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Abstract

BACKGROUND: Intra-articular injection is a classic strategy for the treatment of early osteoarthritis (OA). However, the

local delivery of traditional therapeutic agents has limited benefits for alleviating OA. Exosomes, an important type of

extracellular nanovesicle, show great potential for suppressing cartilage destruction in OA to replace drugs and stem cell-

based administration.

METHODS: In this study, we developed a thermosensitive, injectable hydrogel by in situ crosslinking of Pluronic F-127

and hyaluronic acid, which can be used as a slow-release carrier to durably retain primary chondrocyte-derived exosomes

at damaged cartilage sites to effectively magnify their reparative effect.

RESULTS: It was found that the hydrogel can sustainedly release exosomes, positively regulate chondrocytes on the

proliferation, migration and differentiation, as well as efficiently induce polarization of M1 to M2 macrophages. Intra-

articular injection of this exosomes-incorporated hydrogel significantly prevented cartilage destruction by promoting

cartilage matrix formation. This strategy also displayed a regenerative immune phenotype characterized by a higher

infiltration of CD163? regenerative M2 macrophages over CD86? M1 macrophages in synovial and chondral tissue, with a

concomitant reduction in pro-inflammatory cytokines (TNF-a, IL-1b, and IL-6) and increase in anti-inflammatory cytokine

(IL-10) in synovial fluid.

CONCLUSION: Our results demonstrated that local sustained-release primary chondrocyte-derived exosomes may

relieve OA by promoting the phenotypic transformation of macrophages from M1 to M2, which suggesting a great

potential for the application in OA.
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1 Introduction

Osteoarthritis (OA) is a highly prevalent type of chronic

joint disease characterized by cartilage destruction, syn-

ovial inflammation, osteophyte formation and remodeling

of subchondral bone, that affects over 300 million people

worldwide [1]. Chronic pain and motion dysfunction

caused by OA seriously impair the life quality of sufferers

and increase the economic burden. Articular cartilage is an

avascular tissue with limited self-healing capability.

Therefore, articular cartilage degeneration is usually

regarded as an irreversible pathological change [2]. Joint

replacement is regarded as the preferred candidate for end-

stage OA, but patients have to bear the economic burden

and long recovery time, as well as some unbearable post-

operative complications (e.g., prosthesis loosening and

periprosthetic infection) which result the failure of

implantation [3, 4]. Therefore, it is of great significance to

develop early non-surgical treatment to alleviate the pro-

gression of OA.

Over the past few decades, the transplantation of

chondrocytes and mesenchymal stem cells (MSCs) have

received a huge amount of attention and arisen as very

promising candidates for preventing articular cartilage

destruction in OA [5–8]. However, MSCs often exhibit

undesirable in cell phenotype, proliferation and differenti-

ation capabilities when cultured in vitro after multiple

passages or extracted from aged and/or diseased donors [9].

In addition, after intra-articular administration, only a few

cells adhere to the cartilage defects, their differentiation

ability is not well controlled and prominent in the joint

cavity [10, 11]. Undesired hypertrophy and ossification of

newly formed tissue can also be observed in stem cell-

based cartilage regeneration [12, 13]. Recently, there is

growing evidence that, compared with direct differentiation

into target tissues, transplanted stem cells are more likely

to function in the articular cavity through paracrine mode,

especially by secreting extracellular vesicles [13, 14]. As

the most prominent extracellular vesicles, exosomes (usu-

ally 30–150 nm in diameter) can be secreted by various

cells and mediate intercellular communication via their

contents, including various types of lipids, nucleic acids,

and proteins. Exosomes are considered important media-

tors of cell–cell communication and cellular immunity that

participate in multifarious physiological and pathological

processes [15–17]. Exosomes have similar functions as the

derived cells, such as MSCs-derived exosomes exhibit a

beneficial therapeutic effect on OA [18, 19]. Moreover,

studies have demonstrated that primary chondrocyte-

derived exosomes had enviable bioactivity in eliminating

mitochondrial dysfunction and restoring immune regula-

tion, as well as promoted articular cartilage repair [20, 21].

However, few studies have detected the therapeutic effect

and the underlying mechanism of action for exosomes

derived from primary chondrocytes in OA.

Furthermore, cartilage regeneration usually takes a rel-

atively long period of time, and it is difficult to durably

retain exosomes at the damaged cartilage sites to exert their

continuous chondroprotective effect in OA by direct intra-

articular injection. Hydrogels, three-dimensional (3D)

network composed of hydrophilic polymers, have been

adopted as carriers for the controlled release of various

elements (e.g., cells, drugs, and bioactive molecules) for

tissue regeneration, owing to their unique features (such as

biocompatibility, high water content, swelling behavior,

modulated 3D networks and high matrix mimetics)

[22–26]. In this study, a thermosensitive, injectable hydro-

gel was prepared by in situ crosslinking of Pluronic F-127

and hyaluronic acid for encapsulation and sustained release

of primary chondrocyte-derived exosomes. To research the

potential mechanism of preventing cartilage destruction in

OA, we investigated the effects of exosomes encapsulated

in hydrogel on chondrocytes proliferation, survival,

migration, and matrix synthesis, as well as macrophages

polarization and associated cytokines secretion (Fig. 1).

2 Materials and methods

2.1 Isolation and characterization of primary

chondrocyte-derived exosomes

Articular cartilage was dissected from the femoral condyles

and tibial plateaus of sprague–dawley (SD) rat on postnatal

day 5–6, as described previously [27]. Chondrocytes were

maintained as a monolayer in Dulbecco’s modified eagle’s

Fig. 1 Schematic illustration of exosomes-incorporated F127-HA

hydrogel for inducing efficient polarization of M1 to M2 macrophages

and cartilage protection in OA

630 Tissue Eng Regen Med (2022) 19(3):629–642

123



medium (DMEM, Gibco, Grand Island, NY, USA) sup-

plemented with 10% fetal bovine serum (FBS, Gibco) and

1% streptomycin–penicillin solution (Gibco) at 37 �C. The
exosomes were isolated and extracted according to the

classical differential centrifugation method [28].

Briefly, when chondrocytes attained 70–80% conflu-

ency, they were washed twice with PBS and cultured in

serum-free medium for 48 h. The medium was centrifuged

at 300 g for 10 min and 2000 g for 10 min at 4 �C. Sub-
sequently, the supernatant was collected and filtered by a

0.22 lm filter (Merck Millipore, Billerica, MA, USA) to

remove cell debris. The supernatant was then transferred to

an Amicon Ultra-15 centrifugal filter (Burlington, VT,

USA) and centrifuged at 4000 g at 4 �C until the volume

was reduced to 200 lL. For exosome purification, the

medium was placed on a 30% sucrose/D2O cushion in an

Ultra-ClearTM tube (Beckman Coulter, CA, USA). Then,

the liquid was centrifuged at 100,000 g for 60 min at 4 �C
to remove microvesicles. The obtained pellets were

resuspended and centrifuged at 4000 g, and stored at -80

�C or used immediately for the experiment.

The morphology of exosomes was observed by a

transmission electron microscopy (TEM). The concentra-

tion and size distribution of exosomes were evaluated by

Nanoparticle Tracking Analyzer (NTA) (v3.1, Malvern

Instruments, Ltd., Worcestershire, UK). The presence of

exosome surface marker proteins, including CD63, CD9,

and CD81were analyzed by western blotting. Cellular

uptake of exosomes was studied by labelling the exosomes

with Dil solution (Eugene, OR, USA).

2.2 Hydrogel preparation and characterization

A simple mixing process was used to develop the Pluronic

F-127 (Sigma, St. Louis, MO, USA) and hyaluronic acid

(Bioland, Cheonan, Korea) (F127-HA) hydrogel in aque-

ous solution according to previous studies [29, 30]. Briefly,

Pluronic F-127 (20 wt%) and HA (1 wt%) were dissolved

in deionized water at 4 �C to obtain a transparent solution.

Then, exosomes (10 mg) were added into F127-HA solu-

tion (10 ml) and mixed well by gently stirring, and stored

at 4 �C for subsequent experiments.

The F127-HA solution was subsequently warmed to 37

�C to realize the sol–gel transition. To determine the crit-

ical gelation temperature of sol–gel transition, rheological

measurement was performed from 0 to 40 �C by a

rheometer (Malvern, UK). The morphology of the F127-

HA hydrogel was observed by a field emission scanning

electron microscopy (FE-SEM) (JSM-7000F, JEOL,

Tokyo, Japan) at 3 kV after freeze-drying. To investigate

the degradation behavior, hydrogel samples were placed in

PBS (pH 7.4) at 37 �C for fully swelling and the initial

weight (W0) of the samples were weighed. At pre-

determined intervals, the hydrogels were taken out and

their weights (Wt) were recorded. The remaining weight

(%) of F127-HA hydrogels was calculated by the following

equation: remaining weight (%) = (W0-Wt)/W0 9 100.

To examine the release profiles, 1 ml exosomes-incorpo-

rated hydrogel was immersed in 2 mL PBS and incubated

at 37 �C. At pre-determined time points, PBS was collected

and an equal amount of fresh PBS was added. The cumu-

lative release of exosomes was evaluated with a BCA

protein assay kit (Beyotime, Shanghai, China).

2.3 Cell proliferation, viability, and migration

Chondrocytes were seeded at a density of 2 9 104/well in

24-well plates and treated with 200 ll PBS (Con group),

hydrogel (Gel group), exosomes (Exo group), and exo-

somes-incorporated hydrogel (Exo@Gel group), respec-

tively. At 1, 4, and 7 days, cell proliferation was detected

by Cell Counting Kit-8 (CCK-8) assay (Beyotime). Briefly,

at the scheduled time points, 10% CCK-8 solution was

added into the samples and the absorbance was evaluated

by a microplate reader at 450 nm. To investigate the cell

viability, dead/live staining of the samples was performed

by Calcein-AM/PI kit (Beyotime) after 3 days of incuba-

tion according to the product manual. In brief, Calcein-AM

and PI were added into the samples and incubated in the

dark for 15 min at 4 �C. The fluorescent images were

observed and photographed by fluorescence microscope

(Carl Zeiss, Oberkochen, Germany), and the cell survival

rate analyzed by Image J software (National Institutes of

Health, Bethesda, MD, USA) according to the proportion

of live cell. The migration of chondrocytes in response to

different treatments was studied by Transwell test. Briefly,

5 9 104 cells were seeded in the upper chamber, and

200 ll PBS or therapeutic agents were added to the lower

chambers. After 24 h, the upper surfaces of the transwell

filters were swabbed free of cells. Cells on the underside of

the filter were fixed by 4% (v/v) paraformaldehyde

(Solarbio, Beijing, China) and stained with crystal violet

(Yuanye, Shanghai, China). The cells in five randomly-

selected fields were counted under a microscope.

2.4 Real-time quantitative PCR (RT-qPCR)

The gene expression of Runx1, Sox 9, Aggrecan, and

COL2a1 in the chondrocytes was investigated by RT-

qPCR. Simply put, total RNA was extracted with TRIzol

reagent (Invitrogen, Carlsbad, CA, USA), and cDNA was

synthesized in reverse transcription reaction by 1 ug total

RNA using a Prime Script RT reagent kit (Takara, Dalian,

China). The samples were amplified by CFX ConnectTM

realtime PCR system (Bio-Rad, Hercules, CA, USA) with

iTaqTM Universal SYBR� Green Supermix (Bio-Rad), and
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primers, as shown in Table 1. Glyceraldehyde 3-phosphate

dehydrogenase (GAPDH) was used as internal controls for

relative mRNA expression. The relative mRNA expression

was calculated by the 2-DDCt method, and finally expressed

as fold changes.

3 Results and Discussion

3.1 Macrophage polarization and inflammatory

cytokines secretion

The macrophage RAW264.7 cell line was purchased from

the American Type Culture Collection (ATCC) and cul-

tured in high glucose-DMEM containing 10% FBS and 1%

streptomycin-penicillin. The RAW264.7 cells cultured in

the medium were defined as M0 macrophages. The cells

were stimulated by 50 ng/ml lipopolysaccharide (LPS)

(Beyotime) and treated with different agents for 24 h. The

samples were washed with PBS and fixed in 4%

paraformaldehyde for 15 min, permeabilized with 0.2%

Triton X-100 for 20 min, and blocked with PBS containing

3% BSA for 1 h. Then, cells were incubated overnight with

the primary antibodies, anti-CD86 antibody (1:250,

Abcam, Cambridge, UK) and anti-CD163 antibody (1:200,

Abcam). Alexa 488 dye-labeled secondary antibodies

(Jackson ImmunoResearch Inc., West Grove, PA, USA)

were added and incubated for 1 h at room temperature.

Nuclear staining was performed for 5 min by the addition

of 40,6-diamidino-2-phenylindole (DAPI) solution (Bey-

otime). Immunoreactivity was visualized using a fluores-

cence microscope. Furthermore, flow cytometry was used

to further quantify the amount of M1/M2 polarization.

Briefly, the cells were harvested and washed twice with

FACS buffer and spined at 200 9 g for 5 min, and then

stained with approximately 50 lL cocktail of fluo-

rochrome-conjugated antibodies including CD86 and

CD163 in combination with viability dye Zombie-UV for

30 min at 4 �C (refrigerator) in the dark. After fixation and

washing, the samples were transferred to a new 1 ml

microcentrifuge tube for flow cytometry. In addition, the

supernatant was collected and the expression levels of pro-

inflammatory cytokines including tumor necrosis factor

(TNF)-a, interleukin (IL)-1b, and IL-6, as well as anti-

inflammatory cytokines including IL-10, were measured by

enzyme linked immunosorbent assay (ELISA) kits (R&D

systems, Minneapolis, MN, USA) according to the manu-

facturer’s instructions.

3.2 OA model establishment and intra-articular

injection

Healthy adult male SD rats (8-week-old) were provided by

the Experimental Animal Center of Northern Jiangsu

People’s Hospital. All experimental protocols were con-

ducted in accordance with the guidelines and approved by

the Animal Care and Use Ethics Committee of the North-

ern Jiangsu People’s Hospital (IACUC no. 20170312001).

The surgical destabilization of the medial meniscus

(DMM) OA model was prepared by the modified Hulth

technique [15]. Under general anesthesia by intraperitoneal

injection of 3% sodium pentobarbital (0.2 ml/100 g), the

anterior cruciate ligament was cut and the medial meniscus

was removed of the right knee joint. Subsequently, the

incision was sutured layer by layer and penicillin was

injected intramuscularly for three consecutive days. All rats

undergoing DMM surgery or sham surgery were randomly

divided into 5 groups (n = 10 in each group). At 4 weeks

post-operation, sham operated rats without subsequent

treatment were regarded as healthy group, and the OA rats

were injected intra-articularly with 200 ll PBS (PBS

group), hydrogel, exosomes, and exosomes-loaded hydro-

gel, respectively, once every 2 weeks for 3 times. The

synovial fluid extracted with syringe for inflammatory

cytokines detection by ELISA kits. At 12 weeks after intra-

articular injection, the rats were euthanized by overdose of

sodium pentobarbital and the right knee joints and synovial

tissues were collected for further investigation.

3.3 Histological evaluation

The knee joint samples were fixed by 4% paraformalde-

hyde, decalcified in 0.5 M EDTA solution, and then

embedded for paraffin. Subsequently, the sections with a

thickness of 5 lm including the articular cartilage were

obtained. The slices were stained with hematoxylin eosin

(H&E) and safranin O-fast green (Thermo Fisher Scien-

tific, Shanghai, China) according to the manufacturer’s

standard protocols. The Osteoarthritis Research Society

International (OARSI) cartilage histopathology assessment

system was used to evaluate the cartilage degeneration

Table 1 Primer sequences of genes

mRNA Oligonucleotide Primers (50–30)

GAPDH F-ATGGGAAGCTGGTCATCAAC

R-GGATGCAGGGATGATGTTCT

Runx1 F-CTCTCAGCGGAACTTTCCAGTC0

R-TGACAGGAGGCGAGTAGGTGAA

Sox 9 F-AGGAAGCTGGCAGACCAGTA

R-CGGCAGGTATTGGTCAAACT

Aggrecan F-TGGCATTGAGGACAGCGAAG

R-TCCAGTGTGTAGCGTGTGGAAATAG

COL2a1 F-CGAGGTGACAAAGGAGAAGC

R-CTGGTTGTTCAGCGACTTGA
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[31]. Synovial tissues were stained with H&E dye to

evaluate synovial inflammation.

3.4 Immunofluorescence

Sections of articular cartilage and synovial tissue were

prepared as previously described. After dewaxing and

rehydration, the slices were soaked in citrate buffer at 60

�C overnight to reveal the antigen. For immunofluores-

cence, the sections were incubated overnight with follow-

ing primary antibody: anti-F4/80 antibody (1:200,

eBioscience, USA), anti-CD86 antibody (1:250, Abcam,

USA), anti-CD163 antibody (1:200, Abcam, USA), anti-

Runx1 (1:300, Abcam, USA), anti-Sox 9 (1:200, Abcam,

USA), anti-Aggrecan antibody (1:400, Abcam, USA), anti-

COL-2a1 (1:200, Abcam, USA) at 4 �C, and then incu-

bated with Alexa 488 or Cy3 dye-labeled secondary anti-

body for 1 h. Nuclei were stained with DAPI and the

images were observed by a fluorescence microscope.

3.4.1 Statistical analyses

Statistical analysis was conducted by SPSS version 22.0

(SPSS Inc., Chicago, IL, USA). Statistical significance was

analyzed by the Student’s t-test, or one-way or two-way

ANOVA with Tukey’s post hoc test. A p\ 0.05 was

considered significant. All experiments repeated indepen-

dently at least three times, and the results were presented as

mean ± standard deviation.

3.4.2 Characterization of primary chondrocyte-derived

exosomes

Vesicles were isolated from the supernatant of primary

chondrocytes by ultrafiltration and centrifugation, and

identified by TEM, NTA, and western blotting. TEM

images exhibited that primary chondrocyte derived-exo-

somes showed a typical hollow, spherical-like morphology

(Fig. 2A). NTA detection showed that the particle con-

centration of original exosomes-suspension was

8.14 9 1013/ml, and the diameter of exosomes was

40–140 nm, with an average value of * 90 nm (Fig. 2B).

In addition, western blotting analysis displayed the exo-

some markers CD63, CD9, and CD81were significantly

enriched in exosome groups (Fig. 2C). Generally, these

results revealed the successful isolation of exosomes from

the supernatant of primary chondrocytes. We also investi-

gated whether chondrocytes could acquire exosomes. Pri-

mary chondrocytes were first labeled with red fluorescent

dye (Dil solution) before exosomes isolation. The chon-

drocytes were then treated with Dil-labeled exosomes for

6 h. Fluorescence microscopy observation indicated that

Dil-labeled exosomes were located in the cytoplasm to

confirm cellular uptake of exosomes (Fig. 2D).

3.4.3 F127-HA hydrogel preparation and exosomes

loading

As shown in Fig. 3A, increasing the temperature from 4 to

37 �C, the F127-HA solution underwent a sol–gel transi-

tion. When the temperature was dropped to 4 �C, the

hydrogel formed sol again. The reversible thermo-respon-

sive property of the F127-HA hydrogel allows it to undergo

gelation at body temperature and remain at the implanta-

tion site as a sustained drug delivery system. In addition,

this attractive reversible thermo-responsive nature also

endows the hydrogel with injectable property. As exhibited

in Fig. 3B, the F127-HA solution can quickly form a gel

after being extruded through a syringe onto the 37 �C hot

plate. SEM observation indicated that the hydrogel had an

interconnected pore morphology (Fig. 3C). To confirm the

critical gelation temperature of sol–gel transition, the rhe-

ological behavior revealed that both the storage modulus

(G0) and loss modulus (G00) of the hydrogel were rapidly

promoted after 21 �C, indicating that the critical gelation

temperature of the F127-HA hydrogel was about 21 �C
(Fig. 3D).

As a biocompatible polymer, Pluronic F-127 is widely

used as a thermosensitive material due to its rapid thermo-

reversible sol–gel transition and the ability to deliver drugs

[30, 32]. The surfactant function of Pluronic F-127 is

beneficial to the dispersion of drugs in the hydrogels, but

Fig. 2 Characterization and uptake of primary chondrocyte derived-

exosomes. A TEM images exhibited the morphology of primary

chondrocyte derived-exosomes. B NTA detection showed the particle

size distribution of exosomes. C Western blotting evaluated the

expression of exosome surface markers, CD63, CD81, and CD9.

D Representative immunofluorescence images of Dil-labeled exo-

somes absorbed by chondrocytes
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this performance may lead to the rapid erosion in several

hours at physiological conditions, thus resulting in a rapid

degradation of hydrogels and burst release of loaded-drugs

[33, 34]. To address these limitations, HA, a natural

biopolymer existing in synovial fluid, was incorporated

into our formula. Intra-articular injection of HA, a visco-

supplementation, is considered as a cost-effective strategy

to prolong the pathological progression of OA [35, 36].

The addition of high-molecular-weight HA could help the

dense packing of Pluronic F-127 micelles at the gelation

temperature. Driving force for this phenomenon could be a

hydrophobic interaction between acetyl groups on HA and

methyl groups on Pluronic F-127. As a result, the inter-

micellar crosslinking induced by HA may heighten the

mechanical strength and retention time of the prepared

thermosensitive hydrogel [29]. The F127-HA hydrogel can

be completely degraded within 14 days (Fig. 3E). With the

degradation of hydrogel, the cargoes were released slowly.

As illustrated in Fig. 3F, the release curves indicated that

the exosomes could be released continuously from hydro-

gel for 14 days. The curves in the first day was slightly

faster, and the release rate gradually decreased in the

subsequent days. Initially, exosomes diffusion likely plays

a major role as the hydrogel has not yet been significantly

degraded. A slightly fast release of exosomes during the

initial phase may be related to absorption of the exosomes

on the surface of hydrogel by electrostatic interaction. In

the subsequent release period, the degradation of hydrogel

likely becomes the dominant factor mediated release. The

slow degradation of hydrogel enables exosomes to be

released continuously and in a controlled manner [32]. This

sustained-release strategy allows the exosomes to remain in

the damaged cartilage site durably to exert their sustained

chondroprotective effect.

3.4.4 Exo@Gel effects on chondrocytes proliferation,

migration, and matrix synthesis

As the articular cartilage repair and regeneration was

characterized by chondrocytes proliferation, migration, and

matrix synthesis, we investigated the regulation of these

processes by our exosome-loaded hydrogel. As illustrated

in Fig. 4A, whether in Exo group or Exo@Gel group, the

introduction of exosomes significantly enhanced cell pro-

liferation, compared with the Con group and Gel group

(p\ 0.05). It is worth mentioning that on the 7th day, the

proliferation rate of chondrocytes in the Exo@Gel group

was higher than that in the Exo group (p\ 0.05). Fluo-

rescence images of Calcein-AM/PI staining showed that

cells in each group were almost green-stained live cells

(Fig. 4B). The cell survival rates of chondrocytes were

about 95% after different treatments (Fig. 4C). As shown

in Fig. 4D–E, we also observed that the chondrocytes

incubated with exosome-loaded hydrogel showed enhanced

migration ability than that of Con (p\ 0.01), Gen group

(p\ 0.01), and Exo group (p\ 0.05), respectively. Thus,

we speculate that exosome-loaded hydrogel has the

potential to induce chondrocytes proliferation and migrate

to the damaged region rapidly during the repair process.

In addition to proliferation and migration, inducing

matrix synthesis is a crucial issue for the management of

OA. Chondrocytes synthesize sufficient matrix will con-

tribute to the efficient repair of articular cartilage in OA.

Herein, the results of RT-qPCR revealed that the expres-

sion of chondrogenic genes, including Runx1, Sox9,

Aggrecan, and COL2a1, were up-regulated in the exosome

treatment groups, which were significantly higher than that

of Con group and Gel Group (Fig. 4F–I). Moreover, the

expression of these cartilage markers in the Exo@Gel

group was higher than that in the Exo group (p\ 0.05).

Fig. 3 Preparation and

characterization of F127-HA

hydrogels. A The optical images

of hydrogel sol–gel transition.

B Morphology of hydrogel

observed by SEM. C The

injectable and thermosensitive

hydrogel rapidly form gel when

injected into the hot plate at 37

�C. D Storage modulus (G0) and
loss modulus (G0 0) of hydrogel
as a function of temperature.

E Degradation rate of the F127-

HA hydrogels in PBS at 37 �C.
F Release profile of exosomes

from the F127-HA hydrogels in

PBS at 37 �C
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Runx1 contributes to articular cartilage maintenance by

enhancement of cartilage matrix production and suppres-

sion of hypertrophic differentiation [37]. Sox9 is an early

chondrogenic marker, controls both chondrocytes prolif-

eration and differentiation, which can promote the syn-

thesis of collagen II and aggrecan [38, 39]. Previous

researches have demonstrated that exosome can promote

proliferation, migration, and up-regulate the expression of

cartilage-specific markers (e.g., Sox9, COL2a1, and

Aggrecan), as well as enhance the matrix production

[40–42]. Herein, our results exhibited that primary chon-

drocyte-derived exosomes notably induced chondrocytes

proliferation and migration, up-regulated the expression of

cartilage-specific genes. In addition, our results lead to an

interesting conclusion that encapsulating the exosomes into

F127-HA hydrogel to obtain a stable release rhythm can

amplify the beneficial effect of exosomes. According to the

above results, we consider that incorporating the exosomes

into the hydrogel is a better candidate to as a stimulator for

chondrocytes proliferation, migration, and matrix

synthesis.

3.4.5 Exo@Gel promotes the phenotypic transformation

of macrophages from M1 to M2 in vitro

Recently, exosomes and biomaterials have attracted con-

siderable attention for promoting tissue repair and regen-

eration owing to they directly affect the

immunomodulation of macrophages [43]. In the innate

immune response, macrophages can be divided into two

polarization states, namely classically activated M1 phe-

notype and alternatively activated M2 phenotype [44].

After tissue injury or being stimulated by LPS and inter-

feron-c, M1 macrophages secrete a large number of pro-

inflammatory cytokines, such as TNF-a, IL-1b, and IL-6,

to trigger the body’s inflammatory response and remove

dead cells. However, excessive inflammation can cause

damage and continuous consumption to normal tissues

Fig. 4 Exosomes-incorporated F127-HA hydrogels promote chon-

drocytes proliferation, migration and differentiation. A Chondrocytes

proliferation at day 1, 4 and 7. B, C Calcein AM/PI staining and

survival rates of chondrocytes at day 3. The green signal represents

live cells, whereas the red signal represents dead cells. D, E Transwell

test and quantitative analysis of cell migration. F–I RT-qPCR analysis

of chondrogenic-related genes Runx1, Sox9, Aggrecan, and COL2a1
in chondrocytes after chondrogenic induction for 14 days (*p\ 0.05,

**p\ 0.01)
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[45, 46]. In later stages of tissue repair, M2 macrophages

secreting anti-inflammatory cytokines (such as IL-10, IL-4,

and TGF-b) gradually increase, which can inhibit the

aggravated inflammation [15]. In addition, the polarization

of macrophages from the M1 to M2 phenotype has been

shown to promote effective angiogenesis and tissue repair

[47, 48].

We further investigated the regulation of macrophage

polarization by primary chondrocyte-derived exosomes

in vitro. LPS (50 ng/mL) was applied to induce RAW264.7

polarization to the M1 phenotype. Immunofluorescence

staining of CD86 (M1 macrophages marker) and CD163

(M2 macrophages marker), as well as flow cytometry were

performed to identify macrophage phenotypes, and ELISA

was used to determine the content of inflammatory

cytokines in the supernatant. Immunofluorescence images

exhibited that the proportion of CD86? M1 macrophages

was significantly up-regulated after LPS treatment. The

increase of M1 polarization cannot be inhibited by hydro-

gel alone, but it can be counteracted by introducing exo-

somes, especially incorporating the exosomes into

hydrogel (Fig. 5A, B). LPS treatment did not increase the

proportion of M2 macrophages (CD163?), but exosomes

treatment significantly induced the polarization of macro-

phage M1 to M2 (Fig. 5C, D). Especially, the Exo@Gel

group significantly inhibited the M1 polarization caused by

LPS treatment without difference with the Con group, and

induced M2 polarization with a higher efficiency than the

Exo group (p\ 0.05). Furthermore, flow cytometry was

conducted to further quantify the amount of M1/M2

polarization. As shown in Fig. 5E, the proportions of M1

macrophages were 15.3, 76.6, 74.2, 24.3, and 22.4%, and

M2 macrophages were 11.4, 9.6, 8.5, 31.9, and 36.3%, in

the Con, LPS, LPS-Gel, LPS-Exo, and LPS-Exo@Gel

groups, respectively. These results indicated that the

Exo@Gel group significantly induced the macrophage

polarization from M1 to M2 phenotype. The ELISA results

demonstrated that the contents of the pro-inflammatory

cytokines, including TNF-a, IL-1b, and IL-6, were sig-

nificantly decreased, while the anti-inflammatory cytokine

IL-10 was increased in the exosomes-treatment group,

especially in the Exo@Gel group (Fig. 5F–I). These results

indicated that primary chondrocyte-derived exosomes

promoted the phenotypic transformation of macrophages

from M1 to M2 in vitro and reduce inflammation. More-

over, the application of incorporating exosomes into

hydrogel for stable release will result in a better induction

of macrophage polarization and anti-inflammatory effects.

3.4.6 Intra-articular injection of Exo@Gel promote

cartilage repair in OA

OA is a chronic joint disease, characterized synovial

inflammation, articular cartilage degeneration, osteophyte

formation, and joint dysfunction, which is one of the main

reasons for physical disability of the elderly. In this study,

we developed an early non-surgical treatment of OA by

preparing an exosomes-encapsulated F127-HA hydrogel

for intra-articular injection. At the 12th week after injec-

tion, as displayed in Fig. 6A, the PBS group showed severe

cartilage degradation, obviously thinned articular cartilage,

increased surface fibrosis region, and abnormal distribution

of chondrocytes. Although the histological morphology of

articular cartilage in the Gel group and Exo group remained

relatively intact, the cartilage layer was thinned and the

arrangement of deep chondrocytes on the articular surface

was irregular and loose. However, the articular cartilage

was generally intact and chondrocytes were arranged reg-

ularly in the Exo@Gel group. Moreover, Safranin O-fast

green staining was carried out to observe the cartilage

matrix. Exosomes-treated groups reduced the loss of car-

tilage matrix in OA, especially the Exo@Gel group indi-

cating a sufficient and uniform matrix distribution

(Fig. 6B). The OARSI cartilage histopathology assessment

system was applied to evaluate the cartilage destruction.

Specifically, the OARSI scores in the Health, PBS, Gel,

Exo, and Exo@Gel groups were 2.8 ± 1.3, 13.8 ± 1.9,

11.6 ± 1.1, 7.8 ± 1.1, and 5.6 ± 1.5 (Fig. 6C), respec-

tively, suggesting intra-articular injection of exosomes-in-

corporated F127-HA hydrogels can significantly prevent

cartilage degeneration in OA.

To further research the expression of cartilage-related

marks, immunofluorescence staining was conducted to

analyze the content of Runx1, Sox 9, Aggrecan, and

COL2a1 in the articular cartilage at 12 weeks post-injec-

tion (Fig. 6D). By means of quantitative analysis of the

fluorescence intensity, Exo@Gel group displayed signifi-

cantly higher expression of cartilage-related marks than

those of in the PBS group, Gel group, and Exo group

(p\ 0.05, Fig. 6E–H). These findings indicated that pri-

mary chondrocyte-derived exosomes inhibit cartilage

degradation and promote matrix synthesis during OA

progression in rats, but the combination strategy of exo-

somes encapsulated in the hydrogel can better prevent

arthritic cartilage degeneration. Previous studies have

demonstrated that exosomes can prevent cartilage

destruction in OA. The main mechanisms involved may be

that exosomes increase extracellular matrix synthesis,

suppress cartilage degradation, enhance cartilage-specific

markers expression of chondrocytes, and promote directly

chondrogenesis of BMSCs [42, 49, 50]. However, the

degeneration and repair of articular cartilage in OA is a
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time-consuming long period. Direct exosomes injection

can partially affect the progression of OA, but it is difficult

to durably retain exosomes at the damaged cartilage sites to

exert their continuous chondroprotective effect. To prolong

the bioactivity and actuation duration of exosomes in the

articular cavity, the release profiles must be well

controlled. In this study, we introduced a F127-HA

hydrogel, in which exosomes could sustained release for up

to 14 days. Histological observation demonstrated that this

sustained-release strategy achieved a better result of pre-

venting cartilage destruction than direct intra-articular

injection of exosomes in OA.

Fig. 5 Exo@Gel promotes the phenotypic transformation of macro-

phages from M1 to M2. A, B Immunofluorescence of CD86 (M1

marker) and statistical results. C, D Immunofluorescence of CD86

(M1 marker) and statistical results. E Representative flow cytometry

plots show the expression of CD86?CD163- (M1) macrophages and

CD86-CD163? (M1) macrophages. F–I Evaluation of the cytokines,

TNF-a, IL-1b, IL-6, and IL-10, in supernatants by ELISA (*p\ 0.05,

**p\ 0.01, and ***p\ 0.001)
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3.4.7 Intra-articular injection of Exo@Gel increases M2

macrophage polarization with a concomitant

decrease in M1 macrophages and inflammatory

cytokines

Studies have indicated that exosomes regulate macrophage

polarization in many fields, thus, exhibiting an anti-in-

flammatory effect of immune regulation [15–20]. To study

the mechanism of exosomes-incorporated hydrogel pro-

moting articular cartilage repair, we investigated the

polarization of macrophages in synovial tissue and

cartilage, as well as the content of inflammatory cytokines

in synovial fluid.

Synovial inflammation is associated with the patho-

genesis of OA. Synovitis, which charactered by synovial

tissue hyperplasia, inflammatory infiltration, and cell

secretory dysfunction, is closely related to the polarization

of synovial macrophages [51]. As shown in Fig. 7A,

compared with the Health group, synovial hyperplasia and

inflammatory cell infiltration were significantly increased

in the PBS group. However, hydrogel, exosomes, and

exosomes-incorporated hydrogel administration can par-

tially alleviate the synovitis. Specifically, the

Fig. 6 Intra-articular injection of exosomes-incorporated F127-HA

hydrogels reduce cartilage degeneration and enhance chondrogenesis

in OA. A H&E staining of articular cartilage at 12 weeks after intra-

articular injection. B Safranin O-fast green staining of articular

cartilage at 12 weeks after intra-articular injection. C OARSI scores

were statistically analyzed in each group. D Representative double

immunofluorescence images of Runx1, Sox9, Aggrecan, and COL2a1

in cartilage at 12 weeks post-injection. E–H Quantitative analysis of

fluorescence intensity Runx1, Sox9, Aggrecan, and COL2a1 in

immunofluorescence staining (*p\ 0.05, **p\ 0.01, and

***p\ 0.001)
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Exo@Gelgroup achieved the most significant effect on

inhibiting inflammation deterioration among the OA

models (Fig. 7B). As mentioned previously, M1 macro-

phages increase the inflammatory response during OA.

Immunofluorescence images revealed that compared with

Health group, the amount of F4/80 ? CD86 positive cells

(M1 macrophages) was significantly increased, while the

proportion of F4/80 ? CD163 positive cells (M2 macro-

phages) was not noticeably different in the PBS group and

Gel group. However, the Exo@Gel group can greatly

inhibit excessive M1 macrophage infiltration, while maxi-

mizing the formation of regenerative M2 macrophages in

synovial tissue (Fig. 7C–F). In addition, in the cartilage

tissue, Exo@Gel group also showed increased polarization

of M2 macrophages, while reduced M1 macrophages

infiltration (Fig. 8A–D).

It is well known that inflammatory response plays an

important role in the pathogenesis of OA. During the

pathological process of OA, pro-inflammatory cytokines

and matrix metalloproteinases (MMP)-13 are rapidly up-

regulated, accelerating chondrocyte apoptosis and matrix

degradation. Previous studies have confirmed that exces-

sive inflammatory reaction can aggravate OA severity by

inducing cartilage degradation [52–54]. This excessive

Fig. 7 Intra-articular injection of exosomes-incorporated F127-HA

hydrogels promoted polarization of M1 to M2 macrophages in

synovial tissue. A H&E staining of synovial tissue evaluate synovial

inflammation. B Quantitative analysis of inflammatory cell infiltration

in synovial tissue. C, D Immunohistochemical staining and

quantitative analysis of F4/80 and CD86 positive cells (M1

macrophages) in synovial tissue. E, F Immunohistochemical staining

and quantitative analysis of F4/80 and CD163 positive cells (M2

macrophages) in synovial tissue (*p\ 0.05, **p\ 0.01)
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inflammation is associated with increased pro-inflamma-

tory M1 macrophages and decreased regenerative M2

macrophages in OA tissues. For example, it has been

reported that M1 macrophages in OA synovial tissue

inhibit MSCs chondrogenic differentiation by secreting IL-

6 [55]. Whereas M2 macrophages inhibit inflammation by

secreting IL-10, which supports the survival of cartilage

and improve OA symptoms [56, 57]. Therefore, we alle-

viate the inflammatory response by promoting macrophage

polarization from M1 to M2, thereby alleviating the

destruction of the cartilage matrix by excessive inflam-

mation. ELISA detection of synovial fluid showed that the

Exo@Gel group significantly decreased the levels of M1-

associated pro-inflammatory cytokines TNF-a, IL-1b, and
IL-6 (Fig. 9A–C), while increased the content of the anti-

inflammatory cytokine IL-10 (Fig. 9D), which was con-

sistent with the increased polarization of M2 macrophages

and concomitant decrease in M1 macrophages. These

findings indicated that exosomes-incorporated hydrogel

promoted the polarization of M1 to M2 macrophages in

synovial tissue and cartilage during OA progression,

decreased the pro-inflammatory cytokines and increased

the anti-inflammatory cytokines in synovial fluid, thus

preventing articular cartilage destruction in OA.

Fig. 8 Intra-articular injection

of exosomes-incorporated F127-

HA hydrogels promoted

polarization of M1 to M2

macrophages in articular

cartilage. A,
B Immunohistochemical

staining and quantitative

analysis of F4/80 and CD86

positive cells (M1

macrophages) in articular

cartilage. C,
D Immunohistochemical

staining and quantitative

analysis of F4/80 and CD163

positive cells (M2

macrophages) in articular

cartilage (*p\ 0.05,

**p\ 0.01)

Fig. 9 Detection of inflammatory cytokines in synovial fluid. A–C
The content of pro-inflammatory TNF-a, IL-1b, and IL-6 in synovial

fluid. D The content of anti-inflammatory cytokine IL-10 in synovial

fluid (*p\ 0.05, **p\ 0.01)
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In conclusion, a novel intra-articular strategy, namely,

incorporating the primary chondrocyte-derived exosomes

into thermosensitive hydrogel, was designed for the treat-

ment of OA. Sustained release of exosomes from the

hydrogel can promote chondrocytes proliferation, migra-

tion, and matrix synthesis. Significantly, intra-articular

injection of this exosomes-incorporated hydrogel provided

with efficient outcome of preventing cartilage destruction

by promoting polarization of M1 to M2 macrophages and

reducing excessive inflammation in the articular microen-

vironment, suggesting a great prospect in the treatment of

OA.
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