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The increasing incidence of osteoarthritis (OA) seriously affects life quality, posing a huge socioeconomic
burden. Tissue engineering technology has become a hot topic in articular cartilage repair as one of the
key treatment methods to alleviate OA. Hydrogel, one of the most commonly used scaffold materials, can
provide a good extracellular matrix microenvironment for seed cells such as bone marrow mesenchymal
stem cells (BMSCs), which can promote cartilage regeneration. However, the low homing rate of stem
cells severely limits their role in promoting articular cartilage regeneration. Stromal cell-derived factor-

Keywords: 1a (SDF-1a) plays a crucial role in the activation, mobilization, homing, and migration of MSCs. Herein, a
SDF-1a .. . . g :

Injectable hydrogel novel injectable chemotaxis hydrogel, composed of chitosan-based injectable hydrogel and embedding
Ultrasound SDF-1a-loaded nanodroplets (PFP@NDs-PEG-SDF-1a) was designed and fabricated. The ultrasound was

then used to augment the injectable chemotaxis hydrogel and promote the homing migration of BMSCs
for OA cartilage repair. The effect of ultrasound augmenting injectable PFP@NDs-PEG-SDF-1a/hydrogel
on the migration of BMSCs was verified in vitro and in vivo, which remarkably promotes stem cell homing
and the repair of cartilage in the OA model. Therefore, the treatment strategy of ultrasound augmenting
injectable chemotaxis hydrogel has a bright potential for OA articular cartilage repair.
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Osteoarthritis (OA) is becoming more common and is one of the
most common joint diseases, usually leading to progressive joint
injury and irreversible joint degeneration. However, the inherent
ability to repair adult cartilage after an injury is limited [1].
Traditional physiotherapy, drug therapy, and surgery can only
provide relief of symptoms. Cell therapy [2,3] being used in cartilage
repair continues to face prohibitive limitations because of their high
costs and issues associated with cell treatment, time, and regulation
related to patient safety [4]. Currently, there is no gold standard for
cartilage repair [5]. Tissue engineering technology promotes the
homing and differentiation of endogenous stem/progenitor cells [6],
and combined with scaffold materials is a promising avenue for
articular cartilage repair [7]. Tissue engineering includes three main
elements, seed cells, scaffolds, and cytokines [8]. Stem cell therapy is
becoming a potential strategy for tissue repair and regeneration in
many medical fields [9]. Because of their self-renewal ability and
multi-directional differentiation potential, MSCs can also enhance
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the host cartilage healing process through paracrine signaling
[10,11]. Thus, MSCs therapy shows promising potential [12] to treat
cartilage defects in patients with OA[13,14]. Among them, BMSCs are
a better choice with high potential for seed cells.

Hydrogels have a variety of biological activities [15,16], such as
improving the encapsulation and loading of drugs [17] and the
unique potential in combination with nanoparticles [18]. In-
jectable thermosensitive hydrogel scaffolds have attracted consid-
erable attention in heart, cartilage [19], bone, nerve tissue [20], and
soft tissue regeneration [21]. They can be formed in situ and easily
located to difficult-to-reach regions of the damaged cartilage, with
less invasiveness [22]. Chitosan is the main compound of the
extracellular matrix and as a cell scaffold can promote cartilage
regeneration [23]. The stromal cell-derived factor 1 (SDF-1)/C-X-C
chemokine receptor type 4 (CXCR4) signal axis plays an
indispensable role in stem cell mobilization, migration, and
homing [24]. Nevertheless, Stromal cell-derived factor 1a (SDF-
1a) is easily degraded when injected locally, making it problematic
to control the dose and time of SDF-1« secretion. To improve the
half-life of SDF-1« and its availability at the injection site, vectors
[25-27] can be used for controlled and continuous release [28].
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Nanocarriers have been widely used in many fields [29-32]. Drug-
loaded ultrasound contrast agent systems (URDDS) have become a
hotspot of cartilage tissue engineering research [33]. Due to
their small particle size, unique phase transition ability, good
biocompatibility, and excellent tissue penetration, nanodroplets
are commonly used carriers for the targeted delivery of drugs and
genes and have been successfully applied to tissue engineering and
the delivery of active cellular substances.

Herein, we design and fabricate a novel injectable chemotaxis
hydrogel, composed of chitosan-based injectable hydrogel and
embedding SDF-1a-loaded nanodroplets (PFP@NDs-PEG-SDF-1a).
Ultrasounds were used to augment the injectable chemotaxis
hydrogel and promote the homing migration of BMSCs for OA
cartilage repair. The properties and structure of SDF-1a-loaded
nanodroplets were systematically studied in vitro, and the various
physical and chemical properties of the hydrogels were analyzed.
Besides, the cytotoxicity of injectable chemotaxis hydrogel was also
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evaluated. The effect of ultrasound augmenting injectable chemo-
taxis hydrogel on the migration of bone marrow mesenchymal stem
cells (BMSCs)was verified by in vitro experiments. Finally, the ability
of ultrasound augmenting injectable chemotaxis hydrogel to
promote stem cell homing and cartilage repair was evaluated in
vivo using an OA rat model. Based on histological and immunohis-
tochemical analyses, ultrasound augmenting injectable chemotaxis
hydrogel could be used to repair damaged cartilage tissue in the OA
rat model. Our results suggest that the treatment strategy of
ultrasound augmenting injectable chemotaxis hydrogel has abright

prospect when it is applied in OA articular cartilage repair.
Firstly, the SDF-1a-loaded nanodroplets (PFP@-NDs-PEG-SDF-

1a) and the injectable chitosan hydrogel were prepared. Blank

nanodroplets PFP@NDs-PEG were prepared by thin-film hydration

and sonication as previously described [34]. The preparation and
characterization of nanodroplets can be found in Supporting

information. The schematic is shown in Figs. 1A and B. The average
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Fig. 1. Schematic of (A) the synthesis of PFP@NDs-PEG-SDF-1« and (B) the process of in vivo treatment with ultrasound. (C) The average size and zeta potential of the
nanodroplets. Size distribution and TEM images of (D) blank PFP@NDs-PEG, (E) PFP@NDs-PEG-SDF-1a. Scale bars: 50 nm. (F) SDF-1a release curves for PFP@NDs-PEG-SDF-1a
with or without the US in PBS (pH 7.4) at 37 °C (n =3). (G) The swelling curve of each hydrogel within 24 h, SEM images of CH:BGP02:SHC0075:UP group chitosan hydrogels at
50x. (H) Strain-stress curves obtained by unconfined compressive mechanical tests.
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sizes of PFP@NDs-PEG and PFP@NDs-PEG-SDF-1a nanodroplets
were 172.33+8.08 and 290.00 +1.91 nm, respectively (Fig. 1C).
The results demonstrated that the coupling of SDF-1« affected the
size distribution of hydrated particles. Besides, the average zeta
potentials of blank PFP@NDs-PEG and PFP@NDs-PEG-SDF-1a
nanodroplets were negative charges of —4.28 +0.33mV and
—4.89+0.20mV, respectively. The negatively charged surfaces
made the nanodroplets more stable. The zeta potential and particle
size of the nanodroplets made it easy to produce the enhanced
permeability and retention (EPR) effect, which indicates they can
effectively penetrate tissue. TEM images (Figs. 1D and E) showed
the nanoparticles were monodispersed and spherical. The EE of
SDF-1« in the PFP@NDs-PEG-SDF-1a nanodroplets was 95.62% +
0.02% and the DL was 2.049 pg/mg. The hemolysis rates were 1.50%
+ 0.14% for PFP@NDs-PEG and 1.43% + 0.06% for PFP@NDs-PEG-
SDF-1a. The results showed that intravenous injection of
PFP@NDs-PEG-SDF-1« is very safe. The nanodroplets exhibited
good stability at low temperatures, indicating that the lipid shell
provided a good protective effect and suggested great potential for
nanodroplets to be used as carriers in vivo. There was a significant
difference in the cumulative release rate between groups with and
without ultrasound treatment (Fig. 1F). During the first 48 h, there
was a significant difference in the cumulative release rate between
groups with and without ultrasound treatment. The release curve
of SDF-1a in vitro showed that ultrasound could promote and
accelerate the release of chemokines from nanodroplets.

The preparation and characterization methods of hydrogels can
be found in the supplementary material. p-Glycerophosphate
pentahydrate (BGP) and sodium hydrogen carbonate (SHC) was
dissolved in ultrapure (UP) water or PBS (pH 7.4). BGP:SHC:PBS and
BGP:SHC:UP solutions were prepared at different ratios of SHC and
BGP and were used as the gel solutions. Then the chitosan (CH)
solution was combined with the gel solution, the final CH
concentration of all hydrogels was 2% (w/v) (Table S1 in Supporting
information). Simply, the injectable chitosan thermosensitive
hydrogel is referred to as hydrogel in the subsequent sections of
this work. The pH of all hydrogel samples was between 6.9 and 7.3,
and gel time was 1 min for all hydrogels except CH:BGP01:SHCO005:
PBS, which had a gel time of 3min (Table S2 in Supporting
information). Thus, all hydrogels could gel in a relatively short
amount of time.

SEM images of the freeze-dried hydrogel samples reveal
homogeneous pores with interconnected pores. All freeze-dried
hydrogel samples show irregular porous morphology (Fig. S1A in
Supporting information). The use of additional NaHCO3; may be
more conducive to cell growth as a rough bottom [35] usually
enhances the initial attachment of cells [36]. The hydrogel swelling
characteristics were shown in Fig. 1G [37]. The Swelling Rate (SR)
values of each hydrogel are measured that all the hydrogels exhibit
slightly higher SR values (Fig. S1B in Supporting information).
Lower concentrations of BGP result in higher swelling ability.
Swelling characteristics and structural stability are two important
parameters that should be considered to apply hydrogels and
scaffolds in tissue engineering. The Young’'s modulus (Fig. 1H)
increased with deformation reflects the typical nonlinear behavior
of hydrogels. All hydrogels show slightly higher Young’s modulus
because of sodium bicarbonate. The Young’s modulus for the PBS
groups of hydrogels is higher relative to that of the pure water
group. The infrared spectrum (Fig. S1C in Supporting information)
shows the characteristic absorption bands of these polymers. The
results can be found in Supporting information.

The procedure and some of the results of the in vitro experiment
can be found in the supplementary material. The identification of
BMSCs is confirmed by flow cytometry and osteogenic and
lipogenic induction (Fig. S2 in Supporting information). Based
on comprehensive analyses, CH:BGP02:SHC0075:UP hydrogels are
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selected for in vitro and in vivo experiments as they have a suitable
elastic modulus. The nanodroplets and hydrogels exhibit no
obvious cytotoxicity (Fig. S3 in Supporting information). Transwell
migration assays are used to assess the ability of SDF-1« to induce
BMSCs migration. The migration efficiency of BMSCs increases
with PFP@NDs-PEG-SDF-1a concentrations from O to 200 ng/mL
(Figs. S4A and S4C in Supporting information), which may be
related to cell migration caused by the SDF-1-CXCR4 axis. There is
no significant difference in the migration efficiency of BMSCs at
200ng/mL and 400ng/mL PFP@NDs-PEG-SDF-1a (P> 0.05).
Therefore, the PFP@NDs-PEG-SDF-1a group at a 200ng/mL
concentration is selected for follow-up experiments. Using the
same methodology, different experimental conditions for the
lower chamber are applied according to the different groups.
Specifically, there were seven groups in the current study,
including (a) the control group, (b) the SDF-1a group, (c) the
SDF-1a group + AMD3100 group, (d) the PFP@NDs-PEG-SDF-1a
group, (e) the PFP@NDs-PEG-SDF-1« + ultrasound (ultrasound, US)
group, (f) the PFP@NDs-PEG-SDF-1a/hydrogel group, and (g) the
PFP@NDs-PEG-SDF-1a/hydrogel + US group. The number (Fig. S4B
and S4D in Supporting information) of BMSCs migrations for the
control group, AMD3100 group, and hydrogel group is lower than
the other groups. However, the number of BMSCs migrations is
significantly increased in the SDF-1a group, PFP@NDs-PEG-SDF-1«a
group, PFP@NDs-PEG-SDF-1a + US group, PFP@NDs-PEG-SDF-1a/
hydrogel group, and PFP@NDs-PEG-SDF-1a/hydrogel + US group
compared to the control group. In vitro cell migration assays reveal
that SDF-1a has an obvious migration effect on BMSCs. At the same
SDF-1a concentrations, migration is significantly enhanced with
SDF-1a compared to that of the control group, which indicates that
the biological activity of SDF-1« is not affected by the nanodroplets
or ultrasound irradiation and still has chemotactic effects on
stem cells.

In vivo experiments include ultrasound combined with
PFP@NDs-PEG-SDF-1a/hydrogel induced homing of stem cells
and ultrasonic combined with PFP@NDs-PEG-SDF-1a/hydrogel for
articular cartilage regeneration. The procedure and some of the
results of the in vivo experiment can be found in the supplemen-
tary material. The bilateral knee OA model was established using
the modified Hulth model previously described [38]. Six weeks
after the operation, the rats were then randomly divided into seven
experimental groups (n=6), including (a) the control group, (b) the
PFP@NDs-PEG-SDF-1a/hydrogel group, (c) the PFP@NDs-PEG-SDF-
la/hydrogel + US group, (d) the PFP@NDs-PEG-SDF-1« intravenous
(intravenous, i.v.) group, (e) the PFP@NDs-PEG-SDF-1« (i.v.) + US
group, (f) the PFP@NDs-PEG-SDF-1a« (i.v.) + PFP@NDs-PEG-SDF-1q/
hydrogel group, and (g) the PFP@NDs-PEG-SDF-1a (iv.) +
PFP@NDs-PEG-SDF-1a/hydrogel + US group. In vivo homing of
stem cells (Fig. 2), we found that the number of cells expressing
CD44 and CD29 in the PFP@NDs-PEG-SDF-1« (i.v.) + PFP@NDs-
PEG-SDF-1a/hydrogel +US group is higher than that in other
groups, and these cells did not express CD45. Furthermore,
PFP@NDs-PEG-SDF-1a can enhance cell membrane permeability
under ultrasonic irradiation and enhance cell uptake through
cavitation when exposed to ultrasound. Similarly, ultrasound
increased passive targeting through the EPR effect and released
more chemokines by disrupting the nanodroplets. Ultrasound
increases exosmosis and the internalization of carriers and
chemokines and increases chemokine diffusion in tissues, thereby
improving stem cell homing efficiency [39]. Blood vessels in a
lesion area are more prone to leakage, resulting in a larger window
between endothelial cells and damaged lymphoid reflux, leading
to enhanced extravasation and retention of nanoscale ultrasound
contrast agents [40,41]. The EPR effect plays a key role in the
passive targeting of nanodroplets. Inflammatory capillary leakage
brings nanocarriers into the inflamed joint [42].
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PFP@NDs-PEG-  PFP@NDs-PEG-
SDF-1a (iv.) +PFP@ SDF-1a(iv.) +PFP@
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SDF-1a/Hydrogel ~ +US

Fig. 2. Immunostaining for surface antigens CD44 and CD29 was used to identify
stem cells in each group’s hydrogels. Scale bar: 50 wm.

Pathological examinations were performed 6 and 12 weeks
after OA treatment. The joint tissues were stained with H&E, SO/
FG, and Masson’s trichrome staining (Fig. 3). Immunohistochemi-
cal examination of type I and type II collagen were also performed

Chinese Chemical Letters 32 (2021) 1759-1764

in each group after treatment at the same time (Fig. 4). Results of
H&E, SO/FG, Masson'’s trichrome staining, expression level of type
I collagen and type II collagen, intergroup comparisons can be
found in the supplementary material. H&E staining indicates that
the cartilage surfaces of the control group and PFP@NDs-PEG-
SDF-1a (i.v.) group are poorly repaired, which is especially true for
the cartilage surface of the PFP@NDs-PEG-SDF-1a (iv.) +
PFP@NDs-PEG-SDF-1a/Hydrogel + US group that is the smoothest
among all the groups. The Osteoarthritis Research Society
International (OARSI) scores [43] (Fig. S5A in Supporting
information) of the control group and PFP@NDs-PEG-SDF-1a (i.
v.) group are higher than those of the other groups, while the
OARSI score in the PFP@NDs-PEG-SDF-1a (iv) + PFP@NDs-PEG-
SDF-1a/hydrogel + US group is the lowest, indicating the best
cartilage repair effect. Proteoglycan is an extracellular matrix
component necessary for cartilage repair and is vital for normal
cartilage regeneration [44,45]. SO/FG showed proteoglycan
deficiency in the control group. The contents of other histone
polysaccharides are all increased to different degrees, especially in
the PFP@NDs-PEG-SDF-1a (i.v.) + PFP@NDs-PEG-SDF-1a/hydro-
gel +US group, which has better cartilage matrix tissue and higher
content of proteoglycan. Masson’s trichrome staining shows that
the control group and PFP@NDs-PEG-SDF-1a (i.v.) group have
superficial and intermediate cartilage neoplasia with a muscle
fiber formation matrix. In contrast, the other groups have only a
small amount of muscle fiber matrix formed in the deep cartilage
layer. Based on immunohistochemical detection of type I and type
Il collagen expression (Figs. S5B and S5C in Supporting
information), the collagen content in the PFP@NDs-PEG-SDF-1«

PFP@NDs-
PFP@NDs- PEG-SDF-1a (iv.)
PFP@MNDs- PFP@NDs- PFP@MNDs- PFP@MNDs- PEG-SDF-1a (iv)  + PFP@NDs-PEG-
PEG-SDF-1a PEG-SDF-1a PEG-SDF- PEG-SDF- + PFP@NDs-PEG-  SDF-1a/Hydrogel
{Hydrogel

1aiv.) +US

SDF-1aMHydrogel +US

fHydrogel + US

s

1a (iv)
6w '

H&E

Safranin O %=

Fig. 3. Microscopy images of knee joints, histopathology tissues were stained with H&E, SO/FG, and Masson’s trichrome 6 and 12 weeks after OA treatment.
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Fig. 4. Inmunohistochemical detection of type I and type II collagen expression 6 and 12 weeks after OA treatment.

(i.v.) + PFP@NDs-PEG-SDF-1a/hydrogel +US group is increased
most significantly that the type II collagen content is higher than
that in any of the other groups. And type I collagen level in this
group is less than that in the other groups. However, more type I
collagen and less type Il collagen are produced in the control group
and the PFP@NDs-PEG-SDF-1« (i.v.) group. Hyaline cartilage
contains a large amount of type II collagen, therefore, the increase
of type II collagen content is conducive to effective cartilage defect
repair.

These results may be related to BMSCs affecting local endogenous
progenitor cells through paracrine signaling, thereby initiating
regeneration and repair [46], since BMSCs secrete multiple bioactive
molecules, including cytokines, growth factors, and chemokines. The
secretion of these agents by BMSCs is considered one of the most
biologically significant functions of these cells under injury
conditions [47], which can inhibit the local immune system via
TNF-a and IL-1p, and stimulate mitosis and differentiation of
inherent tissue repair cells or stem cells. BMSCs can also improve
cartilage thickness and subchondral bone structure, which is
consistent with the literature [48]. As previously reported, it is
believed that SDF-1a not only enhances the migration of endoge-
nous BMSCs [49], but also changes the characteristics of BMSCs,
which can be beneficial for the repair of bone and cartilage [44] and
can downregulate the expression of pro-inflammatory cyclooxy-
genase-2, pro-inflammatory interleukin, and collagenase in
TNFa-induced OA chondrocytes. The anti-inflammatory effect of
bone marrow mesenchymal stem cell-derived extracellular
vesicles (BMMSC-EVs) is related to the inhibition of NF-«B signal
transduction with NF-«B activation being pivotal to OA pathology.
OA chondrocytes treated with BMMSC-EVs are able to induce
proteoglycan and type Il collagen production, promote proliferation
of these cells, and further promote cartilage repair. A number of
studies have shown that promoting endogenous BMSCs homing in
OA joints is beneficial to articular cartilage repair.

In summary, we successfully prepared PFP@NDs-PEG-SDF-1«
nanodroplets, injectable thermosensitive chitosan hydrogels, and
injectable chemotaxis hydrogel with good stability. The diameter
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of the nanodroplets was approximately 300 nm. The injectable
thermosensitive chitosan hydrogel had a rapid gelation time and
good elastic modulus, which could be used as a scaffold for homing
stem cell attachment, providing a good extracellular microenvi-
ronment to cells. Combined with ultrasound, the injectable
chemotaxis hydrogel allowed SDF-1« to enter cells or interstitial
space through the cavitation effect and promoted additional stem
cell homing. Ultrasound augmenting injectable chemotaxis
hydrogel had a positive effect on the repair of OA articular
cartilage. Overall, our results suggest that the treatment strategy of
ultrasound augmenting injectable chemotaxis hydrogel has a
bright prospect when it is applied in OA articular cartilage repair,
etc. biomedical field.
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