
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you 
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation 
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Yang et al. Journal of Nanobiotechnology          (2024) 22:512 
https://doi.org/10.1186/s12951-024-02765-1

Introduction
With the accelerated aging tendency of the popula-
tion, osteoarthritis (OA) affects over 240 million people 
globally, posing a significant public health challenge and 
inflicting immense mental distress and economic bur-
dens [1–3]. The main conventional therapies for OA, 
such as pharmacotherapy and surgery [4–6], primarily 
manage symptoms and are associated with complica-
tions, side effects, and a lack of regenerative capability, 
leading to limited long-term effectiveness [7, 8]. Stem 
cell therapy has emerged as a promising alternative for 
OA treatment in recent years [9–11]. They have dem-
onstrated the capacity to modulate inflammation and 
promote cartilage repair in OA joints [12–14]. However, 
the application of exogenous stem cells is constrained 
by challenges such as maintaining cell viability during 
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Abstract
With the accelerated aging tendency, osteoarthritis (OA) has become an intractable global public health challenge. 
Stem cells and their derivative exosome (Exo) have shown great potential in OA treatment. Research in this area 
tends to develop functional microcarriers for stem cell and Exo delivery to improve the therapeutic effect. Herein, 
we develop a novel system of Exo-encapsulated stem cell-recruitment hydrogel microcarriers from liquid nitrogen-
assisted microfluidic electrospray for OA treatment. Benefited from the advanced droplet generation capability of 
microfluidics and mild cryogelation procedure, the resultant particles show uniform size dispersion and excellent 
biocompatibility. Moreover, acryloylated stem cell recruitment peptides SKPPGTSS are directly crosslinked within 
the particles by ultraviolet irradiation, thus simplifying the peptide coupling process and preventing its premature 
release. The SKPPGTSS-modified particles can recruit endogenous stem cells to promote cartilage repair and the 
released Exo from the particles further enhances the cartilage repair performance through synergistic effects. 
These features suggest that the proposed hydrogel microcarrier delivery system is a promising candidate for OA 
treatment.
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transplantation, immune rejection, substantial individual 
variation in response, complicated processes [15], and 
even ethical controversies [16]. Therefore, novel bioac-
tive treatment methods that induce endogenous stem cell 
therapy is expected.

To address the above challenges, we propose an inno-
vative approach involving stem cell-recruitable polypep-
tide hydrogel microcarriers with exosome (Exo) delivery 
for OA treatment (Fig. 1). Stem cell-derived Exo can treat 
OA by mimicking the therapeutic effects of stem cells 
[17–19], while avoiding the risks of immunological rejec-
tion [20], microvasculature occlusion [21] and tumor for-
mation [22]. By encapsulating in hydrogel microcarriers, 
Exo can be released in a sustained way and exert a better 
therapeutic effect [23–25]. Although promising results 
have been demonstrated, long-term efficacy is still hard 
to achieve using Exo alone, due to rapid clearance of Exo 
from the joint cavity [26–28]. Stem cell recruitment pep-
tide (Pep) SKPPGTSS can recruit endogenous stem cells 
[29, 30], which are expected to show long-term efficacy in 

promoting cartilage tissue repair [31, 32], and can over-
come the challenges of exogenous stem cell therapy in 
both preparation and bioactivity. Hyaluronic acid meth-
acryloyl (HAMA), as a natural polysaccharide material, 
has excellent bioactivity and lubricity [33, 34]. Gelatin 
methacryloyl (GelMA), as a natural protein biomaterial, 
provides favorable microenvironment [35, 36]. Combin-
ing the both can effectively improve the functional per-
formances of the microcarriers. Therefore, we envisioned 
that by constructing HAMA/GelMA hydrogel microcar-
riers encapsulating Pep and Exo together, a systematic 
and temporally controlled therapeutic effect of OA can 
be accomplished.

In this study, we developed such HAMA/GelMA 
hydrogel microcarriers from microfluidic electrospray 
technology. A liquid nitrogen treatment procedure was 
adopted to render the particles with a porous structure, 
by which stem cell-derived Exo were facilely encap-
sulated in the particles without the use of organic sol-
vents and thus keeping their biological activity. The 

Fig. 1  Schematic diagram of Exo-encapsulated stem cells recruitment particles for OA treatment. (a) Hydrogel matrix and bioactive components of 
microcarriers. (b) Generation process of microcarriers. (c) Application of microcarriers for OA treatment
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microfluidic-derived particles had controllable size and 
good monodispersity, and were beneficial for subsequent 
Exo release. Moreover, acyloylated modified SKPPGTSS 
Pep was directly incorporated into the particles by ultra-
violet (UV)-induced crosslinking during the generation 
process, thus simplifying the Pep coupling process and 
preventing its premature release. To facilitate descrip-
tion of different kinds of microcarriers in this work, the 
microfluidic electrospray-generated hydrogel particles 
were named as (Par), Par modified by SKPPGTSS Pep 
was named as Par@Pep, Par loaded with Exo was named 
as Par@Exo, and Par@Pep loaded with Exo was named 
as Par@Pep&Exo. When Par@Pep&Exo particles were 
applied for OA treatment, the hydrogel microcarriers 
release Exo, providing rapid therapeutic effects at the 
early stage. Simultaneously, the SKPPGTSS Pep recruits 
endogenous stem cells for sustained cartilage repair, 
ensuring continuous treatment and improved long-term 
efficacy. These features demonstrate that Exo and Pep-
encapsulated hydrogel microcarriers offer coherent and 
synergistic OA treatment effects and may pave the way 
for advanced therapies in regenerative medicine for vari-
ous other diseases.

Results and discussion
Generation of Exo-encapsulated stem cells recruitment 
particles
Hydrogel pre-gel solution consisting of 5 wt% HAMA, 10 
wt% GelMA, and 0.1 wt% LAP was applied for the fab-
rication of particles via microfluidic electrospray. The 
reduction of unreacted C = C bonds at 1653 cm− 1 of the 
HAMA/GelMA sample after UV-crosslinking was con-
firmed by FTIR (Figure S1). The generated particles had 
good spherical morphology and excellent monodispersity 
due to the outstanding droplet manipulation capabilities 
of microfluidics (Fig. 2a-c). The good spherical morphol-
ogy facilitates drug administration via intra-articular 
injection, and the excellent monodispersity ensures the 
stability of drug release. The scanning electron micros-
copy (SEM) results showed that the particles had rich 
three-dimensional pores (Fig.  2d-f ), which is conducive 
to the release of bioactive substances. Additionally, the 
Exo was determined by a transmission electron micro-
scope (TEM) (Fig. 2g). The TEM results showed the char-
acteristic vesicle-like structure of Exo with a diameter of 
~ 100 nm after uranyl acetate negative staining. Western 
blot confirmed the high expression of Exo markers such 
as CD9, CD63, TSG101, validating that Exo from human 
umbilical cord mesenchymal stem cells (hucMSCs) can 

Fig. 2  Characterization of particles and Exo. (a) Microscopic image of the particles. (b) The enlarged view of (a). (c) The size distribution of the particles. (d-
f) SEM result of (d) the particle, (e) the enlarged view of particle and (f ) the surface morphology. (g) TEM result of the Exo from hucMSCs. (h) Western blot 
of Exo markers CD63, CD63 and TSG101. (i) Release profile of Exo from day 0 to day 16. The inserted image is the particles encapsulated with Dio-labeled 
Exo. Scale bars are 200 μm in (a), 100 μm in (b), 50 μm in (d), 25 μm in (e), 10 μm in (f ), 200 nm in (g), and 200 μm in (i), respectively
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be used for further research (Fig.  2h). The fluorescence 
images indicated that the Dio-labeled Exo with green 
fluorescence were successfully encapsulated into the 
particles uniformly (Fig. 2i). To further confirm the Exo 
release ability of the particles, the released Exo was con-
firmed by protein quantitative kit. The results indicated 
that the particles can continuously release Exo, and 
~ 60% Exo was released into PBS within 8 days (Fig. 2i). 
Moreover, the degradation profile of the particles was 
investigated in vitro by placing the particles in a physi-
ological-mimicking environment. The results indicated 
that ~ 50% degradation occurred in 6 days and complete 
degradation took about 12 days (Figure S2).

Biocompatibility test of the particles
Next, different kinds of particles were cultured with 
chondrocytes and bone marrow mesenchymal stem cells 
(BMSCs) of rats to examine their biocompatibility using 
Calcein-AM staining and CCK8 analysis. The Calcein-
AM/PI staining results indicated that the chondrocytes 
and BMSCs in all groups maintained good morphol-
ogy and high cell confluence on day 5. In addition, there 
were no obvious differences in dead cells among differ-
ent groups (Figure S3a and S3b). CCK8 analysis indicated 
that all kinds of particles have good biocompatibility 
from day 1 to day 5. In particular, the Exo-encapsulated 
particles (Par@Exo and Par@Pep&Exo particles) exhib-
ited better cell proliferation activity (Figure S3 c and 
S3d). In order to analyze the effect of direct contact of the 
particles on cells, BMSCs were cultured on the surface of 
the particles and then stained by Calcein-AM. The results 
indicated that the BMSCs can adhere and proliferate well 
on the particles with good cellular morphology from 1 
to 7 days (Figure S4). In addition, the hemocompatibility 
test indicated that the particles had excellent hemocom-
patibility (Figure S5).

Stem cell recruitment and chondrogenic differentiation 
activities
BMSCs were co-cultured with different kinds of par-
ticles using the Transwell culture system to investigate 
the stem cell recruitment activities of the particles. After 
being cultured for 24  h, the Transwell results indicated 
larger number of BMSCs in Par@Pep and Par@Pep&Exo 
groups than other groups. Besides, the BMSCs number 
in Par@Exo group was larger than the control group, and 
the Par@Pep&Exo group had more cells than Par@Pep 
group. These results suggested that both SKPPGTSS Pep 
and Exo encapsulated in particles can stimulate BMSCs 
migration (Fig.  3a and d). These bio-activities were fur-
ther confirmed by cell scratch experiments. The results 
showed that Par@Pep, Par@Exo and Par@Pep&Exo 
groups all had better cell migration activity than the 
control and Par groups, and the migration activity of 

the Par@Exo was better than that of the control group 
(Fig.  3b and e). To evaluate the activity of the particles 
on chondrogenic differentiation, BMSCs were co-cul-
tured with different kinds of particles during the process 
of chondrogenic induction. After 3 weeks’ induction, 
Alcian blue was used to stain glycosaminoglycan (GAG, 
a marker of chondrocytes) for its expressions (Fig. 3c and 
f ). The results indicated that the GAG expressions were 
significantly higher in Exo-encapsulated particles (Par@
Pep&Exo and Par@Exo particles) than other groups, 
indicating that the Exo can effectively promote stem cells 
differentiation into chondrocytes.

Therapeutic effect test in vitro
During the pathological development of OA, reactive 
oxygen species (ROS) is a major factor to induce carti-
lage degradation [37–39]. Hence, we simulate oxidative 
stress microenvironment of OA by pretreating chondro-
cytes with H2O2 to examine the protective effect of the 
particles. The results validated that H2O2 can decrease 
the proliferative activity of chondrocytes. However, 
such decreased proliferative activity can be reversed by 
using particles. Notably, even particle itself also had the 
chondro-protection effect to a certain extent, although 
not as pronounced as that in the Pep-encapsulated and 
Exo-encapsulated groups. This might be because the 
particle microcarriers were composed of hyaluronic 
acid- and gelatin-based hydrogels, which have natural 
bioactive and chondroprotective effects [40, 41]. The 
Par@Pep&Exo group had the most pronounced protec-
tive effect on chondrocytes (Fig.  4a and c). In order to 
further verify the therapeutic effect of the particles on 
chondrocytes, immunofluorescence staining was used to 
detect cartilage marker protein expression, including col-
lagen II (Col II) and aggrecan (Agg). The results showed 
that H2O2 treatment significantly decreased Col II and 
Agg expression compared with the control group. The 
Pep-encapsulated and Exo-encapsulated groups (Par@
Pep, Par@Pep&Exo and Par@Exo) shown increased 
expression levels of Col II and Agg. SKPPGTSS Pep may 
indirectly promote the expression of Col II and Agg by 
promoting cell proliferation [42–45]. In addition, our 
result was consist with the previous reports that Exo can 
increase the expression of Agg and Col II in chondrocyte 
[46–48]. However, no obvious difference in the H2O2 and 
Par groups were observed. The above results indicated 
that both Exo and Pep can regulate the expression of Col 
II and Agg, with the Par@Pep&Exo group showing the 
best therapeutic effect in vitro (Fig. 4b, d, and e).

H&E and safranin O-fast green staining after treatment in 
vivo
The rat OA model was constructed by surgical method 
beforehand as the previous reports [39, 49, 50]. After 8 



Page 5 of 11Yang et al. Journal of Nanobiotechnology          (2024) 22:512 

weeks of treatment via articular injection of particles, 
hematoxylin and eosin (H&E) and Safranin O-fast green 
staining were performed for pathologic analysis. The 
results indicated that the typical OA features, such as 
surface irregularities and erosive cracks, were observed 
in control group and bare particles treated group (Fig. 5a, 
b). In contrast, the Pep-encapsulated and Exo-encapsu-
lated particle treatments reduced erosion and destruc-
tion of cartilage and improved morphological integrity. 
Among them, the Par@Pep&Exo treated group had the 
best therapeutic effect. This result was further confirmed 
by the OA Research Society International (OARSI) score 
[51, 52]. The OARSI score indicated that Par@Pep&Exo, 
Par@Pep&Exo, and Par@Exo effectively inhibited the 
progression of OA (Fig.  5c), and Par@Pep&Exo had the 
lowest OARSI score, indicating the combined utiliza-
tion of Pep and Exo achieved more effective therapeutic 
outcome than single use of either agent. In addition, the 
Safranin O-fast green staining also indicated that GAG 

(stained in red) was the highest in the Par@Pep&Exo 
group  (Fig.  5d), suggesting that Par@Pep&Exo particles 
could inhibit OA via promoting GAG deposition. Based 
on this results, the Par@Pep&Exo group had the best 
performance with regard to OARSI and GAG deposition, 
indicating its effectiveness in inhibiting articular cartilage 
degeneration.

Cartilage marker protein expression after treatment in vivo
Agg and Col II are the marker protein of healthy chon-
drocytes [49]. To further evaluate the therapeutic effect 
of particles on OA, the expression of Agg and Col II were 
examined by Immunohistochemistry. The results indi-
cated that Agg and Col II were widely distributed in the 
articular cartilage in the Sham group. However, the local-
ization and expression of Agg and Col II in the control 
group were seriously disturbed. After the Pep-encap-
sulated and Exo-encapsulated particles treatment, the 
expression of Agg (Fig. 6a, c) and Col II (Fig. 6b, d) were 

Fig. 3  Stem cell recruitment and chondrogenic activities in vitro. (a) The transwell results of BMSCs after 24 h of induction. (b) The migration results of 
BMSCs after 24 h of treatment. (c) Alcian blue staining results of BMSCs after 3 weeks of induction. (d-f) Quantitative analysis of (d) cell number, (e) cell 
migration area, and (f ) GAG expression. Scale bars are 100 μm in (a) and 200 μm in (b) and (c), respectively. *:compared with the control group
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significantly increased compared with the PBS and bare 
particle groups. Although bare particle treatment had no 
obvious effect on cartilage marker proteins expression 
compared with the control group, there were no signifi-
cant side effects such as inflammatory cell infiltration and 
tissue necrosis, as validated through H&E staining of the 
main organs (Figure S6), indicating that the particles have 
good biocompatibility in vivo. Overall, these results dem-
onstrated that the Par@Pep&Exo particles could effec-
tively inhibit cartilage degeneration by promoting the 
Agg and Col II expression.

Conclusion
In summary, we prepared an Exo-encapsulated particles 
with stem cell recruitment activities via microfluidic 
electrospray technology for OA treatment. The generated 

particles exhibited uniform spherical shape and good 
monodispersity. The rapid preparation process by liq-
uid nitrogen treatment and UV irradiation avoided the 
reduction of drug activity and biocompatibility caused by 
the use of organic solvents in the traditional particle pro-
duction process. The acryloylated SKPPGTSS Pep were 
co-crosslinked into the particles by UV irradiation dur-
ing generation, simplifying the Pep coupling process and 
prolonging the Pep release time, which in turn improved 
the efficiency of stem cells recruitment. Furthermore, the 
addition of stem cell-derived Exo to the particles further 
enhanced the therapeutic performance through syn-
ergistic effects. Finally, in vitro and in vivo experiments 
showed that the present particles with excellent biocom-
patibility can effectively delay the progression of OA. 
These features suggested that the stem cell recruitment 

Fig. 4  Therapeutic effect test in vitro. (a) Cell morphology of H2O2-induced chondrocyte cells after the particles treatment. (b) Immunofluorescence 
staining of Agg and Col II in H2O2-induced chondrocyte cells after the particles treatment. (c) CCK8 assay of H2O2-induced chondrocyte cells after the 
particles treatment. (d) Agg expression in H2O2-induced chondrocyte cells after the particles treatment. (e) Col II expression in H2O2-induced chondrocyte 
cells after the particles treatment. Scale bars are 200 μm in (a) and 50 μm in (b). *: compared with the control group; #: compared with the H2O2 group
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polypeptide hydrogel particle is a promising candidate 
for OA treatment and related biomedical applications.

Although our work provides an innovative approach 
for the treatment of OA, the mechanism underlying 
this microcarrier for OA treatment needs to be fur-
ther explored with the assistance of bioinformatics data 
analysis, cellular experiments and animal experiments. 
In addition, a comprehensive biosafety and biotoxicity 
analysis of the microcarrier is necessary before its clinical 
application.

Materials and methods
Materials
LAP, AC-PEG-NHS-2  K, GelMA, and HAMA were 
acquired from EFL (Suzhou, China). Stem cells recruit-
ment Pep SKPPGTSS were obtained from QyaoBio 
(Shanghai, China). The staining kits for H&E and Saf-
ranin O-fast green were purchased from Servicebio 
(Wuhan, China). Exo of hucMSCs were obtained from 
CytoNiche (Beijing, China). Alcian blue staining kits were 
obtained from Beyotime (Nanjing, China). All the anti-
bodies purchased from Abcam (Cambridge, UK). H2O2 

were obtained from Sigma-Aldrich (MO, USA). Calcein-
AM/PI were purchased from YaJi (Shanghai, China). 
BCA protein Assay Kit was obtained from KeyGEN 
(Nanjing, China). Transwell was obtained from Corning 
(Shanghai, China). BMSCs and chondrocytes of rats were 
kept in our laboratory. Cartilage induction medium was 
obtained from Cyagen Biosciences (Guangzhou, China). 
Hyaluronidase and collagenase were purchased from 
Aladdin (Shanghai, China). α-MEM, FBS, DMEM and 
Trypsin-EDTA were obtained from Gibco (Grand Island, 
NY). Dio (3,3-dioctadecyloxacarbocyanine perchlorate) 
was purchased from Yeasen (Shanghai, China). The male 
SD rats at 8–10 weeks were obtained from Beijing Vital 
River (Beijing, China).

Preparation of particles
In a typical experiment, hydrogel pre-gel solution con-
sisting of 10 wt% GelMA, 5 wt% HAMA, and 0.1 wt% 
LAP was applied for the fabrication of particles via 
microfluidic electrospray. Briefly, the pregel solution was 
injected into the glass capillary microfluidic chip. The tip 
diameter of the capillary chip was 200 μm, the liquid flow 

Fig. 5  H&E and Safranin O-fast green staining results. (a) H&E results after different particles treatment. (b) Safranin O-fast green staining results after the 
particles treatment. (c) OARSI score after the particles treatment. (d) Relative GAG content after the particles treatment. All the scale bars are 100 μm. *: 
compared with the sham group; #: compared with the control group

 



Page 8 of 11Yang et al. Journal of Nanobiotechnology          (2024) 22:512 

rate was 1 mL/h, and the electric field voltage was 6 kV. 
The generated droplets were collected in liquid nitrogen 
and then photo-crosslinked. Before the fabrication of the 
Exo-encapsulated stem cells recruitment particle, 1 mg/
ml SKPPGTSS and 0.1  mg/mL AC-PEG-NHS-2  K were 
mixed to form the acrylylated SKPPGTSS, which can be 
photo-crosslinked under UV irradiation. Then, the acry-
lylated SKPPGTSS and 2  mg/mL Exo was added to the 
pregel solution for the fabrication of the particles.

Characterization of particles
The optical morphology and diameter of particles were 
captured and determined by an optical microscope 

(Jiangnan, JSZ6S, China). The particles loaded with Dio 
labeled Exo were observed and captured by an inverted 
fluorescence microscope (OLYMPUS, BX51, Japan). 
TEM (JSM-7500  F, Japan) was applied for the observa-
tion of Exo morphology. The surface morphology and 
microstructure of lyophilized particles were investigated 
by SEM (Hitachi, Japan). The content of C = C in methac-
rylates of HAMA/GelMA hydrogel before and after UV 
crosslinking was examined by FTIR (Thermo, USA).

Degradation of particles
To assess degradation of the particles in vitro, the dried 
particles were placed in PBS with 2 U/mL of collagenase 

Fig. 6  Cartilage marker protein expression. (a) Agg expression after the particles treatment. (b) Col II protein expression after the particles treatment. (c) 
Agg expression analysis after the particles treatment. (d) Col II expression analysis after the particles treatment. All the scale bars are 100 μm. *: compared 
with the sham group; #: compared with the control group
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and 1U/mL hyaluronidase at 37 °C. Then, the supernatant 
was replaced with fresh PBS with the same concentra-
tion of collagenase and hyaluronidase every 2 days. The 
remaining weight of particles after vacuum freeze-drying 
was weighed and compared to the initial weight.

Exo encapsuling and release ability of particle
During the fabrication process of the particles, 2 mg/mL 
Exo was added to the pregel solution for the fabrications 
of Exo-encapsulated particles. The loading efficiency of 
the Exo into hydrogel is about 90%. The Exo release abil-
ity of the particles was measured by BCA protein quan-
titative kit. Briefly, the Exo-encapsulated particles were 
immersed in PBS. At each point, the soaking solution was 
collected for measuring the released Exo and the fresh 
PBS was added. Besides, to visualize the Exo loading and 
release of the particles, Dio with green fluorescence was 
used to label Exo, which allows for easy observation of 
the Exo loading and release in particles under a fluores-
cence microscope.

Biocompatibility test of particle
The primary chondrocytes (identified by Alcian blue 
staining in Figure S7) and BMSCs from rats were applied 
for biocompatibility test of particle. For the observation 
of cell morphology and density, the chondrocytes and 
BMSCs (6 × 104/mL) were seeded on a 24-well plate and 
the particles were placed in Transwell. On day 3, the cells 
were stained with Calcein-AM/PI and then observed the 
cell morphology. For cell activity analysis, the cells were 
seeded on a 96-well plate and the soaked solution from 
5% particles or 5% PBS (as control) were added in the 
cell culture medium. After treatment for 3 days, he cells 
activity was measured by CCK-8.

Hemolysis tests of particle
The red blood cells (RBCs) of rats were used for hemo-
lysis tests of particle. Briefly, the whole blood of rats was 
collected in anticoagulation tube. Then, the RBCs were 
collected and washed by PBS. Subsequently, the col-
lected RBC suspension was then diluted to 5% and then 
incubated with different kinds of Particles for 4  h. At 
last, hemolysis in each group including positive control 
(ddH2O) and negative control (PBS) were observed and 
analyzed.

Cells migration test of particle
To assess the effect of particles on stem cells migration, 
cell scratch experiments were performed using Transwell 
culture system. Simply, 6 × 104/mL BMSCs were inocu-
lated in a 24-well plate. After 48 h of cultivation, BMSCs 
reached 70–80% confluence and a straight line was 
scratched using a 200 µL pipette tip. Then, the detached 
cells were rinsed with PBS for 2 times and 5% particles 

from different groups were added to the upper chamber. 
After continued incubation for 24 h, cells migration was 
observed after crystal violet staining.

Stem cell recruitment test of particle
Stem cell recruitment experiments were conducted using 
the Transwell culture system. Briefly, 5 × 104/mL BMSCs 
were inoculated into the upper chamber and different 
kinds of particles were added to the lower chamber. After 
24  h of incubation, the the cells on the membrane of 
Transwell were fixed by paraformaldehyde. Subsequently, 
cells of the membrane were stained by crystal violet 
staining solution to observe and count the cells recruit-
ment capacity.

Chondrogenic differentiation test of particle
Different kinds of particles were cocultured with the 
BMSCs during the chondrogenic differentiation pro-
cess. 6 × 104/mL BMSCs were cultured in α-MEM and 
seeded into a 24-well plate for 24 h cultivation. When the 
BMSCs will reach 30–50% confluence, the α-MEM was 
replaced with cartilage induction medium and the par-
ticles were added to the upper chamber of the Transwell. 
After 3 weeks’ of chondrogenic differentiation, the dif-
ferentiated cells were fixed and then stained with Alcian 
blue to observe chondrogenic differentiation.

Therapeutic effect of particles in vitro
We stimulated rat chondrocytes by H2O2 to mimic the 
microenvironment of oxidative stress of OA as the pre-
vious reports [38, 39]. The passage 3 − 4 chondrocytes 
(6 × 104/mL) were used for this test. When the chondro-
cytes reached 60–80% confluence, 500 µM H2O2 was 
used to pretreat cells for 6  h to induce oxidative stress. 
After that, the cells were washed by fresh cells culture 
medium and different kinds of particles were added. 
After treatment for 24  h, the cells were stained by Cal-
cein-AM to observe cell morphology and cell density. At 
the same time, the treated chondrocytes were performed 
for immunofluorescence staining of Agg and Col II.

Construction of rat OA model
The male SD rat OA model (10 weeks old, n = 5 for each 
group) was constructed by surgical operation as previous 
reports [39, 49, 50]. Briefly, after anesthetizing the rats 
with sodium pentobarbital, the joint cavity was opened, 
the anterior cruciate ligament was transected, a portion 
of the medial meniscus was incised, and then the muscle 
and skin layers were sutured sequentially. One week after 
the model was established, the rats were intraarticularly 
injected with 100  µl PBS (as control) or with different 
kinds of particles every 2 weeks. After 8 weeks’ treat-
ment, the knee joints and organ were collected for next 
experiment.
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Histochemical analysis of therapeutic effect
The collected arthrosis and organs were sequentially 
fixed, decalcified (only for arthrosis), embedded, and tis-
sue sectioned. Then, the 5 μm thick paraffin sections of 
organs were stained with H&E for pathological analysis. 
The collected knee joint samples were fixed for 1 week 
and then decalcified for 2 months. Subsequently, the 
samples were stained for H&E and safranin O-fast green. 
The OARSI based on safranin O-fast green result was 
evaluated by two assessors as the previous reports [51, 
52]. Twenty tissue sections per group (4 tissue sections 
per rat, 5 rats per group) were scored. In addition, the 
paraffin sections were stained with the primary antibod-
ies of Col II (1:100 dilutions) and Agg (1:200 dilutions) 
for histochemical analysis of Agg and Col II expression. 
The relative expression levels of Agg and Col II were ana-
lyzed by image processing.

Statistical analysis
All the data in this work were presented as mean ± stan-
dard deviation (n ≥ 3). All experiments were repeated at 
least three times in this work. Statistical differences of the 
of results were performed and analyzed using ANOVA 
or Student’s t-test. P < 0.05 was considered as statistically 
significant.
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