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A B S T R A C T

Improving the poor microenvironment in the joint cavity has potential for treating cartilage injury, and mesen-
chymal stem cell (MSC)-derived exosomes (MSC-Exos), which can modulate cellular behavior, are becoming a
new cell-free therapy for cartilage repair. Here, we used acellular cartilage extracellular matrix (ACECM) to
prepare 3D scaffolds and 2D substrates by low-temperature deposition modeling (LDM) and tape casting. We
aimed to investigate whether MSC-Exos cultured on scaffolds of different dimensions could improve the poor joint
cavity microenvironment caused by cartilage injury and to explore the related mechanisms. In vitro experiments
showed that exosomes derived from MSCs cultured on three-dimensional (3D) scaffolds (3D-Exos) had increased
efficiency. In short-term animal experiments, compared with exosomes derived from MSCs cultured in a two-
dimensional (2D) environment (2D-Exos), 3D-Exos had a stronger ability to regulate the joint cavity microen-
vironment. Long-term animal studies confirmed the therapeutic efficacy of 3D-Exos over 2D-Exos. Thus, 3D-Exos
were applied in the rat knee osteochondral defect model after adsorption in the micropores of the scaffold and
combined with subsequent articular cavity injections, and they showed a stronger cartilage repair ability. These
findings provide a new strategy for repairing articular cartilage damage. Furthermore, miRNA sequencing indi-
cated that the function of 3D-Exos may be associated with high expression of miRNAs. Thus, our study provides
valuable insights for the design of 3D-Exos to promote cartilage regeneration.
1. Introduction

Articular cartilage lacks vascular, nerve and lymphatic tissue, making
it repair difficult after damage. Current treatment methods can regen-
erate only fibrocartilage with poor structure and function. The realization
on of safe and sustainable cartilage repair is of great significance for
reducing the societal burden of articular cartilage damage. Previous
studies have shown that the inflammatory microenvironment generated
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osteoarthritis [2]. In addition, immune cells represented by M2 macro-
phages can not only suppress inflammation, but also regulate the repair
of damaged tissues [3]. The key to repairing articular cartilage damage is
improving the regenerative microenvironment of the joint cavity,
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including enhancing the recruitment of endogenous stem cells, local
immune regulation, and the protection of chondrocytes and their matrix.
Exosomes are paracrine products of MSCs, and various nucleic acids,
proteins and other molecules encapsulated in their lipid molecular
membranes can promote cell-to-cell communication and thus play a
major role in mediating tissue repair and regeneration. Most of the
exosomes obtained in previous studies were based on monolayer 2D
cultures; however, the native microenvironment andMSCs of 2D cultures
are very different, and their stemness (phenotype) and function (prolif-
eration, differentiation and immune regulation) are therefore greatly
restricted [4], which also limits the therapeutic efficacy of exosomes. In
recent years, numerous studies have shown that the use of 3D scaffolds,
microcarriers and cell aggregates can maintain the expression of MSC
surface markers and promote their proliferation and immune paracrine
functions. Exosomes encapsulate various nucleic acids, proteins and
other signaling molecules, so they are regarded as important carriers for
intercellular signaling [5], and their encapsulation is affected by the
microenvironment in which they are located. A study evaluated the effect
of Cellhesion VP (a water-insoluble material composed of chitin-based
polysaccharide fibers); the results showed that 3D-EVs exhibited
different proteins than extracellular vesicle-derived human umbilical
cord mesenchymal stem cells cultured in a 2D environment (2D-EVs),
and their therapeutic properties are also distinct from those of 2D-EVs
[6]. A study compared the microRNAs and proteins of EVs secreted by
tumor cells in three-dimensional and two-dimensional culture environ-
ments, and the results showed that microRNAs were upregulated overall
in three-dimensional conditions, while proteins were downregulated [7].
3D culture systems can be either scaffold-based, with natural or artificial
solid scaffolds, or scaffold-free, such as spheroids. 3D spheroids enhanced
cell‒cell interactions and therefore had an advantage over normal 2D
culture, but spheroids could not simulate the cell-matrix interaction,
which is ubiquitous in the body [8]. Scaffold biophysical cues can pro-
vide MSCs with a perceptible microenvironment and stimulate ideal cell
behavior through cell-matrix interactions. An increasing number of
studies have shown that cells can respond to changes in the microenvi-
ronment through morphological changes and then regulate their para-
crine function throughmechanical transduction of corresponding signals,
and their secreted exosomes may also change.

Derived from natural cartilage tissue ACECM(acellular extracellular
matrix)is theoretically more suitable for cartilage repair than other nat-
ural or synthetic materials in structure and composition. Previous studies
by our team showed that WPU scaffolds combined with ACECM suc-
cessfully induced chondrogenic differentiation of MSC in vitro [9]. In situ
implantation of acellular ACECM scaffold could effectively promote the
repair and regeneration of articular cartilage defects [10].3D printing
technology is widely used in the field of tissue engineering, and its
manufacturingmode can be used to build a 3D culture microenvironment
with more optimized structure. In addition, the 3D-printed sponge scaf-
folds prepared by low-temperature deposition modeling (LDM) and
freeze drying have high porosity and pore connectivity, and the inter-
connected micropores of the scaffolds enhance the surface roughness of
the scaffolds, which greatly promotes cell‒cell and cell-scaffold in-
teractions. At present, it is known that the topology of scaffolds can
enhance the paracrine function of MSCs [11], but there are few studies on
the regulation of the joint cavity microenvironment by exosomes
secreted by MSCs cultured in porous scaffolds. In this study, human
umbilical cord mesenchymal stem cells (hUMSCs) were cultured on 3D
printed acellular cartilage extracellular matrix (ACECM) scaffolds and 2D
ACECM film, and the exosomes in the culture supernatant were obtained
and characterized. We explored the biological effects of exosomes in
different culture environments on bone marrow mesenchymal stem cells
(BMSCs) in vitro, including the effects on proliferation, migration and
chondrogenic differentiation in the cartilage regeneration microenvi-
ronment. In addition, we inestigated the differences in immune regula-
tion of exosomes from different culture sources. Moreover, we initially
explored the differences in miRNAs between 3D-Exos and 2D-Exos by
2

miRNA sequencing and performed GO/KEGG analysis. Finally, we
applied exosomes in a rat knee osteochondral defect model to study the
enhancement of in situ cartilage repair mediated by 3D-Exos. An over-
view of the study design is shown in Fig. 1.

2. Materials and methods

2.1. hUMSC culture

The isolation and culture of hUMSCs were carried out according to a
previous study [10]. Generally, Wharton's jelly was obtained from an
umbilical cord. The tissue was cut into 1 mm3 pieces and spread on
gauze. The gauze was placed in a culture flask. The medium was changed
every 2–3 days. Detailed experimental procedures are available in Sup-
plementary Information Section 1.1.

2.2. Synthesis and characterization of 3D ECM scaffolds and 2D ECM film

The preparation of porcine cartilage extracellular matrix was based
on previous research results. The acellular cartilage matrix was washed
with PBS and then made up as a 5% w/v suspension. The acellular
cartilage matrix was used to prepare 3D scaffolds and 2D substrates by
low temperature deposition modeling (LDM) and tape casting. The
samples before and after cell seeding were characterized by scanning
electron microscopy (SEM) and confocal microscopy. Detailed experi-
mental procedures are available in Supplementary Information Sections
1.2.

2.3. Exo extraction and characteristics

Before extracting exosomes (Exos), the medium was replaced with
serummediumwithout exosomes for 48 h, the supernatant was collected,
and the exosomes were separated by differ-ential ultracentrifugation.
Exosomal target proteins CD9, CD63, Calnexin and TSG101 were
detected by western blot. Exos images were acquired using a trans-
mission electron microscope (TEM). The particle size distribu-tion and
concentration of Exos were determined with NTA. Detailed experimental
procedures are available in Supplementary Information Sections 1.3.

2.4. Labeling and uptake of exos

Exos were labeled with the red fluorescent dye PKH26. To visualize
the internalization of Exos, identically labeled Exos were incubated with
MSCs or macrophages for 12 h at 37 �C. Cells were fixed in 4% para-
formaldehyde for 30 min at room temperature, and nuclei were stained
with DAPI. All samples were imaged under a confocal microscope.
Detailed experimental procedures are available in Supplementary Infor-
mation Section 1.3.2.

2.5. Effect of exos on BMSCs, chondrocytes, and macrophages in vitro

2.5.1. Effects of exos on the viability of BMSCs
To evaluate the effect of different Exos on cell proliferation, EdU, Cell

cycle detection and Cell Counting Kit-8 (CCK-8) assays were used.
Detailed experimental procedures are available in Supplementary Infor-
mation Section 1.4.

2.5.2. Effects of exos on the migration of BMSCs
To evaluate the migration of BMSCs after different Exo treatments, a

scratch healing assay and a Transwell chamber assay were employed.
Detailed experimental procedures are available in Supplementary Infor-
mation Section 1.5.

2.5.3. Ability of exos to promote chondrogenic differentiation in vitro
BMSCs seeded in plates were used to evaluate the short-term effect of

different Exos on the chondrogenic differentiation potential of BMSCs (7



Fig. 1. Schematic diagram of the overall study design.
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days). The MSC pellets were used to clarify the long-term effect of
different Exos on the chondrogenic differentiation potential of BMSCs
(14 days). After 7 and 14 days of coculture in three different media, the
level of chondrogenesis was evaluated via Alcian blue staining. Finally,
the expression of chondrogenesis-related genes at 7 days was detected by
RT‒qPCR and immunofluorescence. The relevant primer sequences are
shown in Table S1. Detailed experimental procedures are available in
Supplementary Information Section 1.6.

2.5.4. Effects of exos on macrophages polarization
RT-qPCR and immunofluorescence techniques were used to compare

the effects of different foreign substances on the polarization ability of
macrophages (BMDMs and Raw264.7). For RT-qPCR, the experimental
group used the medium containing different Exos (25 μg/mL), and the
control group used the medium containing the same amount of PBS.
Macrophages were seeded into 6-well plates, with 3 wells in each group,
and cultured in the above three media for 24 h. The RT-qPCRmethod was
reported in our team's previous study [3]. CD206, Arg-1 and CD163
were used as target genes. The relevant primer sequences are shown in
Table S1. The LightCycler 480 system was used to quantify gene
expression. The primary antibodies used for immunofluorescence stain-
ing were anti-CD206 (M2 marker). All experiments were performed on
three independent replicates. Detailed experimental procedures are
available in Supplementary Information Section 1.7.

2.5.5. Effects of exos on chondrocytes
V-FITC/PI and CCK-8 were used to evaluate the effects of different

external matrices on chondrocyte viability and apoptosis. Briefly, chon-
drocytes were co-cultrued with three different medium (exo-free, 2D-
Exo, 3D-Exo), followed by 10 ng/mL IL-1β challenge for 24 h.The
apoptosis inhibition of chondrocytes was detected by flow cytometry.
Detailed experimental procedures are available in Supplementary Infor-
mation Sections 1.8.
3

2.5.6. NLRP3 inflammasome activation of macrophages
Raw246.7 were seeded in 24-well plates and cocultured with

different Exos （25μg/ml） for 48 h. After 4 h of cocultre with LPS (100
ng/mL, Sigma), NLRP3 inflammasome activation was induced by chal-
lenging cells with nigericin (10 mM, MCE) for 30 min Raw246.7 in 24-
well plates were used for immunofluorescence staining to detect the
expression of NLRP3-associated signaling proteins. (Anti- NLRP3 anti-
body, BIOSS,1:100; Anti–NF–kB p65 antibody, BIOSS, 1:100).

2.6. In vivo animal experiment

2.6.1. Biodistribution of exos
To assess the effects of different delivery methods on the exosome

biodistribution, 3D-Exos were stained with the fluorescent dye DiO, and
then the scaffold loaded with DiO-labeled Exos was implanted into the
osteochondral defect model, while joint cavity injection of DiO-labeled
3D-Exos was performed for the control group. Detailed experimental
procedures are available in Supplementary Information Section 2.1.1.

Exosomes were stained with DiD (C1039, Beyotime) according to the
manufacture's protocals. Fluorescently labeled exosomes were implanted
into the knee joint of rats（the in-jection group and the exosomes-loaded
group）. Living imaging was performed on an IVIS (PerkinElmer) at
1day, 3day and 5day. Fluorescence signaling was analyzed using Liv-
inglmage soft-ware.

2.6.2. Exos loading
3D-Exos (25 μg/mL) were loaded on a hierarchical macro-

microporous scaffold at a saturated adsorption volume under sterile
conditions, and the scaffold was placed at 4 �C for 5 h for full adsorption
of Exos into the surface micropores. Exos in surface micropores were
observed by SEM.
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2.6.3. Regulatory effect of exos on the articular cavity microenvironment
Nine 6-week-old male Sprague‒Dawley rats (250 � 50 g) were

randomly allocated to three groups, with 3 rats in each group: the control
group, the 2D-Exo group and the 3D-Exo group. For all groups, an
osteochondral defect (2.0 mm in diameter and 1 mm in depth) was
created by drilling with a trephine. After surgery, the rats in the control
group were injected with 50 μL of PBS. For the 2D-Exo group and 3D-Exo
group, the knee joint cavity was injected with an equal volume of 25 μg/
mL Exos, and the injections were repeated every 5 days. The rats in each
group were sacrificed after 14 days, and the distal femur and joint
synovium were collected. The levels of immunoregulation and migration
of endogenous MSCs were assessed by immunofluorescence staining.
Detailed experimental procedures are available in Supplementary Infor-
mation Section 2.1.2.

2.6.4. In vivo immune response evaluation
The exosomes and scaffolds were implanted subcutaneously into the

back skin of SD rats to evaluate their biocompatibility in vivo. At 1 week
after implantation, rats were sacrificed, and H&E staining was performed
to evaluate histological changes.

2.6.5. Reparative effect of exos on osteochondral defects
Thirty 6-week-old male Sprague‒Dawley rats (250 � 50 g) were

randomly allocated to five groups: (A) the control group, (B) the 2D-Exo
group, (C) the 3D-Exo group, (D) the scaffold group, and (E) the 3D-Exo-
loaded scaffold group (n ¼ 6 for each group). Details of the surgery
procedure in the S.2.1.2. The animals in the control group and scaffold
groups were injected with 50 μL of PBS in the knee joint cavity. The
animals in the Exo- and 3D-Exo-loaded groups were injected with an
equal volume of 2D-Exo or 3D-Exo suspension at a concentration of 25
μg/mL. Subsequently, injections were administered once every 5 days for
a total of 3 injections. The International Cartilage Repair Society (ICRS)
macroscopic evaluation criteria for cartilage repair (Table S2) and
microcomputed tomography (micro-CT) analysis were used to prelimi-
narily analyze the cartilage repair effect and the regeneration of sub-
chondral bone in the defect area. For histological examination,
hematoxylin and eosin (H&E) was used to evaluate tissue morphology,
and safranin O/fast green and Sirius red staining were used to evaluate
the arrangement and distribution of collagen. Immunohistochemical
staining of type II collagen (COL II) was used to detect the COL II content.
The staining results of the above sections were blindly scored by three
researchers in related fields according to a histomorphometric scoring
system to evaluate the effect of each treatment on the repair of cartilage
and subchondral bone (Table S3). Detailed experimental procedures are
available in Supplementary Information Section 2.1.3.

2.7. Exo miRNA sequencing and data analysis

Total RNA was isolated using the mirVana miRNA Isolation Kit
(Ambion) according to the manufacturer's instructions. Total RNA was
quantified using a Nanodrop 2000 (Thermo Fisher Scientific Inc., USA).
Total RNA was evaluated using an Agilent 2100 Bioanalyzer (Agilent
Technology, USA) to assess the integrity of RNA. One microgram of total
RNA from each sample was used to construct small RNA libraries using
the NEBNext Small RNA Library Prep Set for Illumina kit (Cat. No.
NEB#E7330S, NEB, USA) according to the manufacturer's protocol.
Differentially expressed miRNAs were calculated and filtered with a q
value < 0.05 and FC > 2 or FC < 0.5 as thresholds. Experiments with
biological replicates were analyzed using the DEG algorithm in the R
package for q-values, and Audic Claverie statistics was used for experi-
ments without biological replicates. GO enrichment and KEGG pathway
enrichment analyses of differentially expressed miRNA‒target genes
were performed in R language based on hypergeometric distribution.
4

2.8. Statistical analysis

All data are shown as the mean � standard deviation (SD). One-way
ANOVA or Student's t-test was used to evaluate differences among groups
using SPSS 17.0 statistical software. *p < 0.05 represents the threshold
for statistical significance.

3. Results

3.1. Characterization of 2D ECM films and 3D-printed scaffolds

The microstructures of the 2D ECM films and 3D-printed scaffolds
were characterized by SEM. The SEM results under different magnifica-
tions are shown in Fig. 2a and 2c. Fig. 2a shows that a layered and uni-
form large microporous structure formed in the 3D-printed scaffolds, and
many highly interconnected microporous structures could be observed
on the printed fiber surface. However, the 2D ECM film was relatively
smooth and had some folds, but there was no obvious porous structure
(Fig. 2c). These two different microstructures could affect the cellular
behavior and function of hUMSCs on the surface.

The morphology and adhesion behavior of hUMSCs on the surface of
cultured carriers in different dimensions were observed by SEM and
cytoskelet fluoresce staining. The results showed that hUMSCs could
adhere to the surface of both the 2D ECM film and the 3D-printed scaffold
and spread well (Fig. 2b,2d,2e and 2g). However, compared to the
hUMSCs on 2D ECM film, the hUMSCs on the 3D-printed scaffolds
exhibited a more characteristic spindle-shaped morphology and more
prominent cell clusters.

Cellular live/dead staining was used to assess cell viability. After 7
days of culture, hUMSCs were able to grow on both 2D ECM films and 3D-
printed scaffolds. Confocal microscopy results showed that both carriers
could maintain hUMSCs in a viable state (green), and almost no dead
cells (red) were observed (Fig. 2f and 2h). The results showed that both
carriers had good cytocompatibility. Compared with hUMSCs on 2D ECM
films, hUMSCs on the 3D-printed scaffolds grew uniformly along the
printed fibers (Fig. 2f). The three-dimensional scaffolds provide hUMSCs
with a larger growth space, and their three-dimensional porous structure
also enables a higher local cell density, which makes it easier for the cells
to form cell aggregates and thus provides more opportunities for cells to
come into contact and interact with surrounding cells.
3.2. Identification of exos

TEM results showed that 3D-Exos and 2D-Exos exhibited a typical
bilayer biofilm structure with particle sizes ranging from 30 to 150 nm
(Fig. 2i). The NTA results showed that the average particle size distri-
bution of 3D-Exos was 69 nm (Fig. 2i), and the average particle size
distribution of 2D-Exos was 131 nm (Fig. 2i). The NTA results showed
that the particle size of 3D-Exos was significantly smaller than that of 2D-
Exos. WB detection results showed that both 3D-Exos and 2D-Exos highly
expressed the exosome marker proteins CD9, CD63, and TSG101 but not
CANX (Fig. 2j).
3.3. Uptake of exos

The internalization of Exos by the targeted cells is necessary for their
biological functions, so we investigated whether macrophages and
BMSCs could phagocytose 2D-Exos and 3D-Exos in vitro. PKH26-labeled
2D-Exos (red) and PKH26-labeled 3D-Exos (red) were cocultured with
macrophages and BMSCs for 24 h, after which they were placed under a
confocal microscope for observation. As shown in Fig. 2k, a strong
enrichment of the red fluorescence signal was observed in both



Fig. 2. Characterization of ECM materials and cell growth. (a, c) SEM micrographs of the 3D-printed scaffold and 2D ECM film. (b, d) SEM micrographs of cell
adhesion on the 3D ECM scaffold and 2D ECM film. (e, g) F-actin immunofluorescence of cells grown on the 3D ECM scaffold and 2D ECM film. (f, h) Images of cell
growth on the 3D ECM scaffold and 2D ECM film by CAM/PI staining. (i) Representative TEM images and NTA analysis of 3D-Exos and 2D-Exos. Scale bar ¼ 50 μm. (j)
Western blot analysis of protein markers of Exos and cells in 3D or 2D culture. (k) Uptake of 3D-Exos by macrophages and BMSCs detected by confocal microscopy.
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macrophages and BMSCs, and both 2D-Exos and 3D-Exos were inter-
nalized by macrophages and BMSCs.
3.4. Effect of exos on the proliferation and migration of BMSCs

The results of CCK-8 assays clearly showed that on the first day,
compared with the control treatment, 2D-Exos and 3D-Exos did not
promote the proliferation of BMSCs. However, both 2D-Exos and 3D-Exos
significantly promoted the proliferation of BMSCs at 3 and 7 days. The
ability of 3D-Exos to promote the proliferation of BMSCs was signifi-
cantly better than that of 2D-Exos, and there was a significant difference
between the two (Fig. 3c). EdU fluorescence staining was used to detect
the effects of 2D-Exos and 3D-Exos on the proliferation of BMSCs. As
shown in Fig. 3a, both 2D-Exos and 3D-Exos promoted the proliferation
of BMSCs. However, 3D-Exos had a stronger effect. Analysis of the pro-
portion of EdU-stained cells (orange) showed that there were signifi-
cantly more positive cells in the 3D-exo group than in the 2D-exo group
or the control group, and the difference was significant (Fig. 3b).

Therefore, we next selected different Exos (2D-Exos and 3D-Exos) to
treat BMSCs and analyzed their effects on the BMSC cycle after 24 h of
treatment using flow cytometry. According to the cell cycle results, we
concluded that the proportion of BMSCs in S phase, which was important
for DNA replication after 3D-Exo treatment, was significantly greater
5

than that observed for the 2D-Exo-treated cells and the control cells,
while the proportion of cells in G1 phase was decreased (Fig. 3d). Finally,
we demonstrated that 3D-Exos could promote BMSC proliferation by
modulating the cell cycle. The above results indicated that 3D-Exos were
better able to promote the proliferation of BMSCs than 2D-Exos.

Scratch experiments and Transwell experiments were used to analyze
the effects of 2D-Exos and 3D-Exos on the migration of BMSCs in vitro. As
shown in Fig. 4a, the cells treated with 2D-Exos and 3D-Exos covered the
scratched area earlier than the control cells. However, the effect of 3D-
Exo treatment was more obvious than that of 2D-Exo treatment, indi-
cating that 3D-Exos were more efficient than 2D-Exos in promoting
BMSC migration in vitro. Statistical analysis of the scratch width also
confirmed that the 3D-exo group had the best scratch healing (Fig. 4b).
Then, we used Transwell experiments to analyze the effects of 3D-Exos
and 2D-Exos on the vertical migration of BMSCs. Crystal violet staining
images showed that more migrated BMSCs were observed in the 2D-Exo
group and 3D-Exo group at 12 h and 24 h than in the control group.
However, the 3D-Exo group exhibited the most migrated cells (Fig. 4c).
Statistical analysis of the number of cells showed that the migration effect
of the 3D-exo group was the strongest at different time points (Fig. 4d).

We also confirmed that 3D-Exos can promote the migration of BMSCs
in vivo. Immunofluorescence staining of regenerated articular cartilage
tissue specimens from the three groups was performed after 14 days of



Fig. 3. Effects of different Exos on the proliferation of BMSCs. (a) Immunofluorescence micrographs obtained after EdU staining (EdU: orange, nucleus: blue). Scale
bar ¼ 10 μm. (b) Statistical plot of the percentage of EdU-positive cells. (n ¼ 3) (c) CCK-8 results of BMSC proliferation under treatment with 2D-Exos and 3D-Exos.
Data are presented as the mean � SD (n ¼ 3). (d) Flow cytometry results of the cell cycle of BMSCs treated with different Exos for 24 h (**P < 0.01, ***P < 0.005,
****P < 0.001; ns means no significant difference). (n¼ 3).” should be replaced with “(d) Flow cytometry results of the cell cycle of BMSCs treated with different Exos
for 24 h (**P < 0.01, ***P < 0.005, ****P < 0.001; ns means no significant difference).
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repair in the animal model. The immunofluorescence results showed that
the number of CD73 and CD105 double-positive cells in the regenerated
tissue was significantly higher in the 3D-exo and 2D-exo groups than in
the control group (Fig. 4e); however, the 3D-exo group had the most
CD73 and CD105 double-positive cells among the three groups. The
statistical results also showed the most CD73 and CD105 double-positive
cells in the 3D-exo group (Fig. 4f). These results indicated that compared
to 2D-Exos, 3D-Exos significantly increased the migration of endogenous
BMSCs to the defect area and promoted articular cartilage regeneration.

3.5. Effect of exos on chondrogenic differentiation of BMSCs in vitro

To explore whether 2D-Exos and 3D-Exos are capable of promoting
chondrogenic differentiation of BMSCs, we treated BMSCs with 2D-Exos
and 3D-Exos for 7 days. The results of COL II staining (Fig. 5a) and Alcian
blue staining (Fig. 5b) showed that the 2D-Exo group and the 3D-Exo
group had a more chondrogenic phenotype than the control group, but
the 3D-Exo group had the strongest chondrogenic phenotype. The
chondrogenic phenotype was strongest in the 3D-Exo group among the
three groups, and the chondrogenic differentiation of BMSCs was pro-
moted the most strongly in this group. In our experiment, we used a cell
pellet culture method to induce chondrogenic differentiation of BMSCs in
vitro, according to previous studies. After BMSCs were induced in
chondrogenic differentiation medium with 2D-Exos (25 μg/mL) or 3D-
6

Exos (25 μg/mL) for 14 days, we carried out histological staining to
qualitatively evaluate chondrogenesis in the cell pellets. As shown in
Fig. 5c, Alcian blue staining showed that the 2D-Exo group and the 3D-
Exo group had a more chondrogenic phenotype than the control group,
but the 3D-Exo group had a stronger chondrogenic phenotype. The
chondrogenic phenotype in the 3D-Exo group was strongest among the
three groups, and the chondrogenic differentiation of BMSCs was pro-
moted the most strongly in this group. Finally, the expression of the
ACAN, COL II, and Sox9 genes in different groups was further studied,
and the results are shown in Fig. 5d. The results showed that compared
with that in the control group, the expression of the ACAN and COL 2
genes in the 2D-Exo group and the 3D-Exo group was significantly
increased, and the 3D-Exo group had the most significant increase.
Although there was no significant difference in Sox9 gene expression
between the control group and the 2D-Exo group, there was a significant
difference between the 3D-Exo group and the other two groups. The
above results indicated that 3D-Exos had a significantly stronger ability
than 2D-Exos to promote cartilage formation by BMSCs.

3.6. Effect of exos on chondrocytes

To test whether different Exos affect the proliferation of chon-
drocytes, we performed CCK-8 experiments at different time points. The
results showed that on the first day, 2D-Exos and 3D-Exos did not



Fig. 4. Effects of different Exos on the migration of BMSCs in vitro and vivo. (a) Images from scratch wound healing experiments after 0 h, 12 h and 24 h. Scale bar ¼
200 μm. (b) Quantitative analysis of the wound healing percentage of the experiment. Data are presented as the mean � SD (n ¼ 3). (*P < 0.05, **P < 0.01, ***P <

0.005, ****P < 0.001). (c) Representative images from the Transwell assay after 12 h and 24 h. Scale bar ¼ 10 μm. (d) Quantitative analysis of the cell counts in
Transwell assay. (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001) (n ¼ 3). (e) Confocal 3D images of CD73þ/CD105þ MSCs in three groups by immuno-
fluorescence 14days post-surgery and quantification of MSCs that migrated to the site of injury. Scale bar ¼ 100 μm. (f) Quantitative analysis of the data. Data are
presented as the mean � SD (n ¼ 3) (*P < 0.05).
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promote the proliferation of chondrocytes compared to the control
group. However, on days 3 and 7, both 2D-Exos and 3D-Exos significantly
promoted the proliferation of chondrocytes. 3D-Exos promoted the pro-
liferation of chondrocytes significantly better than 2D-Exos, and the two
groups were significantly different (Fig. 5g).

The protection of normal chondrocytes in an inflammatory environ-
ment is also a very important factor in the process of cartilage repair, so
we investigated whether 3D-Exos could protect chondrocytes in an in-
flammatory environment. IL-1β is a universal inflammatory factor related
7

to induction of an inflammatory response, so we used IL-1β in vitro to
mimic the inflammatory microenvironment in vivo. The apoptosis of
chondrocytes in different treatment groups was also detected by flow
cytometry. As shown in Fig. 5e, chondrocytes underwent significant
apoptosis during the IL-1β-induced inflammatory response. 2D-Exo and
3D-Exo treatment inhibited the effect of IL-1β. Compared with 2D-Exos,
3D-Exos inhibited the effect of IL-1β most strongly. Statistical analysis
showed that the percentages of apoptotic cells in the control, IL-1β, 2D-
Exo and 3D-Exo groups were approximately 7%, 18%, 12% and 9%,



Fig. 5. Comparison of the effects of 3D-Exos and 2D-Exos on the chondrogenic differentiation of BMSCs and chondroprotection. (a) Immunofluorescence images
showing the expression of COL II after chondrogenic induction for 7days in BMSCs. Scale bar ¼ 10 μm. (b) Alcian Blue staining for glycosaminoglycan (GAG)
accumulation in BMSCs 7 days later. Scale bar ¼ 1 mm. (c) Alcian Blue staining for glycosaminoglycan (GAG) accumulation in BMSC pellets after 14 days. Scale bar ¼
10 μm. (d) Gene expression of Col II, Sox9 and Aggrecan in BMSCs at 7 days (*P < 0.05, **P < 0.01, ***P < 0.005; ns means no significant difference) (n ¼ 3). (e) Flow
cytometry results of the effect of different exosomes on chondrocyte apoptosis in an inflammatory environment. (f) Quantitative analysis of the flow cytometry results.
(*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001) (n ¼ 3). (g) CCK-8 assays of the effect of different Exos on chondrocyte viability (**P < 0.01, ***P < 0.005,
****P < 0.001; ns means no significant difference) (n ¼ 3).
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respectively (Fig. 5f). The above results suggest that compared with 2D-
Exos, 3D-Exos can significantly inhibit apoptosis of chondrocytes in an IL-
1β-induced inflammatory environment.

3.7. Immunomodulatory potential of exos

To investigate the effects of 2D-Exos and 3D-Exos on macrophage
phenotypic polarization in vitro, we comprehensively analyzed the
expression of macrophage-related markers by immunofluorescence
staining and RT‒qPCR. The results of immunofluorescence staining
showed that the expression of CD206 (M2) in the 3D-Exo group was
significantly stronger than that in the control and 2D-Exo groups
(Fig. 6a). The statistical results showed that the proportion of CD206-
positive macrophages in the 3D-Exo group (approximately 36%) was
significantly higher than that in the control group (approximately 8%)
and the 2D-exo group (approximately 19%) (Fig. 6c). RT‒qPCR results
showed that the expression of M2 macrophage-related genes (CD163,
Arg-1, and CD206) in the 3D-Exo group was significantly higher than that
in the control group and 2D-Exo group, and the differences were
8

significant (Fig. 6b). Similar results were observed in RAWmacrophages,
the proportion of CD206 (þ)/CD68 (þ) macrophages in the 3D-Exo
group was significantly higher than other two groups. The above re-
sults confirmed that 3D-Exos had the strongest ability to promote the
polarization of macrophages to the M2 phenotype, which provided an in
vitro basis for future immune regulation approaches in vivo.

We further explored the mechanisms of 3D-Exo in regulating mac-
rophages. Exos downregulated NF-κB p65 expression and reduced its
nuclear translocation and reduced the expression of NLRP3 proteins,
which is a key pathway for the production of inflammatory factors.
(Fig. S3). However, the effect of 3D-Exo treatment was more obvious
than that of 2D-Exo, indicating that 3D-Exo might be more efficient than
2D-Exo in immunoregulation. This may be down to the up-regulation of
miR-125a and miR-29a (Table 1).

The nuclear factor kappa B (NF-κВ) pathway is an essential proin-
flammatory pathway. Inhibition of the NF-κВ pathway could promote the
M1-to-M2 switch in macrophages and inactivate the priming signal for
the pyrin domain-containing 3 (NLRP3) inflammasome [12]. We found
that 3D-Exos downregulated NF-κB expression in macrophages. This



Fig. 6. Evaluation of the polarization ability of macrophages induced by different Exos in vitro and vivo. (a) Immunofluorescence staining of CD206 in macrophages
treated with different Exos for 24 h. Scale bar ¼ 20 μm. (b) RT-qPCR detection of M2 (CD163、、Arg-1、、CD206)marker gene expression in macrophages cultured with
different Exos for 24 h (n ¼ 3). (**P < 0.01, ***P < 0.005). (c) Quantitative analysis of the Im-munofluorescence staining (*P < 0.05, **P < 0.01, ***P < 0.005, ****P
< 0.001). N ¼ 3. (d) Immunofluorescence staining of CD68þ/CD86þ/CD206þ macrophages in synovium at 14 days after surgery. Scale bar ¼ 20 μm. (e) Gene
expression of CD206 and CD86 in synovium macrophages at 14 days (*P < 0.05, **P < 0.01, ***P < 0.005) (n ¼ 3). (f) Quantitative analysis of Immunofluorescence
staining of CD86þ/CD206þ macrophages in synovium (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001). N ¼ 3.

Table 1
Differences in miRNAs between 3D-Exos and 2D-Exos.

miRNA Up/down Previously reported studies Ref.

miR-127–5p up targets WNT5A,
enhances chondrogenesis

[23]

miR-210 up upregulates Col2 and Sox9 expression，targets Runx3 to promote proliferation, migration [24,25]
miR-29a-3p up upregulates the expression of Sox 9, Col-2a1, and aggrecan，promotes macrophage polarization to the M2 subtype [26,27]
miR-30a down downregulation of Sox9 promotes extracellular matrix degradation [28]
miR-320 up targets MMP-13 and regulates chondrogenesis [29]
miR-328–3p up increases chondrocyte viability and attenuates chondrocyte apoptosis and ECM degradation [30]
miR-574–3p down RXRα downregulation [31]
miR-125a-3p up Inhibits TLR and NFκВ signaling to switch macrophages to the M2 phenotype [32]
miR-125a-5p up diminishes M1 phenotype expression induced by LPS and promotes M2 marker expression induced by IL-4 [33]
miR-155–5p down promotes macrophage M1 polarization and Inhibits polarization of macrophages to the M2 type [34]
miR-21–5p Up reduces apoptosis and promotes macrophage M2 polarization; enhances the proliferation of MSCs [35–37]
let-7d-3p down inhibits intratumoral macrophage M2 polarization [38]
miR-139–5p down targets IGF-1R to inhibit proliferation and migration [39]
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effect could explain the decrease in NLRP3, as NF-κB is an upstream
signal of NLRP3. In summary, 3D-Exos could promote M2 polarization by
inhibiting the activation of inflammasomes, thus creating a pro-
regenerative immune microenvironment.
3.8. In vivo animal experiment

3.8.1. Biodistribution of exos
To observe themorphology of 3D-Exos on the scaffolds, we performed

SEM. The SEM results showed (Fig. S1b) that 3D-Exos were able to get
inside the scaffold, fuse well with the scaffold, and retain the morpho-
logical characteristics of Exos.

To evaluate the adsorption effect of the scaffold on Exos, we labeled
3D-Exo with DiO, loaded 3D-Exos on the scaffold in vitro, and finally
9

implanted the scaffold loaded with 3D-Exos into knee cartilage defects in
mice. Joint cavity injection of Dio-labeled 3D-Exos alone served as the
control group. After 48 h, the mice were sacrificed and stained for
observation. The results are shown in Fig. S1a. Injection of Dio-labeled
3D-Exos alone resulted in substantial loss in the joint cavity, and no
significant enrichment was seen at the defect. However, a large number
of Exos (green fluorescence) were still seen in the scaffold group loaded
with 3D-Exos and were present in the defect.

Two groups (the free exosome group and the exosome-loaded scaffold
group) were placed in situ in cartilage defects to assess the retention time
of exosomes within the joint. In vivo imaging showed that the fluores-
cence of the exosome injection group nearly disappeared within 3 days.
After incorporation of Exos into the scaffolds, the fluorescence remained
on the third day and disappeared over 5 days. (Fig. S1.c)
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3.8.2. Regulatory effect of exos on the articular cavity microenvironment
To further explore the mechanism of inflammation regulation by 3D-

Exos, we performed immunofluorescence staining and RT-qPCR analysis
(Fig. 6d and e) of CD68, CD86 and CD206, specific markers of all M0/
M1/M2 macrophages in the synovial membrane, to compare the effects
of 3D-Exos and 2D-Exos on macrophage polarization. The results showed
that the expression of CD206 in the 3D-Exos group was significantly
higher than that in the control and 2D-Exo groups on the 14th day. The
expression of CD86 in the control and 2D-Exo groups was significantly
higher than that in the 3D-Exo groups. The statistical results in Fig. 6f
show that the percentage of CD206 positive macrophage was signifi-
cantly higher in the 3D-Exo groups (approximately 40%) than in the
control groups (approximately 9%) and 2D-Exo groups (approximately
22%) and the difference was significant. The percentage of CD86-positive
macrophages was significantly lower in the 3D-Exo groups (approxi-
mately 11%) than in the control groups (approximately 49%) and 2D-Exo
groups (approximately 23%) and the RT‒qPCR results showed that 3D-
Exos significantly promoted the expression of an M2-associated gene
(CD206) and suppressed the expression of an M1-associated gene (CD86)
compared to 2D-Exos (Fig. 6e). The above results showed that 3D-Exos
promoted macrophage polarization toward the M2 phenotype and had
the strongest anti-inflammatory effect in vivo.

3.8.3. Exosomes and scaffolds’ immune response in rats
Acute inflammatory and immune responses to the scaffold and Exo-

somes were observed at 1 week after subcutaneous implantation in rats.
No obvious scar tissues formation was found around the implants in the
Fig. 7. (a) Microscopic observation of the repaired tissues at 4 weeks and 8 weeks. S
repaired cartilage. (c) ICROS score of the cartilage defect after 4 and 8 weeks. (*P <

ference). n ¼ 3. (d–e) Quantitative analysis of BMD and BV/TV in the defect area (*
designed in vivoSchematic diagram of the experimental group designed in vivo.
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H&E staining images. We observed a small amount of neutrophil and
monocyte infiltration around the scaffold, suggesting that the implants
had appropriate immunogenic properties. Few immune cells was
observed at the injection site （Fig.S2.e), which is consistent with the
previous study about the low-immunogenicity of exosomes [13].

3.8.4. Reparative effect of exos on osteochondral defects
To investigate whether 3D-Exos combined with ECM scaffolds could

promote osteochondral regeneration, we established a rat articular
osteochondral defect model (2.0 mm in diameter and 1.0 mm in depth).
The rats were randomly divided into 5 groups of 6 rats each groups, as
shown in Fig. 7f. Images of the cartilage regeneration area at 4 and 8
weeks after surgery are shown in Fig. 7a. At 4 weeks, the cartilage defect
in the control group was still obvious, with only a small amount of
granulation tissue, a rough surface and a clear boundary with the sur-
rounding cartilage. The repaired tissue in the 2D-Exo group, 3D-Exo
group and scaffold group had a significantly greater height than that in
the control group, but it was still thinner than the surrounding normal
cartilage, and the shape of the repaired surface was still uneven. The
repaired tissue in the 3D-Exo group had mostly filled the cartilage defect
area, but the surface was uneven, and there was still a demarcation be-
tween the new tissue and the normal cartilage. There was a large amount
of repaired tissue in the cartilage defect in the control group at 8 weeks,
but the cartilage was distinct from the surrounding normal cartilage. The
repaired tissues in the 2D-exo group and 3D-exo group had largely filled
the cartilage defect area, but the surface was uneven, and there was still a
demarcation between the new tissue and the normal cartilage. In the
cale bar ¼ 1 μm. (b) Micro-CT images showing 2D and 3D reconstructions of the
0.05, **P < 0.01, ***P < 0.005, ****P < 0.001, ns means no significant dif-

P < 0.05, **P < 0.01). N ¼ 3. (f) Schematic diagram of the experimental group
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scaffold group, the new tissue was smooth, and the border with the
surrounding tissue was not obvious, but there was a significant difference
in color between the new tissue and normal cartilage. The ICRS score
(Fig. 7c) also showed significantly better cartilage repair in the 3D-exo/
ECM group at 4 and 8 weeks than in the other groups.

The results of regenerative defect repair in the five groups were
compared by micro-CT analysis (Fig. 7b). 2D and 3D reconstructions of
femoral specimens at 4 and 8 weeks were analyzed to evaluate bone
mineral density (BMD) and bone volume/tissue volume (BV/TV), which
are important indicators of subchondral bone (Fig. 7d and e). Morpho-
genetic analysis showed that the 3D-Exo þ scaffold group had signifi-
cantly more repaired tissue than the other four groups (the 2D-Exo group,
3D-Exo group, and scaffold group) at 4 and 8 weeks postoperatively, and
the differences were statistically significant. In the 3D-Exo þ scaffold
group, cartilage-like tissue was formed at 8 weeks postoperatively, and
the defect almost completely disappeared. In addition, the 3D-Exo þ
scaffold group had significantly higher bone density values than the other
groups (the 2D-Exo group, 3D-Exo group, and scaffold group), which
indicated an increase in the amount of tissue repair in the defect.
Consistent with the BMD results, the BV/TV assessment showed a sig-
nificant increase in the 3D-Exo þ scaffold group at 4 and 8 weeks after
surgery.

The cartilage defect areas were evaluated by HE, safranin-O/Fast
Green, Sirius Red, and COL II immunohistochemical staining. At 4
weeks postoperatively (Fig. 8a), no obvious signs of repair were observed
in the cartilage defect area in the control group, the boundary between
the repaired area and the normal tissue was clear, and the thickness of the
cartilage in the repair area was smaller than that in normal tissue. The
cartilage defect area in the 2D-exo group and scaffold group was disor-
ganized and filled with irregular fibrous tissue, and the expression of
glycans and COL II was low. In addition, the boundary between normal
cartilage and the repaired area was obvious. There was partial chon-
drocyte formation in the repaired area in the 3D-exo group, but there
were fissures between the normal tissue and the regenerated area, and
flocculent fibrous tissue was also visible on the surface. There was still a
small amount of fibrous tissue on the surface of the defect area in the 3D-
Exo þ scaffold group, but the defect area had largely fused with the
normal tissue, and the thickness of the defect area was close to that of the
normal area. The number of chondrocytes increased, and there was
abundant expression of glycans and COL II in the 3D-Exo þ scaffold
group. At 8 weeks (Fig. 8b), protruding fibrous tissue was still visible in
the repaired area in the control group. In the 2D-Exo group and the
scaffold group, chondrocytes appeared in the repaired area but were
disordered. The repaired area was basically fused with the normal area,
but the interface was clearly visible in the 2D-Exo group and the scaffold
group. In the 3D-exo group, there were obvious cartilage gaps, but they
were not neatly aligned. The glycan and COL II levels in the 3D-Exo group
were increased comparedwith those in the 2D-Exo group and the scaffold
group. In the 3D-Exo þ scaffold group, the repaired area resembled
normal tissue, with a large number of chondrocytes and relatively normal
alignment, and there was significantly enhanced expression of glycans
and COL II. The results of MODHS (Fig. 8c) and COL II semiquantitative
scores (Fig. 8d) also confirmed that the best osteochondral repair effect
was achieved in the 3D-Exo þ scaffold group.

In general, histologically, the 3D-Exo þ scaffold group showed more
complete repair than the other groups (the control group, 2D-Exo group,
3D-Exo group, and scaffold group).

3.9. Differences in miRNAs between 3D-Exos and 2D-Exos and
bioinformatics analysis

A large number of miRNAs encapsulated in Exos are capable of
posttranscriptional regulation of coding genes and are recognized as
critical for influencing the biological activity of recipient cells, which has
become an important direction for Exo research in recent years. To
further investigate the effects of 3D scaffold culture on miRNAs in Exos,
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miRNA microarray analysis was performed to detect miRNA expression
in two groups of Exos, and GO and KEGG analyses were performed to
investigate the biological processes, specific molecular functions and
related signaling pathways associated with differentially expressed
miRNAs. A total of 116 miRNAs with significant differences were
detected between 3D-Exos and 2D-Exos. We identified miRNAs with
significant differences, of which 59 were upregulated and 57 were
downregulated (Fig. 9a), indicating differences in the intrinsic compo-
sition of Exos within stem cells from different culture sources. We
enumerated 13 miRNAs that may be associated with cartilage injury
repair, including negative regulation of apoptosis, promotion of cell
proliferation, promotion of stem cell chondrogenic differentiation, and
promotion of macrophage to M2 transformation (Table 1). KEGG
pathway analysis showed that the differentially expressed miRNAs were
involved in the Rap1 signaling pathway, cAMP signaling pathway, TGF-β
signaling pathway (10) andWnt signaling pathway. GO analysis of target
genes showed that the important biological processes included positive
regulation of stem cell differentiation, positive regulation of chondro-
genesis, macrophage activation in stem cells and chondrocyte prolifera-
tion and immune response (Fig. 9b–d). The important molecular
functions included beta-catenin binding, MAP kinase activity, collagen
binding, chondroitin sulfate binding and growth factor receptor. Based
on pathway enrichment analysis, these miRNAs in 3D-Exos are hypoth-
esized to be essential for cellular behavior, cell determination and im-
mune regulation.

4. Discussion

Cartilage repair after injury has long been a challenge for clinicians.
There are many treatment methods for cartilage injury, among which
stem cell therapy has recently attracted much attention, and numerous
studies have shown that stem cell therapy contributes to cartilage injury
repair. However, stem cell therapy has some limitations: 1. Strict con-
ditions for the storage and transportation of stem cells; 2. A risk of
tumorigenicity and disease transmission by stem cells; and 3. Possible
immune rejection of stem cell therapy [14,15]. It has been shown that
stem cells perform their biological functions mainly through paracrine
secretion. Exos have been widely investigated because of their role in
intercellular communication and their potential in the treatment of dis-
eases [16–18]. Exos, as products of stem cell paracrine secretion, are rich
in bioactive molecules (miRNAs, proteins, lncRNAs, etc.) and function in
cell-to-cell communication. Exos overcome the abovementioned limita-
tions of stem cell therapy and promote tissue repair and regeneration.
Most Exos are derived from 2D-cultured cells, but traditional 2D culture
does not resemble the natural microenvironment of MSCs. There is
increasing evidence that 3D culture models can better simulate the
microenvironment in vivo. The biological behavior of cells on 3D scaf-
folds differs from that of cells in conventional 2D culture, and 3D scaffold
culture can more realistically simulate cell‒cell and cell-matrix in-
teractions [19], which can enhance the paracrine function of mesen-
chymal stem cells (MSCs). It was reported that 3D-Exos were able to
promote spinal cord repair [19]. Yang et al. found that 3D cultured
hUMSC-derived Exos could be used to treat Alzheimer's disease (AD)
[20]. The above findings suggest that 3D-Exos can promote tissue repair.

This experiment investigated the differences in cartilage repair be-
tween Exos derived from 2D culture and 3D culture. First, we compared
the differences between 2D ECM films and 3D scaffolds, as well as
hUMSCs grown under such conditions. The results showed that
compared with 2D ECM films, 3D scaffolds not only have a distinct 3D
structure with sparse, highly interconnected micropores but also have
micrometer-scale morphological features, and this structure can promote
communication between stem cells and facilitate stem cell paracrine
function. hUMSCs were incubated under the above culture conditions
separately, and it was found that the hUMSCs were more active on the 3D
scaffolds. It was also found that the 3D scaffolds could enhance the
attachment and diffusion of hUMSC and provide more surface area for



Fig. 8. Histological evaluation of in vivo cartilage regeneration after 4 and 8 weeks. (a,b) H&E, safranin-O, and Sirius red staining and immunohistochemical staining
of COL II of repaired tissue in different groups after 4 and 8 weeks. Scale bar ¼ 500 μm. (c) MODHS histological evaluations of repaired tissue (n ¼ 3) (**P < 0.01,
***P < 0.005). (d) Quantitative analysis of COL II was performed (n ¼ 3) (*P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001).
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Fig. 9. GO and KEGG analyses of miRNA target genes of different Exos: (a) Microarray analysis of exosomal miRNAs is presented in a heatmap. (b,d) GO analyses
including biological process and molecular function; (c) KEGG pathway enrichment.
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the growth of hUMSCs, which is consistent with previous studies [9]. In
terms of paracrine function, the size of individual pores plays an integral
role in regulating cellular responses, and high porosity increases the
distance between cells. Cells in such conditions may need to release more
Exos or rely on special cargo for intercellular communication. Articular
cavity-resident MSCs play a dominant role in cartilage injury repair, and
an ideal regenerative microenvironment promotes the repair-related
biological functions of MSCs, such as proliferation, migration, and
chondrogenic differentiation. The most common approach to improving
the regenerative microenvironment has been the use of various chemo-
tactic agents, such as transforming growth factor-β3 (TGF-β3), but most
chemotactic agents have a single function and cannot fully regulate the
biological function of MSCs. Here, we attempted to regulate the biolog-
ical functions of BMSCs with Exos instead of traditional chemotactic
agents to improve the regenerative microenvironment. First, we extrac-
ted and characterized exosomes that were cultured under different cul-
ture conditions. The results showed that we successfully extracted
exosomes. The obtained 2D-Exos and 3D-Exos differed in size, with
3D-Exos being significantly smaller than 2D-Exos. Both exosomes
expressed exosome-specific proteins. The ability of exosomes (2D-Exo,
3D-Exo) to enter the cell is a prerequisite for their function, and we have
shown that BMSCs and macrophages are able to take up Exos. Addi-
tionally, in vivo distribution data showed that mixing 3D-Exos into the
scaffold could restrict the exosomes to the defect site and avoid massive
loss. We next investigated the effect of 3D-Exos on the proliferation of
BMSCs. The results of the proliferation assay showed that 3D-Exos
significantly promoted the proliferation of BMSCs by promoting the
shift from the G1 to S phase of the cell cycle compared to 2D-Exos. The
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migration of BMSCs plays a decisive role in cartilage repair. For the in
vitro migration assay, we used scratch assays and Transwell assays to
explore the different effects of 2D-Exos and 3D-Exos on the migration of
BMSCs. The experimental results showed that 3D-Exos promoted the
migration of BMSCs significantly better than 2D-Exos. Then, we used a
rat osteochondral defect model to evaluate the effect of 2D-Exos and
3D-Exos on stem cell migration in vivo. The results showed that joint
cavity injection of 3D-Exos significantly improved the migration ability
of endogenous stem cells in the joint cavity. In this experiment, we also
investigated the effect of 3D-Exos on the chondrogenic differentiation of
BMSCs by different experimental methods. The results showed that
3D-Exos promoted the chondrogenic differentiation of BMSCs better than
2D-Exos. In recent years, immunomodulatory capacity has been consid-
ered an important factor affecting tissue regeneration, and the effec-
tiveness of early active regulation of macrophages by stimulants in tissue
repair has been confirmed. The role of macrophages in cartilage regen-
eration has received increasing attention. M1-type macrophages secrete
proinflammatory factors and are involved in tissue destruction, whereas
M2-type macrophages play an important role in the response to tissue
remodeling, and how to regulate the polarization of macrophages to
M2-type macrophages in the joint cavity is seen as an important research
direction for cartilage regeneration. Both in vivo and in vitro experi-
mental data have confirmed that 3D-Exo might be more efficient than
2D-Exo in immunoregulation. The immunomodulatory effect of 3D-Exo
protects normal chondrocytes from apoptosis in the inflammatory envi-
ronment. In vitro anti-apoptotic assays have demonstrated the chon-
droprotective effect of 3D-Exo.

miRNAs are small noncoding RNAs that regulate gene expression by
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recognizing homologous sequences and interfering with transcriptional,
translational, or epigenetic processes [16]. MiRNA sequencing and
analysis showed that miRNAs in 3D-Exos can promote cartilage matrix
synthesis and cartilage regeneration. Furthermore, by target gene pre-
diction, we identified miRNAs with beneficial effects on regulating the
joint cavity microenvironment (Table 1). Functional enrichment analysis
of high-abundance miRNAs based on total read counts identified the
most important biological signaling pathways. This narrowed the scope
to further define the molecular mechanisms of 3D-Exos in cartilage repair
and provided a reference to identify new regulatory targets for cartilage
regeneration. A preliminary explanation of the possible mechanism for
the superiority of 3D-Exo over 2D-Exo in cartilage repair was provided by
miRNA sequencing.

Notably, the current evidence relies on interesting in vitro data, and
convincing data need to be generated in a rat model of osteochondral
defects. Therefore, to elucidate the role of 2D-Exos and 3D-Exos in
repairing osteochondral defects in vivo, we performed in vivo experi-
ments. The experiment was divided into five groups: the PBS group, 2D-
Exo group, 3D-Exo group, scaffold group, and 3D-Exo group/scaffold
group, along with sequential postoperative intra-articular cavity injec-
tion of exosomes. Compared with the 2D-Exo group, the 3D-Exo group
had higher Col II content and obvious cartilage gaps in the eighth week
after surgery, indicating that 3D-Exos are more advantageous than 2D-
Exos in tissue repair. Since local injection of exosomes did not guar-
antee their retention in the injury area, 3D-Exos and stents were com-
bined in this experiment. In addition, the scaffolds facilitate cell
spreading, migration and the establishment of a macroporous microen-
vironment for intercellular contact [22]. To keep the exosomes active and
maintain their repair effect in vivo, we injected exosomes into the joint
cavity at 5-day intervals. Samples were collected at 4 and 8 weeks
postoperatively and subsequently evaluated by gross observation,
micro-CT assays, and histological staining, and the results showed that
the 3D-Exo group/scaffold group had a significantly better repair effect
than the other groups (the PBS group, 2D-Exo group, 3D-Exo group, and
scaffold group).

Although the above experiments and studies clearly demonstrate that
3D-Exos combined with scaffolds can greatly improve the quality of
cartilage regeneration, there are still some limitations that need to be
discussed. (1) In vivo experiments, Exos were continuously injected once
every 5 days after surgery, which increased the risk of intra-articular
infection. Scaffold which is more suitable for exosomes deliverying still
need to be explored. (2) The metabolism of Exos in vivo still needs to be
further explored. (3) The exact duration for which the biological activity
of exosomes can be maintained in vivo still needs to be further investi-
gated. (4) Although we found differences in miRNA expression between
2D-Exos and 3D-Exos, it is not clear which miRNA plays a central role.
The downstream mechanisms of related biological functions still need to
be further explored.

5. Conclusion

Our results show that the biological function of exosomes is influ-
enced by different culture conditions. In vitro data showed that 3D-Exos
better promoted the proliferation, migration and chondrogenic differ-
entiation of BMSCs than 2D-Exos. Additionally, both in vitro and in vivo
data confirmed that 3D-Exos better attenuated inflammation and pro-
moted macrophage polarization toward the M2 phenotype. The differ-
ences in miRNAs between 2D-Exos and 3D-Exos were evaluated by
miRNA sequencing, and the results showed that miRNAs related to
cartilage repair were significantly upregulated in 3D-Exos, which tenta-
tively explained the superior effects of 3D-Exos over 2D-Exos in cartilage
repair. Moreover, the results of in vivo experiments showed that 3D-Exos
combined with scaffolds could repair osteochondral defects well. This
study provides insights into a new therapeutic intervention and the po-
tential clinical application of Exos derived from hUMSCs cultured on 3D
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scaffolds in the treatment of cartilage injury, in addition to demon-
strating the efficacy and safety of this approach.
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