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ABSTRACT

Mesenchymal stem cells (MSC) are particularly effective in promoting cartilage regeneration
due to their immunomodulatory, anti-inflammatory and regenerative repair functions
of tissues and organs. Meanwhile, the intra-articular delivery and synergy with other
therapeutic drugs have been the key issues driving their further application. We report
a mussel-inspired multifunctional hydrogel system, which could achieve co-delivery and
synergism effect of MSC-derived exosomes (Exos) with icariin (ICA). The ICA and Exos
co-delivered articular cavity injection system are expected to retain in the joint cavity
and promote cartilage regeneration, due to the thermosensitive, self-healing and adhesion
properties of the mussel-inspired multifunctional hydrogel. The experimental results
proved that Exos enhanced the cellular uptake of ICA by more than 2-fold evenly, and
the synergism of Exos and ICA efficiently improve the cell proliferation and migration.
After synergic treatment, the content of matrix metalloproteinase 13 in the supernatant
and intracellular decreased by 47% and 59%, respectively. In vivo study, ICA-loaded Exos
exhibited prolonged retention behavior by multifunctional hydrogel delivery, thus displayed
anincreased cartilage protection. In the model of osteoarthritis, co-delivery hydrogel system
relieved the cartilage recession, ensuring appropriate cartilage thickness.
© 2023 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Osteoarthritis (OA) is the most common chronic disabling
disease, and its incidence is increasing rapidly. OA is a

* Corresponding authors.

comprehensive joint disease with complex pathogenesis,
including multiple structural changes, of which cartilage
degeneration is typical [1,2]. And the metabolic disorders
of chondrocytes and extracellular matrix (ECM) are the
main characteristic of the destruction of articular cartilage
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[3-5]. In the OA chondrocytes, the expression of matrix
metalloproteinases (MMP) is significantly up-regulated, which
could induce ECM degradation and chondrocyte composition
changes [6-8]. There is no distribution of blood vessels,
nerves or lymphatic vessels in cartilage tissue, hence the self-
repair ability is extremely limited. However, existing clinical
treatment strategies only relieve symptoms, but fail to target
pathogenesis and reverse cartilage damage [9,10].

Icariin (ICA) is the main biologically active pharmaceutical
ingredient of Chinese herb Epimedium [11]. Numerous
studies have demonstrated a wide range of pharmacological
effects of ICA in multiple indications, including bone
regeneration promotion [12-14], neuroprotection [15,16] and
antitumor effects [17]. Additionally, ICA could significantly
induce chondrogenic differentiation of stem cell, promote
chondrocytes proliferation and related genes expression,
reduce the expression of MMP, and enhance the secretion of
ECM, thus enhancing cartilage repair [18-20]. It’s found that
the regulation of ICA is multi-targeting through mediating of
NF-«B, Wnt/B-catenin, MAPK and other signaling pathways
[21,22]. However, the low solubility and permeability of ICA
limit its clinical application [18].

Recently, mesenchymal stem cell (MSC)-based therapy
has raised considerable concern in cartilage regeneration,
of which the trophic and immunomodulatory properties
influence the cell activity, but the severe immune rejection
makes it a huge risk [23,24]. In addition to their cell forms, the
MSC secretome can also be exploited in the form of exosomes
(Exos), and cell membrane can be directly used as drug carrier
[24]. Moreover, MSCs have been verified that their immune
modification is achieved by the Exos signaling pathway
[25]. Exos are cell-derived membrane vesicle and contain
abundant active component, providing stable mediums for
cell-cell communication [26-28]. Some studied have revealed
the chondrogenic repair and anti-inflammatory effects of
bone marrow mesenchymal stem cells (BMSCs)-derived Exos,
confirming the possibility of “cell-free” therapy strategy for
OA [29-31]. Furthermore, Exos are the primary mediators of
paracrine, which is commonly involved in cartilage repair
in MSCs with adjacent cells [32], hence, Exos are capable of
functionally transferring biological information. The potential
vehicles functions of Exos have been widely applied in
drug delivery, including proteins, RNA, small-molecular drugs
and so on. As natural delivery carriers, Exos have multiple
advantages. The membrane composition of Exos is highly
similar to cell membranes, giving them high biosafety and
the ability to overcome natural barriers [33-35]. Nevertheless,
the poor accumulation of Exos in the arthrosis lesion site
decreased the efficiency due to the rapid clearance [36-
38]. The regeneration of defective cartilage commonly goes
through a complicated and lengthy period [39], herein it is
essential to enhance the retention and sustained release of
Exos in target region [40].

Biocompatible hydrogels possess unique properties highly
similar to cartilage ECM, providing 3D microenvironments
for cell growth, differentiation and migration [29,41-43].
Hydrogels with suitable mechanical strength serve as
temporary implants, which would be eventually replaced
by new cartilage tissue [44,45]. The structural composition
and abundant properties of hydrogels were sufficiently

adjustable to fit different organizational characteristics.
Hydrogels combining with cells, growth factors and other
active molecules have shown superior potential to cope
with the challenges of cartilage defects in OA. The high
therapeutic efficiency is attributed to the protection and
retention of active ingredient by hydrogels, of which the
porous structures along with mild biodegradability further
ensure the controlled release of active ingredients [46-48].

Although some Exos-laden hydrogels have been used
in cartilage regeneration, the lack of multifunctional
modification of hydrogels and the single therapeutic effect
of Exos great limits their further application [49-51]. In our
previous study, we have designed a thermosensitive and self-
healing hydrogel [52]. Thermosensitivity enables hydrogels to
respond quickly to temperature changes, allowing gels to be
injected intra-articular in the minimally invasive manner with
rapid actions and less side effects [53,54]. Simultaneously, self-
healing ability ensures the structural integrity of gels even in
active regions of frequent movements [55]. Nevertheless, this
gel still failed to solve the problem that traditional hydrogels
have trouble sticking to wet tissue surfaces. Encouragingly, in
recent years, “mussel-inspired” materials have aroused great
interests because of their unique adhesive property, owing to
a large number of catechol groups, which can interact with a
variety of groups and form tight adhesion [56-58]. Therefore,
hydrogel containing catechol groups might execute better
wet adhesion.

Herein, in order to exert the excellent cartilage repair effect
of ICA, Exos-based delivery vehicle was designed. The stability
and cell affinity of BMSCs-Exos carrier were used to improve
the ICA uptake efficiency of target cells. At the same time,
we coordinately delivered ICA and Exos, creating synergies
of the two in cartilage repair, including the protection of
chondrocytes and the inhibition of MMP secretion. And to
further improve the retention behavior of ICA@Exos, the
thermosensitive, self-healing and adhesive hydrogel was
prepared and selected as intra-articular delivery medium. The
multifunctional hydrogel was based on chitosan (CS) skeleton,
and the temperature-sensitive system was constructed by
mixing with g-glycerophosphate disodium salt hydrate (8-
GP). Dialdehyde-functionalized polyethylene glycol (DF-PEG)
was used as dynamic crosslinkers, endowing gels with
excellent self-healing ability. In addition, the introduction of
catechol groups improved the tissue adhesion of hydrogel
system, and the non-covalent bonds between catechol groups
enhanced the self-healing ability. The completely ICA@Exo0s-
loaded hydrogel system is exhibited in Scheme 1. In general,
this system fully exploited the therapeutic advantages of
each component. Finally, the efficient cartilage protection of
ICA@Exos-loaded “mussel inspired” multifunctional gels was
verified by in vivo and in vitro experiments in detail.

2. Materials and methods
2.1. Materials
Exosome depleted Fetal Bovine Serum (FBS) was purchased

from Vivacell (Germany). Antibodies such as APC Anti-Mouse
CD45, HSP70 Antibody and MMP13 antibody were all obtained
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Scheme 1 - Schematic of ICA@Exos-loaded hydrogel system
for the cartilage repair and regeneration in OA treatment.

from Proteintech (Wuhan, China). Chlorpromazine (CPZ),
genistein (GST) and amiloride (AMI) were gained from Macklin
(Shanghai, China). Icariin and Coumarin 6 (C6) were separately
bought from Shanghai Yuanye Co., Ltd. (Shanghai, China) and
Sigma-Aldrich (USA). IL-18 was purchased from PeproTech
(USA). Chitosan was offered by Zhejiang Aoxing Biotechnology
Co., Ltd. (Taizhou, China). All chemicals were used as received
without further purification.

2.2.  Derivation and identification of BMSCs

Primary BMSCs were extracted from 3-week-old C57BL/6
mice’s femurs and tibias. BMSCs were cultured in DMEM
medium supplemented with 10% FBS at 37 °C, 5%
CO, incubator. Then P3 cells were used for phenotype
identification. Firstly, to detect cell surface marker proteins,
BMSCs were combined with polyclonal antibodies CD11b,
CD45, CD90 and CD105, analyzed by flow cytometry (FCM).
Next, for determining the osteogenic differentiation ability of
BMSCs, cells were cultured in osteogenic induction medium
for 21 d, followed by Alizarin Red staining.

2.3. Isolation and characterization of BMSCs-Exos

Exosome-free FBS was added in cell culture medium, and
when BMSCs grown to a suitable cell density, the culture
supernatant was collected. Then, Exosome Isolation Kit
(Umibio, China) was selected to isolate Exos efficiently,
of which the operation was in accordance with the
instructions. The morphologies and structures of obtained
Exos was observed under transmission electron microscopy
(TEM), while the particle size distribution was detected by
nanoparticle tracking analysis (NTA). Additionally, antibodies
against CD81 and HSP70 were utilized to identify the
expression of characteristic proteins by western blot (WB).

2.4. Drug-loaded properties of BMSCs-Exos

To prepare ICA@Exos, Freeze-Thaw Cycle Method was
selected. ICA was mixed and incubated with Exos in different

mass ratios at RT, rapidly frozen in liquid nitrogen for 90 s, and
then re-thawed at RT. This freeze-thaw cycle was repeated 3
times. At the end of the cycle, mixed solution was centrifuged
at 4 °C at 16,000 g for 20 min to separate the unloaded ICA,
obtaining ICA@Exos. After this, an appropriate amount of
ICA@Exos was mixed with methanol to destroy the Exos’
structures and release ICA, of which the concentration was
determined by high performance liquid chromatography
(HPLC). Simultaneously, the morphological structure and
particle size distribution of exosomes after drug-loaded were
further studied.

2.5.  Invitro drug release behavior of ICA@Exo0s

Here, the in vitro drug release behavior of ICA@Exos in
PBS (pH 7.4) release medium was investigated. Appropriate
amount of ICA@ Exos solution was transferred into a
dialysis bag (MWCO:3.5 KDa) and placed in PBS. The whole
apparatus was shaken at 100 rpm in a 37 °C constant
temperature shaker. The release medium was collected at
predetermined time points (0.5, 1, 1.5, 2, 4, 8, 18, 24 h) and the
supernatant was taken for ICA concentration determination
to investigate in vitro drug release behavior of ICA@BMSCs-
Exos.

2.6. Cellular uptake efficiency and endocytosis mechanism

In related cell experiments, SW1353 cells were selected
as OA cell models. SW1353 cells have been confirmed to
possess a typical chondrocyte phenotype, and have been
widely applied to the study of chondrocyte function, especially
OA researches [59,60]. SW1353 cells were cultured in a
37 °C incubator under 90% humidity without CO,. The
cellular uptake efficiency and endocytosis mechanism were
qualitatively and quantificationally evaluated by confocal
laser scanning microscope (CLSM) and FCM. Additionally,
a liposoluble fluorescence probe (C6), was used instead of
ICA to investigate the cellular uptake behavior. Experiments
were divided into two groups: free C6 group and C6@Exos
group, then each group was further separated into four
time points: 0.5, 1, 2 and 4 h. The concentration of C6
in each group was 20 ng/ml, determined by fluorescence
spectrophotometer.

Firstly, cells were seeded, then were treated with C6
separately at a preset time. After incubation and PBS washing,
cells were fixed with 4% paraformaldehyde and stained by
nuclear dye (Hoechst 33342, 10 pg/ml). The treated cells were
washed again and kept in PBS. Detected by CLSM, the images
showed the distribution of C6 in cells. Secondly, for FCM
analysis, cells were seeded. After C6 treatment, cells were
washed and digested, then resuspended in PBS for sample
loading. All the above operations should be carefully shielded
from light.

To further confirm the endocytosis mechanism of Exos,
three kinds of endocytosis inhibitors, including CPZ, GST
and AMI, were utilized to intervenes cells. Beforehand, the
cytotoxicity of each inhibitor was examined by MTT assay, to
ensure their biosafety without effect on cellular uptake. Then
SW1353 cells were cultured with different inhibitors for 1 h in
advance. Subsequently, inhibitors were replaced by C6@Exos,
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and cells were cultured for another 4 h. Cells were washed and
collected, detecting by FCM.

2.7.  Proliferation and migration effects

Interleukin-18 (IL-18) could induce the formation of OA
cell models. Therefore, in the following experiments, IL-
18 (10 ng/ml) were added into cell culture medium, to
mimic the inflammatory environment for SW1353 cells.
Firstly, cells were cultured with free ICA to estimate the
optimal proliferation promoting concentration of ICA. In
the experiments, cells were divided into blank group,
control group and experimental group with different ICA
concentration (10~8, 1077, 1076, 10~> and 10~ pM). After
incubation for 24 h, the proliferation rate of cells in each group
was detected by MTT cell proliferation kit (KeyGene, China).
Then, the appropriate ICA concentration was determined to
further investigate the promoting effects of ICA, Exos and
ICA@Exo0s on cell proliferation.

Moreover, for migration evaluation, cells were seeded on
6-well plates, and a scratch was made by 200 pl pipette tips.
Subsequently, mediums containing ICA, Exos and ICA@Exos,
respectively, were then added to the scratched wells. At 0, 6, 12
and 24 h, the cell migration was photographed and the images
were analyzed by Image J.

2.8. Inhibition of MMP13 secretion

To evaluate the MMP13 expression level, cells were
cultured with ICA, Exos and ICA@Exos separately, under
the inflammatory condition caused by IL-18. After incubation
for 24 h, cell supernatants and intracellular proteins were
collected. MMP13 in the supernatants was measured
quantitatively by ELISA Kit (MultiSciences, China) according to
the manufacturer’s instructions. While, intracellular MMP13
was tested semiquantitative through WB.

2.9.  Synthesis and verification of CAT-C and DF-PEG

To synthesize catechol-modified chitosan (CAT-C), the
chemical reactions are supplied in Fig. S1. 0.5 g CS was
fully dissolved in 50 ml HAc solution (0.1 M), stirring and
dropping 1 M NaOH solution, to form a “cloudy” turbidity.
Then 0.59 g hydrocaffeate (HCA) was added. 1.224 g EDC
was weighed and completely dissolved in 46 ml 50% ethanol
solution, then continuously adding to the above CS solution.
In the adding process, pH of the system was maintained
at ~4.6. After 90 min of stirring reaction, the system was
transferred into a dialysis bag (MWCO:14 KDa), dialyzing
in 100 mM NacCl solution (pH 3.3) for 2 d. Lastly, deionized
water (pH 5.0) was replaced as dialysis medium for 4 h.
The final product was obtained by lyophilization. As for the
preparation of DF-PEG, the method referred to our previous
study [52], of which the chemical reactions are supplied in Fig.
S2. In the process of product identification, fourier transform
infrared spectroscopy (FTIR), ultraviolet spectroscopy (UV)
and nuclear magnetic resonance (NMR) were utilized.
Supplementarily, for NMR analysis, CAT-C and DF-PEG were
respectively dissolved in deuterated water and deuterated
chloroform.

2.10. Preparation and morphology analysis of hydrogel

Concisely, 2.5% CS solution (dissolved in 0.1 M HAc), 2.5% CAT-
C solution (dissolved in 0.1 M HAc), 60% B-GP solution and 15%
DF-PEG solution were prepared separately. Under continuous
ice bath stirring, 8-GP aqueous solution was dropped into the
uniform mixture of CS and CAT-C. Lastly, DF-PEG aqueous
solution was added, and the obtained hydrogel precursor
solution was stored at 4 °C. In this hydrogel system, the final
concentrations of each component were as follows: 1.30% CS,
0.43% CAT-C, 18.13% B-GP and 0.106% DF-PEG.

The morphologies of hydrogels were observed by a
scanning electron microscope (SEM). The precursor gel
solutions were incubated at 37 °C for 1 h, then the obtained
gels were lyophilized. The lyophilizate was cut in a suitable
manner and coated by ion sputter gold. The morphologies
were observed and the pictures were taken.

2.11. Multifunctional characterizations of hydrogel

To verify the thermos-sensitivity of gels, gel precursor
solutions were added into a penicillin bottle, followed with
heating at 37 °C. The state changes before and after heating
were investigated by macroscopic observation. Additionally,
the gelation transition temperature (Ts.ge1) Was further
evaluated by rheological measurement. The phase lag (§) was
taken to determine the Ty ge at which elastic modulus (G)
and viscous modulus (G’) were equivalent in value (§ = 45°).
Similarly, the self-healing property was also estimated from
macroscopic and rheological perspectives. The red stained
gels were placed close to the blank gels, to investigate if
the two would spontaneously cross-link. Subsequently, the
changes of gel modulus were evaluated through repeated
dynamic strain step tests (strain is switched from 0.05% to 50%
to 0.05%, for two cycles). Furthermore, the mussel-inspired
adhesion of gels on glass surfaces was also measured. Two
slides were glued together with gels, to test the ability to
support a certain weight.

2.12. In vitro degradation and in vivo gelation
investigation of hydrogel

The in vitro degradation behavior of blank gels was determined
by simulating the liquid environment of joint cavity with
lysozyme solution. The research objects included CCGD gels
(referred to blank gels) and CCG gels (referred to gels without
DF-PEG). 1 ml sample gels were prepared, fully gelled in a
pre-weighed centrifuge tube (Mype), then weighed (Mg). The
two experimental groups were divided into 8 time point, and
each time point was set with 3 parallel controls. The lysozyme
solution (0.2 mg/ml in pH 7.4 PBS) was added to each tube and
shaken at 100 £ 5 rpm at 37 °C. At scheduled time, tubes were
taken out and the supernatant were removed. The remaining
gels and tubed were weighed (M;). The residual degradation
rat of gels was calculated by the following formula:

Residual degradation (%) = (M; — Miype)/ (Mo — Myype) x 100%

Additionally, in vivo gelation investigation was carried out
in CCGD gels, CCG gels and CGD gels (refereed to gels without
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CAT-C). Experiments were performed by subcutaneous
administration into the back of a Sprague-Dawley rat. 300 pl
CCGD (red stained), CCG (blue stained), CGD (yellow stained)
gel precursor solutions were subcutaneously injected,
respectively. 5 min later, the rats were sacrificed, and the
injection site was cut. The gels state was then observed,
both wrapped in and peeled from the skin. Meanwhile, the
adhesion of peeled hydrogel was further tested.

2.13. In vitro safety evaluation of hydrogel

The cytotoxicity and hemolysis of hydrogel extractive
solutions were evaluated, firstly. SW1353 cells was used as
research objects, and Leibovitz’s L-15 medium was selected to
prepare extractive solutions. Different volumes of gels were
immersed for 48 h, then the immersed medium was filtered
to obtain hydrogel extractive solutions with concentrations
of 0.05, 0.1, 0.15, 0.20, 0.25 and 0.30 g/ml. Briefly, SW1353 cells
were seeded into 96-well plates and incubated for 24 h. Then
medium was substituted by hydrogel extractive solutions,
and cultured for another 24 h. According to the instructions of
MTT kit, the cell viability was measured. For hemolysis assay,
2% blood cell suspension was pre-prepared by centrifuging
and washing fresh rat whole blood. 0.1, 0.2 and 0.4 mg/ml
hydrogel extractive solutions were separately mixed with the
same volume of blood cell suspension, and incubated at 37
°C for 4 h. Subsequently, the supernatant was detected by UV
at 540 nm, while deionized water and 0.9% saline were set as
control.

Furthermore, the cell growth condition, when 3D cultured
inside hydrogels, was observed. Hydrogel precursor solutions
was added into 24-well plates, heating at 37 °C until
complete gelated, and then were exposed to ultraviolet for
sterilization. 500 pl medium was added to each well for
hydrogel infiltration. After 1 h, blank medium was replaced
by SW1353 cell suspension, and cultured within the schedule
time. After a gentle wash, 250 pl Calcein AM staining solution
were evenly tiled on hydrogels, and incubated at 37 °C for
45 min. Afterwards, hydrogels were incubated again with pre-
heated medium for another 30 min, to ensure that Calcein AM
could be fully hydrolyzed to form green fluorescent Calcein for
living cell staining. The cellular distribution inside hydrogels
was observed by cell imaging system.

2.14. Drug-loaded properties of hydrogel

The ICA@Exos-loaded hydrogel was prepared by referring to
the above method, and the final concentration of ICA was
30 pg/ml. In order to exhibit the distribution of ICA@Exos
inside hydrogels, Exos was fluorescently labeled with Dio
in advance. In brief, Exos solution was mixed with Dio
solution, of which the concentration was 5 pM. Incubating for
20 min, the unbound dye was removed through membrane
filtration. Subsequently, the 3D distribution of ICA@Exos
inside hydrogels was investigated by CLSM.

Additionally, the drug release behavior was also evaluated,
and ICA@Exos-loaded hydrogels and ICA-loaded hydrogels
were prepared. 1 ml hydrogel precursor solutions were added
respectively and heated until completely gelled. PBS (pH 7.4)
solutions were added as release medium, and continuously

oscillated at 100 rpm and 37 °C. At specific time points (0.17,
1,2,3,4,6,9, 13,17, 21 and 28 d), 0.5 ml release medium were
sampling analyzed and replaced with 0.5 ml fresh medium.
The drug release amount of each point was measuref by HPLC,
and cumulative release behavior was finally obtained.

2.15. In vivo safety assessment

Briefly, the in vivo safety of ICA@Exos-loaded hydrogels was
verified by routine blood test and Hematoxylin-Eosin (H&E)
staining of skin tissue. Herein, experiment objects were
divided into three groups: saline group, blank hydrogels group
and ICA@Exos-loaded hydrogels group. First, 100 pl of the
above solutions were injected subcutaneously into the armpit
of ICR mice, respectively. The body weight of mice in three
groups was monitored within 7 d consecutivly, and blood
samples were collected on Day 7 for routine blood test.

Next, each group was further divided into three time
points on Day 1, 3 and 7. The above preparations were
injected subcutaneously into the back of SD rats. The rats
were sacrificed at the set time, and the dorsal skin at the
injection site was taken for H&E staining. The inflammatory
effect of the hydrogels was observed by section to evaluate
the biological safety in vivo.

2.16. Animal models construction

To construct OA rat models, the SD rats were first anesthetized
and then depilated at the knee joint. After disinfection, the
keen was bent to expose joint plane, and the white lateral
patellar tendon was selected as puncture point. A 1-ml syringe
was slowly inserted vertically into the intercondylar fossa.
When insertion resistance increased significantly, needle was
slightly retreated, and 100 ul of 4% papain solution was
injected into the knee joint cavity. The same procedures were
performed on Day 4 and 7. During the modeling, 200 pl
gentamicin solution (5x10% units/ml) was injected into the leg
muscle on Day 1, 2 3, respectively.

2.17. In vivo retention of Exos by hydrogel

In order to investigate the effect of the hydrogels on the in
vivo retention behavior of ICA@Exos, Exos was fluorescently
labeled with DiR beforehand. The DiR concentration was 1 1M,
and the labeling method was the same as above. Subsequently,
100 pl DiR-labeled ICA@Exos and ICA@Exos-loaded hydrogel
were separately injected into the knee joint of rats in different
groups. On Day 1, 4 and 7, the retention behavior of Exos in the
knee joint with or without hydrogels were observed by small
animal in vivo imaging systems.

2.18. In vivo pharmacodynamics

The experiment was divided into saline group, ICA@Exos
group, ICA-loaded hydrogel group and ICA@Exos-loaded
hydrogel group, to investigate the pharmacodynamic effect of
each preparation in the treatment of OA. Twenty OA model
rats were randomly divided into four groups. 150 pl of the
above four preparations were injected in situ into the knee
joint cavity, respectively, and then the rats were fed normally
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for 5 weeks. Eventually, the rats were sacrificed and the intact
knee tissues were removed and sequentially immersed in
formalin solution for 48 h and EDTA-decalcification solution
until complete decalcification. The tissue samples were
analyzed by H&E, Safranin O-Fast Green (SO-FG), Tuloidine
Blue (TB) and MMP13 immumohistochemical (IHC) staining.

2.19. Statistical analysis

All results were presented as mean =+ SD statistical analysis
from at least three independent experiments. A two-tailed t-
test was performed, and ***P < 0.001, **P < 0.01 and *P < 0.05
were considered statistically significant.

3. Results and discussion
3.1. Preparation and characterization of ICA@Exos

First, the phenotype of extracted BMSCs was identified
by FCM. The surface markers of BMSCs are non-specific,
expressing multiple surface marker proteins, such as
adhesion molecules CD44, cytokine receptors IL-1R and
integrin protein CD29. Additionally, BMSCs do not express
the surface markers associated with hematopoietic cells
and leukocytes. The positive expression rates of CD90
and CD105 were 94.87% and 90.14%, respectively, while
the negative expression rates of CD1lb and CD45 were
3.65% and 1.02%, respectively. The FCM results are shown
in Fig. 1A, indicating that the cell phenotype was correct
and not significantly interfered by parenchymal -cells.
Furthermore, after osteogenic- induce, alizarin red staining
results (Fig. 1B) revealed the excellent mineralization capacity
of BMSCs. As ECM secretion and mineral salts deposition
increased, prominent calcified nodules were formed and
stained red. Two identification experiments proved that
BMSCs successfully extracted possessed good purity and
multidirectional differentiation ability.

After isolation from cell culture supernatant, BMSC-Exos
were characterized in terms of morphology, size and marker
protein expression. TEM observation exhibited that Exos
owned obvious spherical morphology with a significant lipid
bilayer structure (Fig. 1C). WB analysis revealed that Exos
were positive for expressing exonal marker proteins, including
HSP70 and CD81 (Fig. 1D). NTA results showed that the particle
size distribution of EXO was normally, ranging from 30 to
150 nm, with an average particle size of about 127.4 nm
(Fig. 1E). All these results indicated the collected Exos had
typical morphological and molecular features.

Next, ICA@Exos were prepared by freeze-thaw cycle
method, and the maximum drug loading rate was 24.08%
+ 3.02% detected by HPLC. Moreover, ICA@Exos were
characterized by TEM (Fig. 1F) and NTA (Fig. 1G). TEM
observation showed that ICA@Exos remained spherical
and still had a typical lipid bilayer structure, indicating
that drug encapsulation would not destroy the structural
specificity and integrity of Exos. And the approximate particle
size of ICA@Exos was further verified, with an average value
of about 130.0 nm. The NTA results again confirmed that
drug encapsulation had little effect on the structure of Exos,
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Fig. 1 - The identification of BMSCs, characterization of
BMSC-Exos, and the verification and drug release kinetics
of ICA@Exo0s. (A) The FCM results for BMSCs identification.
(B) Alizarin red staining micrographs for verifying the
osteogenic differentiation ability of BMSCs. (C) TEM images
of BMSC-Exos. (D) Characteristic proteins analysis of
BMSC-Exos by WB. (E) NTA results of BMSC-Exos. (F-H) TEM
images, NTA results and the drug release behavior of
ICA@Exo0s.

thus the continuity of structure ensured the reliability of its
activity. In addition, the drug release curve was shown in
Fig. 1H. ICA@Exos had a quick release rate in the first 8 h, with
a total release quantity of nearly 55%. The release behavior of
ICA@Exos demonstrated that ICA@Exos is basically stable, but
the fast drug release rate limited the retention in knee joint.
Therefore, it is indispensable to further construct long-acting
carriers and protective barriers for ICA@Exos, forming an
effective drug reservoir for OA treatment.

3.2 Cellular uptake efficiency and endocytosis mechanism

To illustrate the intracellular uptake efficiency of Exos,
qualitative analysis using CLSM was performed, and the
images were displayed in Fig. 2A. There were significant
differences in uptake efficiency between free C6 and C6@Exos
groups, that Exos as delivery vectors remarkably improved
intracellular uptake of C6. To find out, FCM was used to
further quantitatively investigated C6@Exos cellular uptake.
The results of FCM are shown in Fig. 2B, and the statistical
results of mean fluorescence intensity (MFI) are shown in
Fig. 2C. At 0.5, 1, 2 and 4 h, the fluorescence intensity of C6
in the two groups was compared and analyzed. Consistent
with the CLSM images, the intracellular uptake efficiency of
C6@Exos was significantly higher than that of free C6 group,
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Fig. 2 - Cellular uptake efficiency and endocytosis mechanism of ICA@Exos. (A) CLSM images of SW1353 cells after
respectively incubation with free C6 and C6@Exos for 0.5, 1, 2 and 4 h (green refers to C6, and blue refers to nucleus). (B-C)
FCM results and statistical graphs of cellular uptake investigation of free C6 and C6@Exos (a, b, ¢ and d refer to 0.5, 1, 2 and
4 h). (D-E) FCM results and statistical graphs of endocytosis mechanism study. Statistical significance: **P < 0.01.

which was increased by 2.51, 2.63, 2.24 and 1.89 times at entry. Then, by analyzing the cellular uptake efficiency at
each time points, respectively. The high uptake efficiency different time points within the same group, it was found
was attributed to the efficient cellular delivery effects of that drugs were gradually accumulated in cells at a decreasing
Exos. The lipid bilayer membrane makes Exos possess higher uptake rate. Hypothetically, the entry of Exos into cells
affinities with cells, thereby facilitating hypotonic drugs is an active transport process, requiring the participation
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of multiple channel proteins on the cell membrane. As
cellular uptake continues, the channel proteins became
saturated, so that the uptake rate decreased with the time of
uptake.

Herein, to understand the internalization mechanism,
we added different endocytosis inhibitors, including CPZ
(clathrin-mediated endocytosis-inhibiting), GST (caveolin-
mediated endocytosis-inhibiting) and AMI (macropinocytosis-
mediated endocytosis-inhibiting), then further measured the
relative uptake efficiency of Exos. Firstly, the cytotoxicity of
each inhibitor was evaluated in order to avoid its possible
toxicity that could interfere with cellular uptake. As shown in
Fig. S3, the MTT results exhibited that three inhibitors were
biosafe and non-cytotoxic against SW1353 cells, precluding
their interference with cellular uptake capacity. Subsequently,
the ability of cellular C6@Exos uptake after inhibitors
intervention was determined by FCM, and the results are
shown in Fig. 2D. The presence of GST resulted in a decreased
cellular uptake of C6@Exos, compared with the control, CPZ
and AMI group. In the statistical MFI plot (Fig. 2E), intuitively,
SW1353 cells intervened with GST represented a significant
decrease in fluorescence intensity, while that of AMI and
CPZ groups were not obviously down. These results suggest
that the GST-inhibited endocytic pathway is the main way
Exos were uptake by SW1353, that is the caveolin-mediated
endocytosis pathway.

3.3. Cytoprotective effects of ICA@Exos

In the OA, cell proliferation and migration abilities are
decreased, accompanied by an increase in MMP13 secretion,
but these changes aggravate cartilage damage. Effective
cytoprotection and reduction of associated secretion
are the core goals of OA therapy. Therefore, we first
investigated the proliferation-promoting effects of the
relevant agents. According to the MTT results (Fig. 3A),
different concentrations of ICA showed different effects
on cell proliferation. After IL-18 treatment, the growth
state of inflammatory cells was significantly reduced.
However, the apoptosis of SW1353 cells was inhibited, once
intervened with low concentration of ICA. With the
increase of ICA concentration in a certain range, the
cell proliferation rate gradually improved, verifying that
appropriate concentration of ICA can accelerate cell
proliferation. When the concentration reached 10~* M, the cell
growth was reversed, so 10~> M was selected as the optimal
concentration of ICA. Subsequently, the proliferative effects
of ICA, BMSC-Exos and ICA@Exos were further investigated at
fixed ICA concentrations, and the results are shown in Fig. 3B.
SW1353 cells proliferated significantly after ICA and BMSC-
Exos intervention alone, clarifying that both of them possess
the ability to promote cell proliferation. In addition, ICA@Exos
group represented a higher cell proliferation rate compared to
the single effect, which was attributed to the cellular delivery
capacity of Exos, allowing more efficient cellular uptake and
thus a better proliferative effect, and also attributed to the
synergistic effect of both within target cells.

The migration ability of SW1353 in response to different
agents was further evaluated, and the results were shown in
Fig. 3C. As hypothesized, IL-18, as an inducer of osteoarticular
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Fig. 3 - Cytoprotective effects of ICA@Exos for cartilage
repair. (A) The proliferation promoting effects of ICA with
different concentrations. (B) The proliferation promoting
effects of ICA, BMSC-Exos and ICA@Exos. (C) The migration
promoting effects of ICA, BMSC-Exos and ICA@Exos. (D) The
detection of MMP13 content in the inflammation-induced
SW1353 cell supernatant treated with ICA, BMSC-Exos and
ICA@Exos by ELISA Kkits. (E) The detection of MMP13 content
in the inflammation-induced SW1353 cells treated with
ICA, BMSC-Exos and ICA@Exos by WB. (F) The statistical
graphs of WB results by Image J. Statistical significance: *P
< 0.05, ** P < 0.01, *** P < 0.001 and # P < 0.05.

inflammation, significantly reduced the cell migration, with a
rate of only 50% at 24 h. And the cell migration rate increased
after ICA, BMSC-Exos and ICA@Exos intervention, respectively.
At 12 h, the migration rates of ICA and BMSC-EOXs groups
were 1.27 and 1.20 times that of IL-18 group, which confirmed
that ICA and BMSC-Exos separately played a promoting role
in the migration of SW1353 cells. Additionally, the migration
effect of ICA@Exos was more significant, with rate reaching
54%. Thanks to the promoting effect of ICA and BMSC-EOXs
on the cell migration and the delivery effect BMSC-EOXs on
ICA, ICA@Exos further played the cooperating effect of ICA and
BMSC-EOXs.
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Furthermore, the MMP13 secretion inhibition ability of
each agent was investigated by ELISA and WB. In the detection
of cell supernatant by ELISA kit, the MMP13 content of each
group was determined, and the results are shown in Fig. 3D.
Induction of SW1353 cells with IL-18 significantly increased
the secretion of MMP13, which is a prominent feature of
OA cells. After ICA and BMSC-Exos were intervened alone,
the content of MMP13 in cell supernatants was obviously
decreased, indicating that both of the agents play a positive
role in inhibiting MMP13 secretion. Moreover, the excellent
inhibitory effect of ICA highlights its important significance
in the field of cartilage repair. While compared with ICA
and BMSC-Exos alone, ICA@Exos further reduce the secretion
of MMP13, which was only 53% of that induced by IL-18.
Comprehensively, ICA@Exos represented superior potential
in inhibiting MMP13 secretion due to synergistic effect.
The experimental results of WB are consistent with the
above conclusion (Fig. 3E), and the gray level was further
measure by Image ] software by calculating the gray ratio
with corresponding internal reference protein GAPDH to
obtain the bar statistical (Fig. 3F). In the three agent groups,
the intercellular MMP13 content was all decreased, and
especially the expression of MMP13 in ICA@Exos group was
only 41% of that IL-18 group, which was close to the blank
group. Obviously, ICA@Exos down-regulated the expression of
MMP13 and alleviated its secretion, mitigating the occurrence
of inflammation.

In summary, ICA and BMSC-Exos exhibited excellent effect
of facilitating cartilage repair and regeneration, respectively,
and BMSC-Exos, as superior drug delivery carriers with high
stability and cell affinity, further improved cellular uptake
behavior of ICA. Thus, ICA@Exos could efficiently enter cells
and play synergism between the two, showing an integrative
effect of promoting cell proliferation and migration and
inhibiting MMP13 secretion.

3.4.  Preparations and characterization of multifunctional
hydrogel

The synthesized CAT-C and DF-PEG were validated by FTIR
(Fig. S4), UV (Fig. S5) and H-NMR (Fig. S6). In the infrared
spectra of CAT-C, a new absorption peak of benzene ring
skeleton appeared at 1550 cm~?!, and absorption peak
attributed to =CH appeared at 2980 cm~!. As for infrared
spectra of DF-PEG, the peaks at 1550, 1697 and 1720 cm™!
corresponded to benzene ring, -CHO and -COO-. The UV
spectrum showed that the characteristic absorption peak of
benzene ring appeared in the range of 200-300 cm ! for both
CAT-C and DF-PEG. Additionally, the HNMR results for CAT-C
confirmed the apparent presence of three catechol protons
clearly in the 6.62-6.75 ppm range, and the HNMR results
for DF-PEG were consistent with our previously published
studies. All the above results proved that target groups were
successfully grafted onto the polymer chains.

The morphologies of obtained hydrogel were observed by
SEM, where the reticular lamellar structure could be clearly
seen, verifying its internal structural characteristics (Fig. 4A).
Therefore, a schematic diagram of the hydrogel structure
was drawn accordingly, as shown in Fig. 4B. The hydrogel
framework mainly relies on the interweaving of CS chains and
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Fig. 4 - Morphology and structural scheme and
multi-properties characterization of “mussel-inspired”
multifunctional hydrogel system. (A) The SEM images of
internal structure of hydrogels. (B) The structural schematic
diagram of hydrogels. (C-D) The macroscopical evaluation
and rheological investigation of temperature sensitivity.
(E-F) The macroscopical evaluation and rheological
investigation of self-healing property. (G) The adhesive
property of hydrogels between two layers of slides. (H) The
adhesive property of hydrogels between glass and skin
tissue.

the spontaneous formation of various type of bonds, such as
imine bonds, n-7 stacking and hydrogen bonds.

To test the thermosensitivity of hydrogels macroscopically,
we first investigated the gelation behavior by inversion
method (Fig. 4C). The precursor solution was gelatinized in
about 2 min at 37 °C, demonstrating its admirable gelatinizing
property. Once the preset temperature is reached, the gelation
transformation will occur rapid, and meet the requirements
of intra-articular drug delivery. Moreover, the changes of G/
and G’ during the gelation transition were further measured,
and the Ty g1 Was determined by the intersection of two
curves. As shown in Fig. 4D, where both G’ and G” increased
as temperature rise, with a significant greater rate of G’ than
G”’.In the initial stage, the system displayed low elasticity and
low viscosity of the solution, where G’ < G”. Later, G = G,
and sample was gelated with great elasticity, corresponding
to a temperature of 34.7 °C for Tg,|.ge1. During the gelation,
the interaction between CS and g-GP play the dominant role.
At low temperatures, electrostatic interactions between the
positively charged ammonium groups of CS (-NH3*) and the
phosphate moieties of 8-GP (-PO4~) reduce the electrostatic
repulsion and stabilize the solution system. After heating, the
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amount of electrostatic charge in CS chains decreases and the
hydrophobic interaction is enhanced, which eventually leads
to the sol-gel transition [52,61].

For macroscopic self-healing test, two pieces of hydrogels
with different colors were placed in contact. After 5 min,
the boundary between gels was obviously blurred, with
colors fusing, and two gels were rejoined into one whole,
which could be lifted by a tweezer. As shown in Fig. 4E,
this phenomenon revealed that the hydrogels were able to
crosslink spontaneously and maintain the structural integrity
with good mechanical property. Subsequently, the rheological
data again verified the self-healing property, and the results
are shown in Fig. 4F In dynamic strain step test, the modulus
values of hydrogel changed regularly. At low strain, G’ > G,
and samples kept a stable gel state, while at high strain, G’
< G, indicating the structural damage and morphological
changes of hydrogels. The strain mutation caused a mutation
in the modulus, but this process didn'’t affect the performance
of hydrogel, that is, hydrogels could quickly recover to the
its original state after removal of high strain. As shown in
Fig. S7, the excellent self-healing property is attributed to: (1)
dynamic imine bonds formed between -NH, and -CHO groups,
(2) =-n stacking and hydrogen bonding between catechol
groups. The multiple dynamic bonds permit the excellent self-
healing property, so that the destroyed hydrogels can rapidly
crosslink. Additionally, these interactions further enhance
the crosslinking degree of hydrogel network and improve
the mechanical strength of CS gels. Self-healing property
efficiently addresses the challenge of structural damage
caused by external forces, extending the duration of hydrogels
and making them suitable for administration in the articular
cavity.

Furthermore, the adhesiveness of hydrogel was verified. As
shown in Fig. 4G, hydrogel produced a strong adhesion force
between the two slides to resist a certain weight, without
destroying its morphology. Meanwhile, hydrogels isolated
from in vivo also exhibited excellent adhesion, which could
form an adhesive interaction between the skin and the slide
(Fig. 4H). This phenomenon proved that the gel injected
into the body retained the ideal adhesion after separation
from the moist body fluid environment. Even though the
adhesive mechanism has not been fully understood, it is
certain that the strong wet adhesion depends on both the
covalent and non-covalent interactions between catechol
groups and various groups on material surfaces. During joint
inflammation, synovial fluid increases, making it difficult
for the conventional hydrogels to form tight adhesion with
tissues under wet conditions. Therefore, adhesive hydrogels
address this problem and enhance effective adhesion and
retention at the joint cavity. The strong tissue adhesion
avoids hydrogels detachment from the surrounding cartilage
tissue after implantation, thereby promoting the integration
of hydrogels with the defective cartilage tissue and the
formation of new tissue.

3.5.  Invitro degradation and in vivo gelation behavior of
hydrogel, and in vitro safety evaluation of hydrogel

In the complicated inflammatory environment, various
enzymes and factors will accelerate the erosion of hydrogel

structure, leading to the rapid release of the contents in
the hydrogels. Hence, it is indispensable to endow hydrogel
with the capability of resistance to erosion and protection of
structural integrity. As shown in Fig. 5A, the residual amount
of CCGD hydrogels still maintained at about 63% on Day 21,
with a significant lower degradation rate than CCG hydrogels.
Additionally, the in vivo degradation behavior was studied in
Fig. S8. After 7 d of subcutaneous injection on the back of rats,
CCGD and CGD gels remained in good gel states, but there was
some shrinkage in volume, which was due to the gel water
loss and degradation caused by internal metabolism and fluid
reequilibration. In contrast, the degradation of CCG gels was
significant, of which the low crosslinking degree leads to
the poor mechanical strength and rapid degradation rate.
There are complex chemical and physical crosslinks in CCGD
hydrogels, including imine bonds, = -7 stacking and hydrogen
bonds, which could effectively promote the hydrogel systems
to resist degradation and remain stable in target site for along
time.

In addition, the in vivo gelation process of hydrogels
was further observed by subcutaneous injection. During
the injection, the CCGD hydrogel precursor solution could
enter the subcutaneous tissue smoothly without obvious
resistance, and quickly form spherical protrusions, proving its
excellent injectability and fluidity. After 5 min, the formation
of hydrogel clumps could be seen in the isolated skin, as
shown in Fig. 5B. Subsequently, the three hydrogels were
stripped. Compared with CCG hydrogels, CCGD and CGD
hydrogels were tighter with clearer boundaries, and the
hydrogel masses had higher mechanical strength (Fig. 5C).
Moreover, CCGD hydrogels also exhibited superior adhesion
properties. All these results suggested that CCGD hydrogel
systems rapidly gelate once injected into the articular
cavity, facilitating the formation of a suitable in suit drug
reservoir.

Next, the cytotoxicity of the serial blank hydrogel
extractive solutions were measured by MTT assay, and
the results of cell viability were displayed in Fig. S5D. The
cell survival rate of each concentration group was more
than 90%, indicating the admirable biocompatibility and
non-cytotoxicity of the hydrogel. The hemolytic activity
of blank hydrogels was then tested, and the results of the
three different concentrations extractive solutions was
shown in Fig. 5E and 5F. The hemolysis rate of each group
was lower than 5%, and almost no hemolysis phenomenon
was observed, which again proved the superior biological
safety of hydrogels. Summarily, the hydrogel system is
an ideal carrier material that is mild to the defective
cartilage tissue and produce none additional inflammatory
responses.

Subsequently, the hydrogels were subjected to 3D culture
of SW1353 cells for 12 h, 24 h and 72 h, and the cell
distribution inside hydrogels was shown in Fig. 5G. Live
cells were stained with Calcein dye, and labeled to give
them a green color. At 12 h, cells were successfully
transferred from the liquid culture medium to the surface
layer of hydrogels, thus obvious fluorescence distribution was
observed on the hydrogel surfaces. The above phenomena
are attributed to the abundance of catechol groups, which
endows hydrogels with excellent cell affinity and the ability
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Fig. 5 - The degradation and gelation behavior investigation of hydrogels, in vitro safety and cell culture evaluation of
hydrogels. (A) The in vitro degradation curve of hydrogels. (B-C) The in vivo gelation results of hydrogels. (D) The cytotoxicity
of blank hydrogel extractive solutions with different concentrations. (E-F) The hemolytic test results of hydrogels. (G) The 3D
cell culture results and cell distribution within hydrogels observed by staining with Calcein dye (green refers to live cells).

to recruit cells from surrounding environment. When the
incubation time was extended to 24 h, the fluorescence
density on the surface layer of hydrogels significantly
increased, indicating that the cells maintained a good growth
and proliferation state in the hydrogels. After 72 h of culture,
the green fluorescence was further dense and deeper into the
hydrogels, showing a higher cell density and an increased
cell growth depth inside hydrogels. Therefore, combining with
superior biocompatibility and adhesion, hydrogels provide an
admirable environment for cells, and can even serve as a
cellular matrix [56,62]. The proper adhesion allows hydrogels
to effectively attract and host the surrounding cells, while
the appropriate pore size guarantees the cell migration inside
the hydrogels. The high protein affinity of catechol group
resulted in more efficient and stable immobilization of the
signal proteins to establish a positive feedback loop on the
signaling cascade, promoting the growth of new cartilage
tissue. Additionally, the tight binding between hydrogels
and tissues further facilitates the migration of cells to the
tissue defects, and promotes the regeneration of the target
tissue.

3.6.  Invitro encapsulation and release, and in vivo safety
assessment of ICA@Exos-loaded hydrogel

The encapsulation capacity and release behavior of
ICA@Exos-loaded hydrogels were evaluated. The 3D
distribution of Dio-labeled ICA@Exos within the hydrogels
was observed by CLSM, and the results are shown in Fig. 6A.
ICA@Exos were uniformly distributed within the hydrogels
without agglomeration, and almost no sedimentation was
seen during the observation period, indicating that an evenly
distributed ICA@Exos-loaded hydrogel was successfully
prepared.

In addition, the release kinetics of ICA-loaded and
ICA@Exos-loaded hydrogels were measured respectively, and
the results are shown in Fig. 6B. In the release curve of
ICA-loaded hydrogels, ICA release reached saturation on Day
4, and the cumulative release was less than 50%. Due to
the low water solubility, ICA will aggregate in the aqueous
environment inside hydrogels, and cannot be completely
released, with a large proportion of ICA still retaining in
the hydrogels. Therefore, for the delivery of insoluble drugs,
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Fig. 6 - The encapsulation capacity and release behavior
evaluation, and in vivo biosafety assessment of
ICA@Exos-loaded hydrogels. (A) The images of ICA@Exo0s
distribution within hydrogels by CLSM (green refers to
ICA@Exos). (B) The release kinetics of ICA-loaded and
ICA@Exos-loaded hydrogels. (C) The plot of weight changes
in ICR mice treated with saline, blank gels and Exos-gels.
(D) The results of blood routine test of ICR mice treated with
saline, blank gels and Exos-gels. (E) The histological H&E
staining images of the subcutaneous tissue surrounding
the hydrogels at different time points treated with saline,
blank gels and Exos-gels.

simple hydrogel encapsulation fails to achieve the purpose
of sustained release of drugs and hinders the efficacy of
drugs. As for the ICA@Exos-loaded hydrogels, the drug release
rate was stable, and the cumulative release reached 82%
with 28 d of continuous release behavior. This phenomenon
demonstrates that ICA was stably encapsulated in Exos and
released sustainedly, rather than leaking and aggregating in
the gel matrix. In addition, the drug release was dominated
by diffusion, and the reticular structure of hydrogel closely
affected the release rate of Exos. The release behavior lasted
for 4 weeks, indicating that the mesh size of the gel is favorable
for the effective retention and excellent release of ICA@Exos
inside the gel. Hence, ICA@Exos-loaded hydrogels is able to
form a potential drug reservoir at joint cavity for sustained
release, so as to play a long-term effect on OA treatment.

The in vivo biological safety was further assessed by
different models and experiments. Taking ICA mice as
subjects, the changes in body weight after subcutaneous
injection were monitored, and the results are shown in Fig. 6C.
There was no significant difference in the data among the
saline group, blank hydrogel group and ICA@Exos-loaded
hydrogel group, and the body weight of mice in all the three
groups increased steadily. Additionally, the number of white
blood cell (WBC), lymphocyte (LYM) and neutrophil (NEUT)
were selected as the judgment indicators of inflammation in
mice detected by blood routine, and the results are shown
in Fig. 6D. In each group, the counts of the three types of
inflammation-related cells were within the normal range, and
the differences were not statistically significant, indicating
that no inflammatory response occurred. The biosafety of the
ICA@Exos-loaded hydrogel was preliminarily verified by in vivo
evaluation in mice.

Furthermore, the in vivo safety of blank hydrogel and
ICA@Exos-loaded hydrogel in SD rats was observed by H&E
staining. The skin tissue at the injection site was studied
histologically after 1, 4 and 7 d, and the results are shown in
Fig. 6E. There was no obvious inflammatory cell infiltration
in the skin sections obtained at different time points in the
three groups, confirming the high biocompatibility and low
cytotoxicity of this system. All the in vivo safety studies proved
that ICA@Exos-loaded hydrogels is a potential and safe drug
delivery carrier.

3.7.  Invivo retention and OA improvement ability by
ICA@Exos-loaded hydrogel

The retention behavior of Exos without scaffold and Exos
embedded into hydrogels was separately evaluated, and the
Exos were tracked by DiR fluorescence signal. As the results
shown in Fig. 7A, it was obvious that the fluorescence
attenuation rate of the hydrogel delivery group was relatively
slower, and the statistical plot of fluorescence intensity was
presented in Fig. S9. In the ICA@Exos direct administration
group, the fluorescence intensity decreased significantly on
Day 4 and was extremely low on Day 7. By comparing
the fluorescence intensity changes of the two groups,
it could be intuitively found that the Exos incorporated
into hydrogels avoided rapid clearance, and the hydrogels,
serving as an admirable scaffold, are able to significantly
prolong the retention and enhance the stability of Exos in
vivo, thus exerting the long-term effects of ICA@Exos. As
reported in literature, the rapid clearance and low stability
of Exos limit their further utilization, but hydrogels present
a potential carrier to enhance Exos retention. In particular,
multi-functional hydrogels better match the physiological
properties of the target tissue, and successfully maintain their
long-term stability in the inflamed joint environment.

After the OA rat models were successfully constructed,
the interventions were administrated in the four groups,
respectively. Five weeks later, all the SD rats were sacrificed,
and the joint samples were collected for SO-FG, TB and
H&E staining, and the representative images of each group
were displayed in Fig. 7B. The samples in saline group
exhibited obvious signs of cartilage degeneration, which was
the typical and clear manifestation of OA, including matrix
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degradation and abrasion. In contrast, the thickness and
density of the cartilage matrix in ICA@Exos group and ICA-
gel group increased, confirming that both of them could
effectively slow down the degenerative process of cartilage.
Moreover, the cartilage repair effects of ICA-gel were more
significant, which was related to the shorter retention time
of Exos and the long-term storage effect of hydrogels at the
target site. Similarly, after ICA@Exos-gel treatment, cartilage
tissue staining was more pronounced, and obvious cartilage
regeneration and surface smooth could be observed clearly.
The pharmacodynamic study in vivo verified the excellent
chondroprotective effect of ICA@Exos-loaded hydrogel, that
the ICA and Exos could exert a synergistic effect on the
cartilage repair, while the hydrogel could ensure the stable
existence of the system and sustained drugrelease in the joint
cavity. Furthermore, the downregulation degree of MMP13
was evaluated by IHC as shown in Fig. 7C. The expression of
MMP13 in each group could be clearly observed in the cartilage
region of each section. The rate of MMP13-positive cells in
the saline group was the highest, approaching 50%, while
the ICA@Exos-gel group had the lowest MMP13 expression.

Likewise, the MMP13 contents of cartilage region in ICA@Exos
and ICA-gel groups were between the middle value, consistent
with the previous experimental results. Taken together, all
these results revealed the positive effects of ICA@Exos-loaded
hydrogels on cartilage protection in vivo, alleviating the
cartilage degeneration and accelerating the cartilage repair.

4, Conclusion

Persistent articular cartilage damage is the hallmark of
OA, and promoting cartilage regeneration is one of the
key links to solve OA. As a component of traditional
Chinese medicine (TCM), ICA has multi-target and multi-
channel pharmacological effects on cartilage repair with few
adverse reactions. However, similar to most TCM components,
their low bioavailability limits their efficacy. BMSC-Exos are
rich in active ingredients and possess a high potential as
cell-free factors for OA treatment. Likewise, Exos act as
mediums of cell communication, which are able to achieve
drug delivery into cells. Herein, BMSC-Exos were used as
cellular delivery carrier of ICA to improve the cellular
uptake efficiency of ICA and further play synergistic effect
on cartilage repair, including promoting cell proliferation
and migration and inhibiting MMP13 secretion. The major
challenge of this primary system is to achieve long-term
retention in the joint cavity, especially in the inflammatory
environment. As an important intra-articular drug delivery
system, hydrogels can be used for long-term analgesia
and anti-inflammation. On the basis of syringeability, the
hydrogels are further endowed with self-healing and adhesion
properties. In the highly active joint regions, the ability
to rapidly and spontaneously cross-link allows hydrogels
to maintain structural stability and integrity. The “mussel-
inspired” adhesiveness makes hydrogels adhere better to
the wet cartilage surface and facilitates the cell attachment
and migration, thus promoting the cartilage regeneration.
The resulting ICA@Exos-loaded hydrogel system efficiently
combines the three parts, eliminates the shortcomings of a
single part, and enables each part to act synergistically to play
a significant role in cartilage repair.
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