h, and 24 h. Scale bar=20 μm. B. Bright-field 
images of BMSCs incubated with AA@ICG@PLL NPs at various 
Au concentrations (0, 50, 100, 200, and 300 μg mL-1) for 24 h. 
Scale bar=50 μm. C. Intracellular Au content measured by ICP-
MS. D. Relative viability of BMSCs labeled with AA@ICG@PLL 
NPs at various Au concentrations. *p<0.05 compared with the 
unlabeled group. E. Fluorescence confocal microscopy images 
of BMSCs labeled with AA@ICG@PLL NPs at 200 μg mL-1 Au. The 
DiO-stained cell membrane (green), DAPI-stained cell nucleus 
(blue), ICG (red). Scale bar=20 μm. F. In vitro CT imaging of 

agarose phantoms containing BMSCs labeled with different Au 
concentrations. G. In vitro NIRF images of agarose phantoms 
containing BMSCs labeled with different Au concentrations.

Figure 3. Effects of labeling on cell migration, differentiation, and 
proliferation

A. Time-lapse monitoring of AA@ICG@PLL-labeled BMSCs over 
a 24 h culture period revealed cell division (red arrow). Scale 
bar=50 μm. B. Images of BMSCs labeled with AA@ICG@PLL NPs 
after passaging from P1 to P4. Scale bar=20 μm. C. Column 
graph of the AA@ICG@PLL NP labeling area in BMSCs from P1 
to P4. D. Bright-field images of Oil Red O staining and ALP 
staining of NP-loaded and unloaded BMSCs. Scale bar=20 μm. E. 
Column graph of the area positive for Oil Red O and ALP.

Figure 4. Tracking of AA@ICG@PLL-labeled BMSCs in a silica-
induced PF mouse model

A. Experimental design for tracking AA@ICG@PLL-labeled 
BMSCs in a silica-induced PF mouse model. B. CT images of the 
lungs in model mice at 7 d after transplantation with or without 
AA@ICG@PLL-labeled BMSCs. C. In vivo NIRF images of the 
lungs in model mice at 7 d after transplantation with or without 
AA@ICG@PLL-labeled BMSCs. In vitro NIRF images of various 
organs at 7 d post-transplantation. D. Bright-field and 
immunofluorescence images of lung tissue slices in each group 
(SiO2+NS and SiO2+labeled BMSCs) at 7 d post-transplantation. 
DiO (green), AA@ICG@PLL NPs (red), and DAPI-labeled nuclei 
(blue) are shown in the images. Scale bar=20 μm.

Figure 5. Long-term tracking of AA@ICG@PLL-labeled BMSCs

A. In vivo CT images of AA@ICG@PLL-labeled BMSCs at 7 d, 14 
d, and 21 d after transplantation. An image of the lung before 
transplantation was used as a control. B. 3D CT images of 
labeled BMSCs at 21 d post-transplantation. An image of the 
lung before transplantation was used as a control. C. In vivo 
NIRF images of AA@ICG@PLL-labeled BMSCs at 7 d, 14 d, and 
21 d after transplantation. An image of the lung before 
transplantation was used as a control. D. Immunofluorescence 
images of lung tissue slices collected at 7 d, 14 d, and 21 d after 
labeled BMSC transplantation. Scale bar=50 μm.

Figure 6. The safety of labeled BMSC transplantation in a PF mouse 
model

A. Study design for the following animal experiments. B. The 
body weight of mice in each group was measured every week 
during the experiment. C. H&E staining of essential organs 
(lungs, heart, liver, spleen, and kidneys). Scale bar=20 μm.

Figure 7. The effect of transplanted BMSCs on silica-induced lung 
fibrosis
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A. CT examination of lungs from mice in each group on d28: 
Control, SiO2+NS, SiO2+BMSC, and SiO2+labeled BMSC groups. 
B. Sirius red staining of lung sections from each group on d28: 
Control, SiO2+NS, SiO2+BMSC, and SiO2+labeled BMSC groups. 
Scale bar=20 μm. C. mRNA levels of the inflammatory cytokines 
TNF-α, IL-6, and CXCL2 in the lungs from the Control, SiO2+NS, 
SiO2+BMSC, and SiO2+labeled BMSC groups on d28 (n=6). 
***p<0.001 compared with the control group. ##p<0.01, #p<0.05 
compared with the SiO2+NS group. D. Protein levels of the 
inflammatory cytokines TNF-α, IL-6, and CXCL2 in BALF from the 
Control, SiO2+NS, SiO2+BMSC, and SiO2+labeled BMSC groups 
on d28 (n=6). *p<0.05 compared with the control group. #p<0.05 
compared with the SiO2+NS group.

Figure 8. Macrophage activation induced by SiO2 exposure was 
suppressed after BMSC transplantation

A. Representative Western blot showing the effects of different 
concentrations of BMSC-CM on the expression of the 
macrophage activation markers NOS2, ARG1, and SOCS3 (L: 
2.5x104, M: 5x104, and H: 1x105). B. Densitometric analyses of 
Western blots from 3 separate experiments showing the effects 
of conditioned medium collected from different numbers of 
MSCs (L: 2.5x104, M: 5x104, and H: 1x105) on SiO2-induced 
macrophage activation. *p<0.05 vs. the control group; #p<0.05, 
##p<0.01 vs. the SiO2 group. C. Representative Western blot 
showing the effects of CM collected from unlabeled or labeled 
BMSCs on the expression of the macrophage activation markers 
NOS2, ARG1, and SOCS3. D. Densitometric analyses of Western 
blots from 3 separate experiments showing the effects of 
conditioned medium collected from labeled and unlabeled 
MSCs on SiO2-induced macrophage activation. *p<0.05 vs. the 
control group; #p<0.05 vs. the SiO2 group. E. Representative 
immunocytochemistry illustrating the ability of unlabeled or 
labeled BMSC-CM to downregulate macrophage activation. 
Scale bar=20 μm.
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Figure 1. Synthesis and characterization of AA@ICG@PLL NPs 
A. Schematic illustration of the synthesis of AA@ICG@PLL NPs. B. The TEM image of AA@ICG@PLL NPs 

(inset shows the size distribution of AA@ICG@PLL NPs, 12.2 nm ± 1.594 nm). Scale bar=200 nm.C. UV-Vis 
absorption spectra of Au@Albumin NPs, free ICG, AA@ICG, and AA@ICG@PLL NPs in water. D. Loading 

efficiency of AA@ICG and AA@ICG@PLL NPs. E. Zeta potential measurements of AA@ICG and AA@ICG@PLL 
NPs. F. DLS data of AA@ICG and AA@ICG@PLL NPs in aqueous solution. G. Transverse CT images and 

calculated HU values of AA@ICG@PLL NPs and iohexol at different Au and I concentrations. 
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Figure 2. BMSCs labeled with AA@ICG@PLL NPs 
A. Bright-field images of BMSCs incubated with AA@ICG@PLL NPs at 0 h, 6 h, 12 h, and 24 h. Scale bar=20 
μm. B. Bright-field images of BMSCs incubated with AA@ICG@PLL NPs at various Au concentrations (0, 50, 

100, 200, and 300 μg mL-1) for 24 h. Scale bar=50 μm. C. Intracellular Au content measured by ICP-MS. D. 
Relative viability of BMSCs labeled with AA@ICG@PLL NPs at various Au concentrations. *p<0.05 compared 
with the unlabeled group. E. Fluorescence confocal microscopy images of BMSCs labeled with AA@ICG@PLL 

NPs at 200 μg mL-1 Au. The DiO-stained cell membrane (green), DAPI-stained cell nucleus (blue), ICG 
(red). Scale bar=20 μm. F. In vitro CT imaging of agarose phantoms containing BMSCs labeled with different 
Au concentrations. G. In vitro NIRF images of agarose phantoms containing BMSCs labeled with different Au 

concentrations. 
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Figure 3. Effects of labeling on cell migration, differentiation, and proliferation 
A. Time-lapse monitoring of AA@ICG@PLL-labeled BMSCs over a 24 h culture period revealed cell division 

(red arrow). Scale bar=50 μm. B. Images of BMSCs labeled with AA@ICG@PLL NPs after passaging from P1 
to P4. Scale bar=20 μm. C. Column graph of the AA@ICG@PLL NP labeling area in BMSCs from P1 to P4. D. 
Bright-field images of Oil Red O staining and ALP staining of NP-loaded and unloaded BMSCs. Scale bar=20 

μm. E. Column graph of the area positive for Oil Red O and ALP. 
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Figure 4. Tracking of AA@ICG@PLL-labeled BMSCs in a silica-induced PF mouse model 
A. Experimental design for tracking AA@ICG@PLL-labeled BMSCs in a silica-induced PF mouse model. B. CT 
images of the lungs in model mice at 7 d after transplantation with or without AA@ICG@PLL-labeled BMSCs. 

C. In vivo NIRF images of the lungs in model mice at 7 d after transplantation with or without 
AA@ICG@PLL-labeled BMSCs. In vitro NIRF images of various organs at 7 d post-transplantation. D. Bright-

field and immunofluorescence images of lung tissue slices in each group (SiO2+NS and SiO2+labeled 
BMSCs) at 7 d post-transplantation. DiO (green), AA@ICG@PLL NPs (red), and DAPI-labeled nuclei (blue) 

are shown in the images. Scale bar=20 μm. 
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Figure 5. Long-term tracking of AA@ICG@PLL-labeled BMSCs 
A. In vivo CT images of AA@ICG@PLL-labeled BMSCs at 7 d, 14 d, and 21 d after transplantation. An image 
of the lung before transplantation was used as a control. B. 3D CT images of labeled BMSCs at 21 d post-
transplantation. An image of the lung before transplantation was used as a control. C. In vivo NIRF images 
of AA@ICG@PLL-labeled BMSCs at 7 d, 14 d, and 21 d after transplantation. An image of the lung before 

transplantation was used as a control. D. Immunofluorescence images of lung tissue slices collected at 7 d, 
14 d, and 21 d after labeled BMSC transplantation. Scale bar=50 μm. 
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Figure 6. The safety of labeled BMSC transplantation in a PF mouse model
A. Study design for the following animal experiments. B. The body weight of mice in each group was 
measured every week during the experiment. C. H&E staining of essential organs (lungs, heart, liver, 

spleen, and kidneys). Scale bar=20 μm.
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Figure 7. The effect of transplanted BMSCs on silica-induced lung fibrosis 
A. CT examination of lungs from mice in each group on d28: Control, SiO2+NS, SiO2+BMSC, and 

SiO2+labeled BMSC groups. B. Sirius red staining of lung sections from each group on d28: Control, 
SiO2+NS, SiO2+BMSC, and SiO2+labeled BMSC groups. Scale bar=20 μm. C. mRNA levels of the 

inflammatory cytokines TNF-α, IL-6, and CXCL2 in the lungs from the Control, SiO2+NS, SiO2+BMSC, and 
SiO2+labeled BMSC groups on d28 (n=6). ***p<0.001 compared with the control group. ##p<0.01, 

#p<0.05 compared with the SiO2+NS group. D. Protein levels of the inflammatory cytokines TNF-α, IL-6, 
and CXCL2 in BALF from the Control, SiO2+NS, SiO2+BMSC, and SiO2+labeled BMSC groups on d28 (n=6). 

*p<0.05 compared with the control group. #p<0.05 compared with the SiO2+NS group. 
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Figure 8. Macrophage activation induced by SiO2 exposure was suppressed after BMSC transplantation 
A. Representative Western blot showing the effects of different concentrations of BMSC-CM on the 

expression of the macrophage activation markers NOS2, ARG1, and SOCS3 (L: 2.5x104, M: 5x104, and H: 
1x105). B. Densitometric analyses of Western blots from 3 separate experiments showing the effects of 
conditioned medium collected from different numbers of MSCs (L: 2.5x104, M: 5x104, and H: 1x105) on 
SiO2-induced macrophage activation. *p<0.05 vs. the control group; #p<0.05, ##p<0.01 vs. the SiO2 

group. C. Representative Western blot showing the effects of CM collected from unlabeled or labeled BMSCs 
on the expression of the macrophage activation markers NOS2, ARG1, and SOCS3. D. Densitometric 

analyses of Western blots from 3 separate experiments showing the effects of conditioned medium collected 
from labeled and unlabeled MSCs on SiO2-induced macrophage activation. *p<0.05 vs. the control group; 
#p<0.05 vs. the SiO2 group. E. Representative immunocytochemistry illustrating the ability of unlabeled or 

labeled BMSC-CM to downregulate macrophage activation. Scale bar=20 μm. 
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AA@ICG@PLL NPs, CT/NIRF dual model nanotracers, were synthesized to track BMSCs in the 
treatment of pulmonary fibrosis.
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