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A B S T R A C T   

The effectiveness of mesenchymal stem cells (MSCs) on inflammation-related disease is limited and the phar
maceutical preparation that was used to enhance the efficacy of MSCs cannot reach the diseased tissue in large 
quantities. Herein, antioxidant liposome (Lipo-OPC) is designed to anchor onto the surface of MSCs membrane 
via click chemical reaction (MSC-Lipo-OPC) without affecting the viability and physiological characteristics of 
MSCs, thus allowing efficient accumulation of MSC-Lipo-OPC in X-ray irradiated lung sites. More importantly, 
MSC-Lipo-OPC promotes the change of the quantity and polarity of innate immunocytes, mainly including 
neutrophils, macrophages and Tregs, in favor of anti-inflammatory, finally preventing the formation of radio
active pulmonary fibrosis. Therefore, it could enhance the treatment outcome of both of MSCs and drugs to 
radiation-induced lung injury via modifying the drug-loaded nanoparticle on the surface of MSCs membrane, 
further promoting the application of MSCs in radiation damage and protection.   

1. Introduction 

Exposure of the lung tissue to ionizing radiation at high dose, mainly 
during radiotherapy of thoracic tumors, can lead to the development of 
radiation pneumonia/pulmonary fibrosis [1]. In clinic, glucocorticoids 
and drugs with free radical scavenging capacity are common used to 
reduce the lung radiation injury and control respiratory symptoms [2]. 
However, the efficacy of these drugs is limited by their low pulmonary 
targeting, short retention time and inadequate anti-inflammatory effi
ciency [3]. Moreover, the current treatment is mainly symptomatic 
management and can cause certain side effects [4–6]. Therefore, there is 
an urgent need to develop an effective treatment strategy for reducing 
the severity of radiation pneumonitis and delaying the progression of 
radiation pulmonary fibrosis. At present, some radiation protection 
drugs or biomaterials have been explored to relieve radiation pneumo
nia/fibrosis [7,8]. The size-effect and inflammatory tendency charac
teristics are the main available strategies for targeting pneumonia [9, 
10]. Typically, micron-sized particles become lodged in the capillar
ies/fine bronchi of the lungs after intravenous or respiratory adminis
tration. In patients with chest tumors, especially elderly, there is often a 
series of underlying diseases leading to breathing difficulties, making 

intravenous administration more immediate and effective [11]. Once 
the drugs reach lung, they should fight inflammation and prevent pul
monary fibrosis by reducing reactive oxygen species (ROS) levels, acti
vating the anti-inflammatory innate immunity and promoting tissue 
repair [12]. In this process, immune cells such as Tregs and macrophages 
as well as their secretion of cytokines play a major role [13,14]. 

Cell therapies have attracted widespread attention because of their 
targeting of diseases and certain therapeutic effect [15,16]. Mesen
chymal stem cells (MSCs), as a typical representative, have been used in 
cancer treatment, tissue regeneration and anti-inflammatory therapy, 
due to their non-immunogenicity, immune modulating functions and 
anti-inflammatory/growth-promoting properties [17–19]. However, 
during the process of anti-inflammatory therapy, inflammatory envi
ronment with high ROS level can decrease the viability and pluripotency 
of the specifically targeting MSCs in the area of inflammation. Therefore, 
some drugs or biomaterials have been selected to cooperate with MSCs 
[20,21]. In situ acquisition of therapeutic proteins by genetic modifi
cation of MSCs is one approach, but this increases the risk of potential 
genotoxicity of MSCs [22]. Alternatively, MSCs can be directly admin
istrated with chemical drugs via simultaneous injection, pre-incubation 
or cell surface modification [23,24]. Among them, drug-anchored cells 
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can be obtained by gently modifying the drug onto the cell surface via 
chemical reaction, such as click chemical reaction that is a fast, efficient, 
mild green chemical reaction [25,26]. In this way, the anchored drugs 
can act on both the inflammatory environment and MSCs post injection. 
Moreover, it can ensure the consistency of drugs and MSCs in time and 
space to maximize the synergistic effect. 

In this study, oligomeric proanthocyanidin (OPC)-loaded liposome 
(Lipo-OPC) was linked to the membrane surface of MSCs with high joint 
efficiency via chick chemical reaction, obtaining drug-anchored MSCs 
(MSC-Lipo-OPC). This liposome was shown to have excellent free radical 
scavenging abilities, which could improve the function of MSCs and 
control the progression of inflammation. Upon intravenous injection of 
these MSCs, they could accumulate in large quantities in the X-ray- 
exposed lung tissue while not in healthy lung, owing to their charac
teristics of inflammatory tendency. In the early stages of lung damage, 

drug-anchored MSCs reduced the ROS production under the dual anti
oxidant repair of proanthocyanidins and MSCs. Notably, the number of 
infiltrating neutrophils, the main host cells producing ROS, was signif
icantly reduced in X-ray-irradiated lung tissue after treatment with drug- 
anchored MSCs. Meanwhile, in the treated lung, macrophages could 
tend to be polarized towards M2, and a plenty of Tregs cells could 
infiltrate in lung tissue. These two kinds of innate immunocyte played an 
important role in the anti-inflammatory response through the produc
tion of various cytokines. Moreover, in the advanced stages of lung 
damage, drug-anchored MSCs could effectively relieve the severity of X- 
ray-induced lung fibrosis. Therefore, antioxidant liposome attached 
MSCs could regulate the function of innate immune cells in inflamma
tion, reduce inflammatory response and delay the progression of pneu
monia, providing an effective strategy for treating radiation 
pneumonia/fibrosis (Fig. 1). 

Fig. 1. The schematic illustration of MSC-Lipo-OPC-mediated radiation lung injury repair. DSPE-PEG-DBCO could be modified on OPC-loaded liposomes, and 
Ac4ManNAz could be exposed on the membrane surface of Ac4ManNAz-treated MSCs. MSC-Lipo-OPC was obtained through a click chemical reaction between 
DBCO-Lipo-OPC and Ac4ManNAz-treated MSCs. Moreover, MSC-Lipo-OPC targeted to the X-ray-exposed lungs and effectively relieved radiation pneumonia/fibrosis 
via regulating anti-inflammatory immune. 
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2. Materials and methods 

2.1. Materials 

1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine (DPPC), 1,2-dis
tearoyl-sn-glycero-3-phosphoethanol-amine-N-(polyethylene glycol)- 
5000 (DSPE-PEG5000), Cholesterol, dibenzocyclooctyl-modified 
DSPE–PEG (DSPE–PEG–DBCO) and Ac4ManNAz were purchased from 
Xi’an Ruixi Biological Technology Co., Ltd. (Xi’an, China). Oligomeric 
Proantho Cyanidin (OPC) was purchased from Shanghai Yuanye Biological 
Technology Co., Ltd. 2-(4-amidinophenyl)-6-indolecarbamidinedihydro
chloride (DAPI) 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindodicarbocya
nine, 4-Chlorobenzenesulfonate Salt (DiD) and 1,1′-dioctadecyl-3,3,3′,3′- 
tetramethylindocarbocyanine perchlorate DiI) were acquired from Beyo
time Technology. Matrix glue was obtained from Shanghai Nova Medical 
Technology Co., Ltd. The JC-10 assay kit was purchased from Beijing 
Solarbio Science & Technology Co., Ltd. (Beijing, China). Cell culture 
dishes/plates, round coverslips, 20-mm glass-bottom dishes, and centrifuge 
tubes were obtained from NEST Biotechnology Co., Ltd. (Wuxi, China). 
Malondialdehyde (MDA) assay kit and Superoxide Dismutase (SOD) assay 
kits were purchased from the Nanjing Jian cheng Bioengineering Institute 
(Nanjing, China). Mouse TNF-α ELISA Kit, Mouse IFN-γ ELISA Kit, Mouse 
HGF ELISA Kit and Mouse VEGF ELISA Kit were purchased from Multi
sciences (Lianke) Biotech Co., Ltd. (Zhejiang, China). Myeloperoxidase 
Rabbit mAb and vimentin Rabbit mAb were purchased from Zen BioScience 
Co., Ltd. (Wuhan China). 

2.2. The collection of MSCs 

Three-week-old male C57BL/6 J mice were purchased from Gem
Pharmatech Co., Ltd. (Jiangsu, China), and were used to collect their 
bone marrow mesenchymal stem cells. C57BL/6 J mice aged 6–8 weeks 
were purchased for other animal experiments. All of mice in this study 
were raised under specific pathogen-free conditions and animal-related 
treatments were performed in accordance with procedures and pro
tocols approved by the Animal Care and Welfare Committee of the An
imal Center of Soochow University. 

Mouse bone marrow mesenchymal stem cells (mBMSCs) were iso
lated and cultured as reported previously [27]. Briefly, the bone marrow 
cells were flushed out from mouse femurs and tibias with 5% 
heat-inactivated FBS in DMEM/F12 -Dulbecco’s Modified Eagle Me
dium. All nucleated cells were seeded on 100 mm culture dishes 
(Corning, USA) at 37 ◦C in 5% CO2. Non-adherent cells were removed 
after 72 h and attached cells were cultured for 7 days in DMEM/F12 
supplemented with 10% FBS, 2 mM of L-glutamine, 55 μM of 2-mercap
toethanol (Invitrogen, USA), 100 U/ml of penicillin and 100 μg/mL of 
streptomycin. 

2.3. Preparation and characterization of Lipo-OPC NPs 

The preparation of Lipo-OPC was divided into two steps, low pres
sure rotary steaming and thin layer emulsification. Firstly, DPPC, DSPE- 
PEG5000, cholesterol, DSPE-PEG-DBCO were weighed in proportion 
(22:12:8:3), dissolved with trichloromethane, and added to the round- 
bottomed flask. The trichloromethane was removed by vacuum and 
low pressure gyroevaporator (temperature parameter: 45 ◦C), and a 
lipo-film was formed at the bottom of the round-bottomed flask. Next, 
the lipo-film was emulsified into nanoparticles, and OPC aqueous solu
tion was added to the bottom of the bottle at 40 ◦C. After 1 h of ultra
sound, the lipo-film was repeatedly extruded 5 times by a 200 nm 
liposome extruder. Finally, the free drugs were removed by centrifuga
tion through an Amico filter device (MWCO = 100 kDa) and washed 
with PBS. The hydrodynamic diameter, polydispersion index (PDI) and 
surface charge (zeta potential) of the nanoparticles was determined by 
dynamic laser scattering (Malvern, Zetasizer Nano ZS90, United 
Kingdom). 

2.4. The antioxidant property of Lipo-OPC 

Firstly, the cytotoxicity of Lipo-OPC was tested. MSCs, mouse alve
olar epithelial cells (MLE-12) and human umbilical vein endothelial cell 
(HUVEC) were planted in 96-well plates at the cell density of 8000/well. 
Then Lipo-OPC was added at different concentrations (3.9 7.8 15.6 31.3 
62.5125.0 μg/mL of OPC). 24 h later, cell counting kit-8 (CCK-8) reagent 
(Solarbio, Beijing, China) was added and incubated for 2–4 h. The ab
sorption value at 450 nm was measured by microplate reader. 

In order to check the antioxidant property of Lipo-OPC, mouse 
alveolar epithelial cells (MLE-12) were planted on six-well plates (15 ×
104 per well) and irradiated by X-ray at the dose of 10 Gy. OPC-loaded 
liposome or naked liposome was added after the X-ray exposure. 24 h 
later, the ROS probe H2DCFHDA (5 μM) was added to the dish and 
incubated with cells in the dark for 1 h. Finally, the ROS content of the 
digestive cells was analyzed by flow cytometry (BD FACSVerse, USA). 
HUVEC, MLE-12 cells and BEAS-2B cells were cultured on confocal 
dishes. After the cells were treated by X-ray and Lipo-OPC, the super
oxide anion probe was added to the confocal dish and incubated with the 
cells for 10 min, and the intensity of the red fluorescence signal of 
Dihydroethidium (DHE) was observed under a confocal microscope. 

Finally, the decreased mitochondrial membrane potential was 
measured by JC-10 assay (Solarbio, Beijing, China). MLE-12 cells were 
cultured overnight on a six-well plate (15 × 104 per well). After 24 h 
treatment with X-ray and Lipo-OPC, 1 mL of JC-10 (1 × ) solution of 
mitochondrial membrane potential reagent was added to the Petri dish 
at 37 ◦C for 20 min. The contents of JC-10 monomer (FITC-green) and 
JC-10 polymer (PI-red) were analyzed by flow cytometry. 

2.5. The preparation of lipo-OPC-anchored MSCs Lipo-OPC-anchored 
MSCs 

In order to prepare MSC-Lipo-OPC, 1 × 106 MSCs cells inoculated 
into 100 mm plate with DMEM/F12 medium containing 10 μM 
Ac4ManNAz at 37 ◦C and 5% CO2 incubator for 48 h. Then, medium was 
removed and the cells were wished three times with PBS. Next, serum- 
free medium with Lipo-OPC (OPC = 30 μg/mL) was added and incu
bated for 1 h at 37 ◦C. The cells were washed twice with PBS and 
collected after trypsin digestion. The cell suspension was centrifuged at 
1000 rpm for 5 min. The final precipitated MSC-Lipo-OPC was re- 
suspended in PBS for further study. Conjunction between MSC and 
Lipo-OPC was imaged by CLSM (FV1200, OLYMPUS) and the cold field 
emission high resolution scanning electron microscope (S-4700, 
Hitachi.) 

To check the cytotoxicity of this treatment for MSCs, DMEM/F12 
medium containing 10 μM of Ac4ManNAz and 30 μg/mL of Lipo-OPC 
were incubated with MSCs. The CCK-8 assay was performed at 24 h 
and apoptosis analysis was measured at 48 h using apoptosis kit. Cell 
cloning experiments were performed on 6 well plates with 400 MSCs 
treated with different reagents per well. One week later, the dye was 
stained with crystal violet for 30 min, and the photos were taken after 
washing with PBS. 

2.6. Effect of Lipo-OPC modification on the feature of MSCs 

The migration ability of MSC-Lipo-OPC was investigated by transwell 
cell migration assay. The experiment was divided into three groups: CXCL 
12 (− ) plus MSC, CXCL 12 (+) plus MSC and CXCL 12 (+) plus MSC-Lipo- 
OPC. Firstly, 2 × 104 MSC or MSC-Lipo-OPC were cultured in the transwell 
insert for 24 h. DMEM/F12 and CXCL12 (15 μg/mL) containing 10% fetal 
bovine serum were added to transwell lower chamber. After 48 h, the 
chamber was stained with crystal violet and the excess dye was washed 
away. The crystal violet solid was dissolved with 33% glacial acetic acid 
for measuring the absorbance of the solution at 570 nm. 

To investigate the ability of MSC-Lipo-OPC to promote vascular 
endothelial cell growth, we conducted transwell angiogenesis assay. A 
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mixture of 30 μL matrix glue and 30 μL DMEM/F12 was pre-laid on the 
bottom of the lower chamber plate of 24-well transwell. MSCs and MSC- 
Lipo-OPC were inoculated in the upper chamber and incubated for 24 h 
at 37 ◦C and 5% CO2. In the second step, 30,000 HUVECs were inocu
lated into the lower compartment. The upper layer of paracrine factors 
fed the lower layer of HUVEC, and the angiogenic culture lasted for 8 h. 
The angiogenesis analysis software in image J was used for analysis. 

2.7. Fluorescent imaging 

Healthy mice and mice with RILI were intravenously injected with 
Lipo-OPC and MSC-Lipo-OPC, and then imaged by IVIS imaging system 
(PerkinElme) at different time points (2, 5, 12, and 24 h). Mice were 
euthanized after the last time-point imaging, lungs and other main or
gans were harvested for ex vivo imaging, and fluorescence ROI was 
calculated. 

2.8. The treatment effect of MSC-Lipo-OPC on radiation pneumonia 

The healthy mice were randomly divided into 6 groups, a: control 
group (Health), b: radiation lung injury group (IR + PBS), c: Lipo-OPC 
injection group (IR + Lipo-OPC), d: MSC injection group (IR + MSC), 
e: positive radiation protector group (IR + Amifostine), and f: MSC-Lipo- 
OPC injection group (IR + MSC-Lipo-OPC). To establish the radiation- 
induced lung injury model, mice were anesthetized and their whole 
chest was exposed to a single dose of 15 Gy X-ray (X-RAD320ix, 320 kV, 
2 Gy/min, PXi, USA). During the irradiation, the other body parts were 
placed with shielding lead plates. The survival state and body weight of 
mice in each group was monitored within 30 days. Amifostine were 
intraperitoneally injected at the dose of 0.3 mg/kg at 30 min before X- 
ray exposure. MSC or MSC-Lipo-OPC was injected intravenously at the 
dose of 3 × 106 within 1 h after X-ray exposure. 

The serum and lungs were collected from mice with different treat
ments at appointed time. The contents of TNF-α, IFN-γ, HGF, VEGF and 
other cytokines in serum were determined by enzyme-linked immuno
sorbent assay (ELISA). The contents of MDA and SOD in lungs were 
detected by biochemical kit (Nanjing Jiancheng Bioengineering Insti
tute, Nanjing, China). The lung sections (10 μm) were obtained and 
investigated by H&E, Masson, and immunofluorescence (IF) staining. 
The levels of MPO and vimentin were evaluated by IF analysis (Myelo
peroxidase Rabbit mAb: Art-No-R25062 and vimentin Rabbit mAb: Art- 
No-R22775). 

2.9. Flow cytometric analysis of neutrophils 

After the lung tissue was digested by tissue digestion enzymes (Hy
aluronidase, Collagenase IV, Collagenase I), cells were obtained through 
200 meshes nylon sieve and filtered/washed twice at 1xFACS (4 ◦C, 654 
g for 5 min). Then, the Cells (5 × 107/mL) were re-suspended with 1 mL 
40% Percoll, and stratified after centrifugation (4 ◦C, 805 g for 30 min). 
The first layer of fluid containing macrophages and lymphocytes was 
aspirated, and neutrophils in the second layer were collected. CD45-PE- 
Cy7 (eBioscience™, clone: 30-F11, 25-0451-82), Ly6G-FITC (eBio
science™, clone: 1A8-Ly6g, 11-9668-82) and CD11B-PE (eBioscience™, 
clone: M1/70, 12-0112-82) were added in sequence, incubated at 4 ◦C 
for 1 h, washed and suspended by FACS. Finally, neutrophils were 
detected and analyzed by flow cytometry. 

2.10. Flow cytometric analysis of macrophages 

Cell suspension was prepared according to the method described 
above, and cells were then labeled by anti-mouse F4/80-FITC antibody 
(Catalog No. E-AB-F0995C), anti-mouse CD11b-PerCP antibody (Cata
log No. E-AB-F1081F), PE CD86 monoclonal antibody (Catalog No. GL1) 
and anti-mouse CD206-APC antibody (Catalog No. MR6F3). In order to 
be labeled by anti-CD206-APC antibody, the cells were firstly fixed with 

fixation buffer (420,801, BioLegend) for 30 min at room temperature. 
Then, fixative was removed, and 1 × Intracellular Staining Per
meabilization Wash Buffer (421,002, BioLegend) was added to break the 
nuclear membrane for 1 h. Anti-CD206-APC antibody stained the cells in 
a permeable fluid. Finally, the free dye was washed and the fluorescence 
signal of macrophage-labeled antibody was detected by flow cytometry. 

2.11. Flow cytometric analysis of tregs Tregs 

Cell suspensions were labeled with anti-mouse CD3-FITC (eBio
science™, clone: 17A2, 11-0032-82) and anti-mouse CD4-APC (eBio
science™, clone: GK1.5, 17-0041-83) by surface staining. Cell fixation 
and nuclear membrane breaking were performed using Foxp3/Tran
scription Factor Staining Buffer Set (eBioscience™, 00-5523-00). 
Finally, intracellular Foxp3 staining was performed using anti-mouse 
Foxp3-PE (eBioscience™, clone: NRRF-30, 72-5775-40). 

2.12. Lung function test and CT imaging 

In order to test the lung function of mice with different treatments, 
sensors (STARR Life Sciences ®, Oakmont, PA) were clamped to the 
necks of mice and let them move freely in their cage. The sensor-linked 
software MouseOx Plus monitored the mice’s heart rate, respiratory 
rate, oxygen saturation and pulse expansion. Besides, the U-SPECT+/CT 
imaging system for small animals (MILabs, Utrecht, the Netherlands) 
was used to image the pulmonary fibrosis of mice. 

2.13. Statistical analysis 

All data were expressed as mean ± SD/SEM. Student’s t-test (two- 
tailed) or one-way analysis of variance (ANOVA) was performed in this 
study. All statistical analyses were performed using GraphPad Prism 
7.00 (GraphPad Software Inc. USA). The probability values less than 
0.05 were considered statistically significant. The detailed statistical 
analysis description was showed in each figure caption. 

3. Results and discussion 

3.1. Preparation and antioxidant property of Lipo-OPC 

In order to obtain biomaterials with antioxidant ability, we selected 
liposome to load OPC. The characteristics of prepared Lipo-OPC and its 
ROS scavenging ability had been tested. Like to various liposomes, Lipo- 
OPC showed a spherical vesicle structure with the size of about 100 nm 
in transmission electron microscopy (TEM) images (Fig. 2A). Compared 
with naked liposomes, Lipo-OPC showed slightly bigger size in TEM 
image (Fig. S1) Similarly, the hydration radius of Lipo-OPC was about 
60–200 nm, which was bigger than that of the naked liposome, and its 
PDI value was between 0.1 and 0.3, indicating that it had good stability 
(Fig. 2B). Meanwhile, the surface negative zeta potential of liposomes 
increased when being loaded with OPC, probably owing to the certain 
lipophilicity of OPC, leading to enhanced colloidal stability and reduced 
cell uptake of Lipo-OPC (Fig. 2C). Next, ultraviolet–visible (Uv–Vis) and 
fourier transform infrared spectroscopy (FTIR) were performed on OPC, 
naked liposome and Lipo-OPC to verify the existence of OPC in Lipo- 
OPC. From the results in Fig. 2D&E, Lipo-OPC showed the character
istic absorption peak of OPC in both Uv–Vis and FTIR spectrum. After 
calculation, the loading rate of OPC was 20.12% ± 0.92%, and its 
encapsulation rate was 97.01% ± 1.18%. Additionally, the hydrophobic 
layer of Lipo-OPC could also be loaded with DiD dye, which was 
convenient to observe the traces of Lipo-OPC in animal experiment. 
Furthermore, we also tested the bioactivity of Lip-OPC. Firstly, the 
cytotoxicity tests were carried out on different cells including human 
umbilical vein endothelial cells (HUVEC), murine lung epithelial-12 
cells (MLE-12) and MSCs. The results showed that 31.3 μg/mL of Lipo- 
OPC had limited cytotoxicity to the tested cells, and 15.6 μg/mL of 
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Lipo-OPC could promote the proliferation of HUVEC by 7%–16%, 
reflecting that the low concentration of OPC could promote cardiovas
cular regeneration (Fig. 2F). Secondly, the damage of ionizing radiation 
to human body is mainly through inducing the mass production of ROS, 
while OPC has been reported to clear ROS effectively [28–30]. To assess 
the ability of Lipo-OPC to scavenge oxygen radicals in X-ray-exposed 
cells, intracellular singlet oxygen concentration was detected by flow 
cytometry using an ROS probe (H2DCFH-DA). Lipo-OPC significantly 
reduced the X-ray-triggered ROS level in cells but naked liposome could 
not, suggesting that Lipo-OPC was an effective radioprotectant 
(Fig. 2G&H). Among the various types of ROS, superoxide anions (O2

.-) 
are closely associated with many inflammatory diseases [31,32]. 
Lipo-OPC could significantly reduce the concentration of superoxide 
anions in three types of cells associated with lung injury (Fig. 2I). 
Finally, the effect of Lipo-OPC on radiation-induced mitochondrial 
membrane potential (Δψm) was also investigated by flow cytometry 
using JC-10 dye. Radiation exposure resulted in a significant reduction 

in mitochondrial membrane potential, while Lipo-OPC could reduce the 
radiation-induced loss of mitochondrial membrane potential by 20%, 
further reducing the mitochondrial membrane penetration and mem
brane potential decomposition, and preventing early apoptosis or ne
crosis of cells (Fig. 2J&K). 

3.2. The construction and the characters of MSC-Lipo-OPC 

Next, Lipo-OPC nanoparticle had been anchored onto the surface of 
MSCs membrane via click chemical reaction. The MSCs were extracted 
from bone marrow of C57BL/6 mice according to the standard protocol 
[27] and observed under a microscope in a fusiform or star shape 
(Fig. S2). Consistent with international society for cell therapy (ISCT) 
standards [33], we found that bone marrow mesenchymal stem cells 
(BMSCs) highly expressed CD105 and CD90, but CD45 was negatively 
expressed (Fig. S3). Currently, metabolic sugar engineering is often used 
to deliver specific chemical groups into cells, and 

Fig. 2. The preparation and ROS scavenging capacity of Lipo-OPC. (A)The TEM image of Lipo-OPC nanoparticles negatively stained with phosphotungstic acid. (B) 
The hydration radius of Lipo-OPC and naked liposome. (C) The Zeta potential of free OPC, Liposome and Lipo-OPC. (D) The UV absorption spectrum of OPC, DiD, 
Lipo-OPC and Lipo-OPC-DiD. (E) Fourier infrared spectrum of Liposome, OPC and Lipo-OPC. (F) The cell viability of MSC, MLE-12 and HUVEC cells after incubation 
with Lipo-OPC for 24 h. (G, H) The representative flow diagram (G) and statistical data (H) of ROS fluorescence in cells with various treatments (n = 3). (I) The 
confocal images of superoxide anions in HUVEC, MLE-12 and BEAS-2B cells with indicated treatments. The red fluorescence intensity was positively proportional to 
the concentration of superoxide anions. (J, K) The mitochondrial membrane potential of cells with different treatments measured by flow cytometry using a JC-10 
probe (n = 3). Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) indicated the positive control to induce mitochondrial destruction. Statistical significance was 
calculated via one-way analysis of variance (ANOVA). 
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N-azidoacetylmannosamine-tetraacylated (Ac4ManNAz) is the building 
block of sialic acid, which is the most abundant glycan on the surface of 
cells [34,35]. During cell metabolism, Ac4ManNAz is used to synthesize 
sialic acid and the azide groups would be exposed on the cell surface. 
The alkyne group of DBCO could easily react with the azide group in the 
absence of copper [36]. Therefore, DSPE-PEG-DBCO-modified Lipo-OPC 
could be linked to Ac4ManNAz-treated MSCs at 37 ◦C for 1 h (Fig. 3A). 
Moreover, this treatment could not affect the cell viability, owing to the 
required low concentration of Ac4ManNAz (10 μM) and Lipo-OPC (30 
μg/mL of OPC) (Fig. 3B). Besides, Ac4ManNAz and Lipo-OPC induced 
very little apoptosis to MSCs, and the colony forming ability of MSCs, 
Ac4ManNAz-treated MSCs and MSC-Lipo-OPC-treated MSCs were 
almost the same (Fig. 3C and D&S4). 

Furthermore, the localization of Lipo-OPC on the membrane surface of 
MSCs was determined by confocal laser scanning microscopy (CLSM) and 
scanning electron microscopy (SEM). MSCs without Ac4ManNAz could 
only uptake a small number of Lipo-OPC into the cytoplasm, while a 
plenty of Lipo-OPC could anchored to the membrane surface of 
Ac4ManNAz-treated MSCs (Fig. 3E). Similarly, SEM images exhibited 
some small nanoparticles on the surface of Ac4ManNAz-treated MSCs, 
further indicating the successful modification of Lipo-OPC on MSCs 
(Fig. 3F). Additionally, we adopted flow cytometry and confocal micro
scopy to detect the endocytosis of Lipo-OPC by MSCs during the prepa
ration and incubation of MSC-Lipo-OPC. Ac4ManNAz-treated MSCs were 
incubated with Lipo-OPC (without DBCO) (MSCs + Lipo-OPC) or Lipo- 
OPC (with DBCO) (MSC-Lipo-OPC) for 1 h, respectively. The DiD in
tensity of MSC + Lipo-OPC reflected the endocytosis plus adhesion of Lipo- 
OPC in the preparation of MSC-Lipo-OPC, and the DiD intensity of MSC- 
Lipo-OPC indicated the total Lipo-OPC of MSC-Lipo-OPC. The results 
showed that less than 39.92% ± 1.39% of the total Lipo-OPC of MSC-Lipo- 
OPC was endocytosed by MSCs (Fig. S5). Besides, most of the anchored 
Lipo-OPC nanoparticles on the membrane surface of MSCs could remain 
on the membrane in 8 h, and some of them were gradually internalized 
into the cells in 24 h (Fig. S6). More importantly, Lipo-OPC modification 
could not affect the nature of MSCs, such as inflammatory tendency and 
angiogenesis promotion. Both of MSCs and MSC-Lipo-OPC could migrate 
to the high concentrations of CXCL12 chemokine (15 μg/mL) in transwell 
invasion assay, reflecting that chemokine receptors on stem cell surface 
were not occupied and inflammatory tendency of MSCs was retained for 
MSC-Lipo-OPC (Fig. 3G&H). In addition, the angiogenic activity of MSC- 
Lipo-OPC was then examined. MSCs and MSC-Lipo-OPC were inoculated 
in the upper chamber of transwell 48 h in advance, and HUVECs were then 
inoculated into the substrate-coated underside. HUVECs were adherent to 
the wall for 8 h in the nutrient supply of the upper compartment cell 
secretory factor, resulting in the angiogenesis (Fig. 3I). The cell images and 
their quantitative analysis showed that the total vessel length, the number 
of nodes and junctions, and the number of branches per field of view in the 
MSC-Lipo-OPC group were higher than those in the control group, sug
gesting the same paracrine activity between MSCs and MSC-Lipo-OPC for 
early vascular repair and reconstruction (Fig. 3J-M&S7). Besides, MSC- 
Lipo-OPC secreted much more IL-10, VEGF and HGF than the initial 
MSCs, suggesting that Lipo-OPC modification enhanced the anti- 
inflammatory (IL-10), pro-angiogenesis (VEGF) and pro-repair (HGF) 
abilities of MSCs (Fig. S8). Notably, Lipo-OPC-endocytosed MSCs showed 
almost the same potency as MSCs, indicating that the low endocytosis of 
Lipo-OPC in the preparation and incubation process could not affect the 
potency of MSCs. 

3.3. The targeted delivery of MSC-Lipo-OPC to RILI site 

Next, we wanted to investigate whether MSC-Lipo-OPC could relieve 
the radiation-induced lung injury (RILI). The targeting delivery of MSC- 
Lipo-OPC to X-ray-exposed lung was the prerequisite for its effective
ness. Therefore, utilizing its micron size and inflammatory tendency, 
MSCs were intravenously injected into healthy mice or mice with RILI to 
test the targeting ability of MSCs to X-ray-exposed lung. After 

intravenous administration, DiD labeled MSCs was slightly enriched in 
the lungs of healthy mice, but accumulated significantly at the site of 
RILI (Fig. 4A&B). After fluorescence quantification, the accumulation in 
RILI site at 12 h was about 1.5 times that of healthy lung, indicating that 
the enhanced lung accumulation of MSCs could be realized after X-ray 
exposure to the lungs. We then examined the pulmonary residency of 
MSC-Lipo-OPC/DiD and Lipo-OPC/DiD in healthy mice and RILI mice. 
The DiD was loaded by Lipo-OPC and its signal in mice reflected the 
distribution of Lipo-OPC. In healthy mice, MSC-Lipo-OPC did not 
accumulate for a long time because the lungs did not have inflammation. 
Moreover, for mice with RILI, the retention time of MSC-Lipo-OPC in the 
inflammation site was longer than that of Lipo-OPC (Fig. 4C&D). The 
accumulation of MSC-Lipo-OPC in the lungs at 24 h was 2.73 times that 
of Lipo-OPC, and 5.27 times that of MSC-Lipo-OPC in healthy lungs 
(Fig. 4E&F). Similarly, the confocal images of lungs collected from the 
above three groups showed that the strongest DiD fluorescence in the 
extensive interstitial interior of the lung could be found in MSC-Lipo- 
OPC-treated RILI lung (Fig. S9). All of these results proved the perfect 
targeting ability of MSC and its loaded Lipo-OPC to lung inflammation. 

3.4. MSC-Lipo-OPC for relieving radiation pneumonia 

Motivated by the targeted delivery of MSC-Lipo-OPC to X-ray- 
exposed lung, the radiation protection of MSC-Lipo-OPC for RILI was 
then explored. Healthy C57BL/6 mice weighing 19–21 g were anes
thetized and given a single dose (15 Gy) of chest irradiation. MSCs or 
MSC-Lipo-OPC was intravenously injected at 3 h, 7 d, 14 d and 30 d after 
X-ray exposure (Fig. 5A). The body weight of all mice was recorded in 30 
days after X-ray exposure and used for preliminary evaluation of the 
therapeutic effect of MSC-Lipo-OPC on RILI. Severe weight loss was 
observed on the third and ninth days after radiation, when the he
matopoietic system in the mice was first damaged. After 10 days, the 
mice in each group gained weight slowly. However, the upward trend of 
ionizing radiation (IR) + PBS-treated group was much lower than that of 
the other four groups (Fig. 5B). Visually, various degrees of skin damage 
and hair loss in the irradiated field of the chest of mice were found in the 
irradiated group. Transplantation of MSCs and MSC-Lipo-OPC could 
reduce the severity of hair abnormalities and skin lesions (Fig. 5C). 
Meanwhile, from the hematoxylin-eosin (H&E) staining images, we 
could find hyperemia, bleeding and lymphocytes/plasma cells infiltra
tion in tissue interspace and alveolar cavity in X-ray-treated lung at 33 
days after irradiation, which were the specific histopathological features 
of RILI. In this pathological process, the alveolar septal fibroblasts could 
proliferate to form a dense transparent membrane, and the respiratory 
air cavity shrinks to a fissure. All of MSCs, Lipo-OPC and MSC-Lipo-OPC 
could significantly reduce pneumonia and the effect of MSC-Lipo-OPC 
was the best. Compared with PBS, MSC-Lipo-OPC had the ability to 
maintain normal lung tissue morphology (Fig. 5D). Additionally, no 
significant hepatorenal pathological changes were observed in mice, 
indicating that the material had no obvious toxic effects on the treated 
mice (Fig. S10). 

Malondialdehyde (MDA) level is a key indicator of oxidative stress 
and superoxide dismutase (SOD) is closely related to the clearance of 
ROS. Therefore, the MDA and SOD level in each group were tested. As 
showed in Fig. 5E, the MDA level was reduced 4 times after MSC-Lipo- 
OPC treatment for X-ray-exposed mice. On the contrast, the SOD level 
in the MSC-Lipo-OPC-treated mice was 2.5 times higher than that in the 
RT + PBS-treated mice (Fig. 5F). The variation trend of these two in
dicators reflected that MSC-Lipo-OPC could promote the clearance of 
ROS and then decrease the severity of inflammation. In the inflamma
tory region, neutrophils could generate a plenty of ROS via myeloper
oxidase (MPO) to eliminate the invading pathogens [7]. Thus, the 
number of neutrophil immune cells extracted from the lung tissue was 
counted by flow cytometry, following the gated strategy of 
CD45+Ly6G+CD11b+ (Fig. 5G&H). The number of neutrophils 
increased significantly to 42.1% after irradiation, and MSC-Lipo-OPC 
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Fig. 3. The preparation of MSC-Lipo-OPC and the effect of Lipo-OPC modification on the viability and properties of MSCs. (A) The schematic diagram 
showing the structure of MSC-Lipo-OPC. DBCO of Lipo-OPC could mediate the link of Lipo-OPC and Ac4ManNAz-treated MSCs. (B) Relative cell viability of MSCs 
after incubation with Ac4ManNAz and Lipo-OPC for 24 h (n = 3). (C) Representative flow diagrams of apoptosis of MSCs, MSCs incubated with Ac4ManNAz for 48 h 
(MSCs + Ac4) and MSCs incubated with Ac4ManNAz for 48 h and then Lipo-OPC for 1 h (MSC-Lipo-OPC). (D) Representative photographs of cell clonal communities 
formed from MSCs, MSCs + Ac4 and MSC-Lipo-OPC after one week. (E) The confocal images of MSCs treated with Lipo-OPC and MSCs treated with both of 
Ac4ManNAz and Lipo-OPC. DAPI (blue) indicated to cell nucleus, DiI (green) indicated to cell membrane of MSCs and DiD (red) indicated to Lipo-OPC-DiD. (F) SEM 
images of MSC and MSC-Lipo-OPC. Red arrow showed the nanoparticles on the membrane surface of MSCs. (G–H) The migration ability of MSCs and MSC-Lipo-OPC 
in an environment with high concentration of CXCL12 (n = 7). (I–M) The representative images (J) and statistical data (K–M) showing the angiogenesis promotion of 
MSCs and MSC-Lipo-OPC (n = 4). Scale bar = 100 μm. Statistical significance was calculated via one-way analysis of variance (ANOVA). 
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treatment significantly reduced the inflow of neutrophils to 17.37%, 
which was more similar to the number of neutrophils in the healthy 
lung. This level of neutrophils could maintain innate immunity in lung 
and not induce extra ROS to destroy lung tissue. Furthermore, pulmo
nary MPO was identified by immunofluorescence to indicate the extent 
of neutrophil activation in lung tissue. As shown in Fig. 5I&J, 
MSC-Lipo-OPC significantly reduced the activation and accumulation of 
neutrophils in the lung, thereby inhibiting the production of excessive 
oxidants by MPO and reducing the recurrence of oxidative tissue 
damage. 

3.5. Anti-inflammatory immune regulation of MSC-Lipo-OPC 

In addition to neutrophils, other innate immune cells, mainly including 
macrophages and regulatory T cells, are also involved in the inflammatory 
process, while M2 and Treg are benefit to fight inflammation. To analyze 
the effect of MSC-Lipo-OPC on the polarization of macrophages in RILI, 
macrophage markers (F4/80 and CD11b) in the lung tissue were identified 
by flow cytometry (FACS). The representative FACS diagram showed the 
different gating strategies of macrophages’ two subpopulations, F4/ 
80hiCD11b + CD86+ pro-inflammatory macrophages (M1, M1 subtype 

Fig. 4. The targeted delivery of MSC-Lipo-OPC to X-ray-exposed lungs. (A) In vivo fluorescence images and fluorescence signal values (B) of healthy mice and RILI 
mice intravenously injected with DiD-MSCs (n = 3). (C) Fluorescence imaging of healthy mice injected with MSC-Lipo-OPC-DiD (G1), RILI mice injected with Lipo- 
OPC-DiD (G2) and RILI mice injected with MSC-Lipo-OPC-DiD (G3). (D) Fluorescence quantification of the mice chest in C (n = 3). (E, F) The main organs collected 
from mice in G1, G2 and G3 were imaged (E) and quantified (F) (n = 3). T-tests were used for compare means between groups. 

H. Zhou et al.                                                                                                                                                                                                                                    



Biomaterials 300 (2023) 122202

9

Fig. 5. ROS clearance by MSC-Lipo-OPC in mice with RILI. (A) Schematic diagram of treatment options for acute radiation pneumonia. (B) Changes in grams of body 
weight of mice in different treatment groups during 30 days. (C) The representative photographs of mice in different groups. (D) H&E staining images of lung tissue. 
(E–F) The MDA (E) and SOD (F) content of lung tissues collected from mice with various treatments. (G–H) Representative flow cytometry plots (G) and quanti
fication (H) of neutrophil proportions in lung tissue suspensions collected from mice with the indicated treatments (n = 3). (I–J) Representative confocal image (J) 
and statistical data (I) of MPO expression in lung tissue sections collected from mice with indicated treatments (n = 4). Statistical significance was calculated via one- 
way analysis of variance (ANOVA). 
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macrophages are the main source of inflammatory cytokines) and F4/ 
80hiCD11b + CD206+ repair macrophages (M2, M2 subtype macrophages 
can control the inflammatory response). The results showed that X-ray 
irradiation increased the activation and recruitment of M1 macrophages in 
the irradiated lung. MSC-Lipo-OPC could reduce the number of M1 mac
rophages and enhance the number of M2, which increased the repair of the 
injured site of the lung by secreting immunomodulatory factor and 
angiogenesis factor (Fig. 6A&B&D&E) [37,38]. At the same time, quan
titative statistics were conducted on the number of CD4+ CD3+ Foxp3+

regulatory T cells (Tregs). The number of Tregs was increased after 
MSC-Lipo-OPC treatment, which was conducive to maintaining immune 
homeostasis (Fig. 6C&F). Tregs exhibited anti-inflammatory effects pri
marily through contact dependent inhibition of other immune cells, 
including CD4+ and CD8+ T cells, B cells, natural killer cells, and dendritic 
cells, as well as the release of cytokines, such as IL-10 and transforming 
growth factor [39]. 

Next, to determine whether MSC-Lipo-OPC had superior therapeutic 
properties in tissue recovery, we examined the expression levels of 
various angiogenic factors and inflammatory cytokines. Firstly, MSC- 
Lipo-OPC could decrease the X-ray-enhanced serum IFN-γ expression 
to normal level in healthy mice (Fig. S11). In addition, the expression 
trend of TNF− α was similar to that of IFN-γ (Fig. 6G). All treatments 
could reduce the level of TNF-α and MSC-Lipo-OPC treatment had the 
best effect. Notably, amifostine could not significantly reduce the IFN-γ 
and TNF-α expression, mainly owing to that amifostine could only 
reduce the ionizing radiation-associated free radicals, but have no 
therapeutic effect on concurrent inflammation or cytokine expression. 
These results indicated that MSC-Lipo-OPC was better than the early 
protective agent amifostine in the treatment of RILI by inhibiting the 
expression of cytokines in the inflammatory stage. The therapeutic ef
ficacy of Lipo-OPC and amifostine was weaker than that of MSCs, 
probably on account of vascular damage/dysfunction in the weeks after 
X-ray irradiation [40]. Hepatocyte growth factor (HGF) is a multipotent 
growth factor that regulates tissue/vascular regeneration and damage 
repair, and vascular endothelial growth factor (VEGF) also promotes the 
growth of vascular endothelial cells and induces angiogenesis and 
reconstruction in vivo [41]. Then, we detected that MSC-Lipo-OPC could 
increase the contents of HGF and VEFG in the lung tissue of RILI mice. 
Compared with IR group, the expression of HGF and VEGF were 
increased by 10.02 times and 1.45 times in IR + MSC-Lipo-OPC group 
(Fig. 6H&I). Moreover, compared with other treatments, MSC-Lipo-OPC 
significantly increased the expression of the cytoskeletal protein 
vimentin, suggesting that MSC-Lipo-OPC could maintain the normalcy 
of injured Type II Alveolar Epithelial Cells (AEC II) (Fig. 6J&S12). 

3.6. MSC-Lipo-OPC for relieving radiation pulmonary fibrosis 

The persistent radiation pneumonia would eventually lead to the 
appearance of pulmonary fibrosis, resulting in the deterioration of lung 
function even the death. To investigate the antifibrotic efficacy of MSC- 
Lipo-OPC in RILI, we prolonged the inspection time to 6 months after 
radiation (Fig. 7A). Except for the MSC-Lipo-OPC-treated mice, the 
weight of mice in other groups was difficult to recover to the standard 
level of the weight of normal mice. After four months, mice in IR + PBS 
and IR + Lipo-OPC groups were gradually emasculated and lost signif
icant weight, and therefore the mortality was also significantly 
increased (Fig. 7B). Meanwhile, oxyhemoglobin saturation decreased to 
about 90.12% ± 4.95% in the IR + PBS group and could be significantly 
improved by MSC-Lipo-OPC treatment (Fig. 7C). The low level of 
oxyhemoglobin saturation could seriously affect the quality of life of 
patients even induce the death. More importantly, CT imaging scan 
showed that the substantial density of mice lung in IR + PBS group was 
increased and MSC-Lipo-OPC lowed the X-ray-enhanced lung density to 
the healthy level (Fig. 7D). The high-density shadow in CT images 
indicated the appearance of inflammation and even fibrosis. Then, the 
photographs of dissected lungs also showed lung ischemia and thickened 

lung surface texture caused by lung fibrosis. From the images, we found 
that X-ray induced severe substantial lung disease, while MSC-Lipo-OPC 
could prevent the occurrence of lung fibrosis (Fig. 7E). Furthermore, 
H&E and Masson staining were conducted to test the role of MSC-Lipo- 
OPC in the reduction of collagen I deposition and repair of lung tissue. In 
IR + PBS group, a plenty of alveolar structures were destroyed and the 
alveolar wall was significantly thickened. Moreover, we found the 
accumulation of collagen and the aggravation of alveolar heterogeneity 
in the H&E-staining image of X-ray-treated lung tissue. In contrast, MSC- 
Lipo-OPC could significantly reduce the collapsed part, narrow the 
alveolar space, and thin the alveolar walls, suggesting that MSC-Lipo- 
OPC had a greater repair effect on alveolar structure than other treat
ments (Fig. 7F). Masson staining further proved the anti-fibrosis thera
peutic effect of MSC-Lipo-OPC. The lungs of mice in IR + PBS group had 
a large area of muscle fibers, thickened alveolar walls and blood vessel 
walls, and a large amount of collagen deposition was around blood 
vessels and bronchi (Fig. 7G&S13). The treatment of MSC-Lipo-OPC 
could maintain the morphology of alveolar and bronchial epithelial 
cells, and had a good effect on the prevention of radioactive pulmonary 
fibrosis. Finally, the expression of α-SMA, which is closely related to the 
severity of fibrosis, was checked in the lung tissue with the indicated 
treatments. As shown in Fig. S14, X-ray exposure increased the expres
sion of α-SMA in the exposed lungs, which could not be attenuated by 
Lipo-OPC and amifostine. On the contrary, MSC-Lipo-OPC significantly 
decreased the radiation-enhanced α-SMA expression, indicating that this 
anti-oxidative liposome-anchored MSC prevented the progress of 
radiation-induced pulmonary fibrosis. 

Taken together, Lipo-OPC was proven to effectively eliminate ROS 
and accelerate the proliferation of vascular endothelial cells at low 
concentration. After this nanoparticle was linked to the membrane 
surface of MSCs, the released OPC from nanoparticles could act in close 
proximity to both of the inflammatory tissue and MSCs. In this way, OPC 
in MSC-Lipo-OPC could directly participate in the anti-inflammatory 
response and regulate the anti-inflammatory ability of MSCs, resulting 
in a perfect anti-inflammatory ability of MSC-Lipo-OPC. Besides, MSCs, 
which can be targeted to the damage site owing to their inflammatory 
tendency, could carry a plenty of OPC to the RILI site, improving the 
targeted delivery of OPC. Therefore, our obtained MSC-Lipo-OPC over
came the respective shortcomings of MSCs and antioxidant OPC, and 
showed an ideal efficacy for relieving radiation pneumonia/fibrosis. 

4. Conclusion 

In summary, we firstly obtained OPC-loaded liposome and verified its 
antioxidant. Furthermore, this liposome (Lipo-OPC) could be modified 
with DSPE-PEG-DBCO during preparation and further attached to the 
membrane surface of Ac4ManNAz-treated MSCs via click chemical reac
tion, yielding drug-anchored MSC (MSC-Lipo-OPC). Notably, the drug 
loading process did not affect the viability, inflammatory tendency and 
proangiogenic properties of MSCs. Upon intravenous injection, MSC-Lipo- 
OPC targeted to the X-ray-exposed lungs and retained in the lesion loca
tion for a long time owing to the micron size and inflammatory targeting 
properties of MSCs. Additionally, the X-ray-triggered ROS production 
could be significantly reduced by MSC-Lipo-OPC, resulting in the limited 
acute radiation pneumonia. Moreover, MSC-Lipo-OPC injection leaded to 
the reduced infiltration of neutrophils, which is the main cell that pro
duces ROS during inflammation. Besides, the macrophages in lung lesions 
tended to be polarized towards M2 and the quantity of Tregs increased 
after MSC-Lipo-OPC treatment. These two kinds of innate-immune-cells 
and their secreted cytokines could further promote anti-inflammatory 
and tissue repair. Finally, MSC-Lipo-OPC treatment could also signifi
cantly improve the lung function of X-ray-treated mice and slow down the 
progression of radioactive fibrosis in the later stages of radiation lung 
injury. Therefore, the drug-anchored MSCs we designed could synergis
tically exert the anti-inflammatory effects of drugs and MSC, providing an 
effective treatment strategy for radiation pneumonia/fibrosis. 
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Fig. 6. The proportion analysis of anti-inflammatory innate immune cells and the evaluation of tissue repair level. (A–C) Representative flow cytometry plots of M1 
macrophages (A), M2 macrophages (B) and Treg cells (C) in lung tissues of each group. (D–F) Quantification of the proportion of M1 macrophages (D), M2 mac
rophages (E) and Treg cells (F) in A-C. (G–I) Quantification of cytokines, including TNF-α. (G), HGF (H) and VEGF (I), in serum collected from mice in each group. (J) 
Immunofluorescence images of vimentin (red) in lung tissue of each group at 33 days after X-ray irradiation (scale bar: 100 μm). Statistical significance was 
calculated via one-way analysis of variance (ANOVA). 
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