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Spatiotemporal regulation of endogenous MSCs
using a functional injectable hydrogel system for
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Abstract

Hydrogels have been extensively favored as drug and cell carriers for the repair of knee cartilage defects. Recruiting
mesenchymal stem cells (MSCs) in situ to the defect region could reduce the risk of contamination during cell delivery,
which is a highly promising strategy to enhance cartilage repair. Here, a cell-free cartilage tissue engineering (TE)
system was developed by applying an injectable chitosan/silk fibroin hydrogel. The hydrogel system could release first
stromal cell-derived factor-1 (SDF-1) and then kartogenin (KGN) in a unique sequential drug release mode, which
could spatiotemporally promote the recruitment and chondrogenic differentiation of MSCs. This system showed good
performance when formulated with SDF-1 (200 ng/mL) and PLGA microspheres loaded with KGN (10 uM). The results
showed that the hydrogel had good injectability and a reticular porous structure. The microspheres were distributed
uniformly in the hydrogel and permitted the sequential release of SDF-1 and KGN. The results of in vitro experiments
showed that the hydrogel system had good cytocompatibility and promoted the migration and differentiation of
MSCs into chondrocytes. In vivo experiments on articular cartilage defects in rabbits showed that the cell-free hydrogel
system was beneficial for cartilage regeneration. Therefore, the composite hydrogel system shows potential for
application in cell-free cartilage TE.

Introduction microfracture, autogenous chondrocyte transplanta-

Articular cartilage (AC) plays important roles in load
bearing, mechanical stress resistance and shock
absorption?, Once cartilage has been damaged, self-
healing is difficult due to a lack of vascular tissue for
adequate nutritional supply>*. Trauma, disease, and
cartilage degeneration often lead to cartilage defects®. If
cartilage defects are not treated adequately, the joints
will show irreversible deterioration, even leading to
disability. Current treatment methods, such as
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tion, and allogeneic osteochondral transplantation, can
reduce pain and improve joint function®®. However,
they lack stable integration with adjacent host tissues
and result in fibrocartilage formation, adversely affect-
ing the quality and function of regenerated cartilage,
thereby leading to further complications’. Tissue
engineering (TE) is an up-and-coming strategy to
achieve effective cartilage regeneration.

A significant target of TE is the construction of bio-
mimetic extracellular matrix (ECM) biomaterials, which
can provide mechanical support and a suitable micro-
environment for cell survival. Hydrogels are very good
ECM biomimetic materials with three-dimensional
crosslinked structures and high water contents'’. In par-
ticular, injectable hydrogels used as drug carriers can be
easily adapted to defects of any size or shape and allow the
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even distribution of drugs''~'®. Natural materials and
synthetic materials have unique advantages in the pre-
paration of hydrogels'*. Chitosan (CS), a carbohydrate
biopolymer, has an inherent linear structure, good bio-
compatibility, and good biodegradability, and it allows
easy chemical modification'>'®. It has a structure similar
to that of glycosaminoglycans (GAGs, a component of
ECM), which is conducive to cell adhesion'’. However,
CS has poor mechanical properties that cannot meet the
needs of clinical application, so it is necessary to combine
CS with other materials to compensate for its short-
comings'®, Silk fibroin (SF), a natural material with good
mechanical properties'’, and chitosan are expected to
form biomaterials with good mechanical properties.

In addition to biomaterials, bioactive molecules are
important factors in TE and have unique advantages in
promoting the chondrogenic differentiation of bone
marrow mesenchymal stem cells (BMSCs) and enhancing
cartilage regeneration®”*', The combination of multiple
drugs for sequential release represents a novel strategy for
cartilage TE****. Stromal cell-derived factor-1 (SDF-1)
can be recognized by the CXCR4 receptor to promote the
migration of CXCR4-positive progenitors and stem cells
to injury sites”***, Kartogenin (KGN) is a small-molecule
compound first discovered by Johnson et al. in 2012%%%
that can induce mesenchymal stem cells (MSCs) to differ-
entiate into cartilage and protect cartilage by regulating the
CBE-B/Runx1 signaling pathway®®*’. Therefore, it has
obvious advantages in cartilage TE. However, the lymphatic
system rapidly clears KGN injected via the articular cavity.
In addition, intra-articular injection of KGN can lead to
organ damage due to leakage into the circulatory sys-
tem®>*!, Therefore, a delivery system for the controlled
release of KGN is urgently required. Microspheres have
been widely used in cartilage TE for drug delivery®”. Sun
et al. prepared collagen scaffolds loaded with KGN micro-
spheres, which can release KGN in a controlled manner to
promote cartilage regeneration®.

Chondrocytes, the most common cell source for trans-
plantation, could lead to immune rejection and dediffer-
entiation®*, MSCs are under consideration as another cell
source for tissue regeneration®. In particular, endogenous
MSCs have attracted much attention in cartilage repair*®. In
addition, bone marrow has been proven to be a potential
MSC source reservoir that contributes to the regenerative
capacity of other tissues®”**, However, endogenous MSCs
could bring about a poor repair effect because of their poor
directed migration® and the failure of chondrogenic dif-
ferentiation®”. Therefore, it is worth targeting bone-marrow-
derived MSCs to effectively home to the site of injury and
enhance their chondrogenic effect.

In this study, we developed a p-hydroxybenzene pro-
panoic acid (PA)-modified chitosan (PC)/SF hydrogel
containing SDF-1 and microspheres loaded with KGN.
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The hydrogel facilitated sequential drug release. SDF-1
was initially released from the hydrogel to facilitate the
recruitment of rBMSCs in vivo. Subsequently, KGN was
released slowly from microspheres in the hydrogel and
promoted the chondrogenesis of MSCs. The injectable
hydrogel was suitable for irregular or deep cartilage
defects and was closer to the edge of the defect. With the
combination of physically mixed SDF-1 and microspheres
encapsulated with KGN in the hydrogel, we expected
enhanced synergistic effects for cartilage regeneration, in
which the rapid initial release of SDF-1 facilitates the
recruitment of MSCs, and the controlled release of KGN
subsequently reduces side effects and induces the chon-
drogenic differentiation of MSCs. The effects of the
sequential release of SDF-1 and KGN on the migratory
and chondrogenic capacity of MSCs and cartilage regen-
eration were assessed. The research strategy is shown in
Fig. 1. We plan to establish a cell-free TE hydrogel to
achieve the sequential release of multiple drugs to
enhance cartilage regeneration, which could provide a
new strategy for articular cartilage regeneration.

Experimental section
The extraction of SF solution

SF solution was extracted as previously described®. In
brief, SF fiber was obtained from Bombyx mori silkworm
silk by removing sericin with sodium carbonate, and then
SF solution was obtained by dissolving SF fiber with
lithium bromide, subjected to dialysis with distilled water
and concentrated with polyethylene glycol.

Synthesis of p-hydroxybenzene propanoic acid-modified
chitosan

PC was synthesized by adding 0.5 g of CS and 0.205 g of
PA to a 100 mL beaker. Then, 50 mL of distilled water and
0.25 mL of acetic acid were added to the beaker and stirred
for 6h at room temperature. Subsequently, 0.173g of
N-hydroxy succinimide (NHS) and 0.363 mg of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)
were added to the reaction solution, and 48 h was allowed to
complete the reaction. The product was obtained by lyo-
philization procedures after dialysis for 3 days.

Characterization of p-hydroxybenzene propanoic acid-
modified chitosan

"H-NMR spectra of the samples dissolved in deuterium
oxide were collected by a Bruker AV400 NMR spectro-
meter using PA as a standard. FTIR spectra were obtained
from 4000 to 400 cm ™' on a Bio—Rad FTS6000 Fourier
transform spectrometer.

Preparation of KGN-loaded microspheres
One milliliter of PLGA solution (0.2 g/mL in dichlor-
omethane, lactide:glycolide=50:50, M,, =20kDa) and
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Fig. 1 Sequential delivery of SDF-1/KGN from injectable PC/SF composite hydrogel for the enhancement of cartilage regeneration.
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0.1 mL of KGN solution (50 mg/mL in dimethyl sulfoxide)
were mixed to obtain the oil phase. After full dissolution,
the oil phase was dropped into 30 mL of polyvinyl alcohol
solution (PVA, 0.02 g/mL), and the mixture was emulsi-
fied at 15,000 rpm for 3 min. After solvent evaporation for
6 h, the pellets were washed three times, and KGN-loaded
PLGA microspheres were obtained after freeze-drying.

Characters of KGN-loaded PLGA microspheres
Microsphere morphology

A scanning electron microscope (SEM, QUANTA 200)
obtained from Thermo Fisher Scientific in USA was used
to observe the microstructure of the microspheres. Image]J
software was used to calculate the average value of
microspheres (n = 30) as their mean particle size.

Loading and encapsulation rates of microspheres

The content of KGN (M1) in PLGA microspheres (MO)
was determined by high-performance liquid chromato-
graphy (HPLC, Agilent 1260 LC, n = 3) after the micro-
spheres were destroyed by sodium hydroxide solution.
The loading rate (LR, %) was calculated according to the
equation “M1/MO x 100%”, and the encapsulation rate
(ER, %) of KGN was obtained following the equation “LR/
theoretical loading efficiency x 100%”.

KGN release behavior of microspheres

The release characteristics of PLGA microspheres (per
unit volume of microsphere solution containing 1, 10, and
100 uM KGN, #n=3) were obtained by measuring the
KGN content in the release medium (1.1 mL) at specific
times by HPLC.

Fabrication of injectable PC/SF hydrogel with sequential
release of SDF-1 and KGN

After the preparation and characterization of different
ratios of silk fibroin (SF) and PC for hydrogels by the
method in Supplementary Experimental Section 1.2, the
optimum ratio of injectable PC/SF hydrogel with
sequential release SDF-1 and KGN was determined.
Briefly, a 5% SF solution containing horseradish perox-
idase (HRP) (300 units, 10 mg/mL) with/without SDF-1
(400 ng/mL PA solution) was prepared as solution A.
Then, a 1% PC solution containing hydrogen peroxide
with/without KGN-loaded PLGA microspheres (0, 1, 10,
100 pM KGN) was prepared as solution B. Solution A and
solution B were mixed equally by a double syringe to form
hydrogels with/without SDF-1 and KGN. The experiment
was divided into five groups: PSH (hydrogel without SDF-
1 and microspheres), SPSH (hydrogel containing SDF-1
without microspheres), KPSH10 (hydrogel without SDF-1
containing 100 uM KGN-loaded microspheres), SKPSH1
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(hydrogel containing SDF-1 and 1puM KGN-loaded
microspheres), SKPSH10 (hydrogel containing SDF-1
and 10 pM KGN-loaded microspheres), and SKPSH100
(hydrogel containing SDF-1 and 100 uM KGN-loaded
microspheres).

Characterization of injectable PC/SF hydrogel with
sequential release of SDF-1 and KGN
Hydrogel morphological characteristics

The micromorphology was observed by SEM, and the
pore size was calculated by Image] software.

Hydrogel rheological properties

A rotational rheometer was used to measure the rheo-
logical properties of the hydrogels. The diameter of the
rotor was 20 mm. The test temperature was 37 °C, and the
fixed angle frequency was 1 rad/s. After 20 min of detec-
tion, the elastic modulus (G’) and the viscous modulus
(G@”) of the hydrogel were obtained.

SDF-1 and KGN release profiles of hydrogels

The release characteristics of SDF-1 and KGN in the
hydrogels (1 mL, n = 3) were obtained by measuring their
content in the release medium (1.1 mL) at specific times
by ELISA and HPLC, respectively.

Evaluation of cellular vitality in hydrogels

After 1 and 7 days in culture, the viability of rBMSCs
(Cyagen, China) at a density of 1x 10° cells/mL seeded
into hydrogel was evaluated by staining the cells with the
Live/Dead kit. Next, laser confocal microscopy (LSM710;
Zeiss, Oberkochen, Germany) was performed to observe
dead cells (red) and living cells (green). The quantitative
analysis of cell viability was performed by cell counting
kit-8 (CCK-8) at 1 and 7 days. The experiment was divi-
ded into five groups (control: hydrogel without cells, PSH:
hydrogel+cells, SPSH: hydrogel with SDEF-1+-cells,
KPSH10: hydrogel with 10 uM KGN-loaded microspheres
+cells, SKPSH10: hydrogel with SDF-1 and 10 uM KGN-
loaded microspheres+cells).

After 1 day in culture, the rBMSCs seeded into hydrogel
at a density of 1 x 10° cells/mL were fixed and dehydrated.
Next, SEM was performed to observe the adhesion of cells
on the hydrogel.

Bioactivity assessment of SDF-1 and KGN from hydrogels
in vitro
Migration of rBMSCs in vitro

Aliquots of 200 uL of rBMSCs (5 x 10° cells/mL) were
seeded into the upper chambers with 8 um pore size of
24-well Transwell plates. Then, 0.6 mL of a«-MEM med-
jum (containing 2% fetal bovine serum (FBS) and 1%
penicillin-streptomycin) was added to the lower chamber
and cultured for 12h. Subsequently, a thin layer of
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hydrogel was coated on the bottom of the lower chamber,
the medium was replaced with serum-free medium, and
incubation was continued for an additional 12h. After
being fixed, the cells were stained with 0.1% crystal violet
for 15 min and washed with PBS three times for 5 min
each time to remove residual crystal violet. The migrated
cells were photographed under a microscope and quan-
tified using Image] (National Institutes of Health). The
TCP lower chamber without hydrogel served as a
control group.

Induction of chondrogenic differentiation of rBMSCs

The rBMSCs (1 x 10° cells/mL, passage = 3) in induc-
tion medium (without chondrogenic growth factors) were
cultured in hydrogels for 7 or 21 days to evaluate chon-
drogenic induction. The induction medium was changed
every 3 days. The chondrogenic induction of rBMSCs in
hydrogel was confirmed by histological staining to
determine the distribution of cells (hematoxylin and
eosin, H&E) and the production of GAGs (toluidine blue/
safranin-O) and by immunohistochemical staining to
determine the production of collagen II (COL-II, 1:100,
NB600-844, Novus). The quantitative analysis of GAGs
and COL-II in the hydrogels was performed by an
enzyme-linked immunosorbent assay kit (Wuhan Color-
fulGene Biological Technology, Wuhan, China) after
induction culture for 7 or 21 days.

The effects of chondrogenic differentiation of rBMSCs
were further evaluated at the gene expression level by
qRT-PCR using primers (Table S1) for the transcription
factors SOX-9, aggrecan (ACAN) and COL-IL In brief,
after 21 days of cultivation in hydrogels, the total RNA of
samples in each group was extracted and quantified using
a Nucleic Acid and Protein Analyzer (Nanodrop 2000,
Thermo Fisher Scientific). One microgram of total RNA
was used for cDNA synthesis by the PrimeScript' ™ RT
Reagent Kit with gDNA Eraser (Takara, RR047A). The
primer sequences, qPCR SYBR® Green Master Mix
(Yeasen) and ¢cDNA (0.4 pg) were used for quantitative
RT-PCR analysis. The relative gene expression was nor-
malized to glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) expression and presented as the fold-change
compared to the PSH group using the AACt method.

Cartilage regeneration in vivo
Animal model

The animal model was established with the approval of
the Animal Experimental Ethical Inspection Committee
of Nankai University. Briefly, New Zealand white rabbits
(2.2-2.5 kg, 3 rabbits, n = 6 knees per group for each time
point) were anesthetized with xylazine (20 mg/kg body
weight) and midazolam (0.8 mg/kg body weight) by
intramuscular injection. A cartilage defect (diameter =
4mm, depth=15mm) combined with microfracture
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(MF) was made in the trochlear groove of both knee joints
of animals (Fig. S1A). Then, the hydrogels (PSH, SPSH,
KPSH10 and SKPSH10) were injected into the defect
sites, as shown in Fig. S1B. MF alone was used as a control
group. After treatments, the knee joint capsule and the
skin were sutured in layers. After the operation, all rabbits
were allowed to move freely, penicillin (80000 U) was
administered up to 3 days, 4 weeks, and 12 weeks after
implantation, and the knees were harvested for further
evaluation.

Evaluation of cartilage repair

At 1 week postoperatively, samples were assessed by
immunofluorescence staining for CD44 (1:100, NBP2-
22530F, Novus) and CD90 (1:100, ab225, Abcam) to
identify endogenous MSC recruitment. Detailed experi-
mental procedures can be found in the supporting
information.

At 4 and 12 weeks postoperatively, samples were
assessed by macroscopic observation according to the
criteria of the International Cartilage Repair Society
(ICRS, Table S2), by immunofluorescence staining for
CD44 (1:100, NBP2-22530F, Novus) and CD90 (1:100,
ab225, Abcam) to identify endogenous MSC recruitment,
H&E staining for the morphology and cell distribution of
regenerated cartilage, and safranin-O/fast green staining
for ACAN and by immunohistochemical analysis for
COL-II (1:100, NB600-844, Novus) deposition. Detailed
experimental procedures can be found in the supporting
information. To evaluate the progress of cartilage repair,
sections at 4 and 12 weeks were blindly scored by three

independent observers according to an established scor-
ing system (Table S3).

Statistical analysis

Data are presented as the mean + standard deviation
(SD). Comparisons between groups were performed using
Student’s t-test and Tukey’s test. In all analyses, p < 0.05
was taken to indicate statistical significance. All experi-
ments were repeated at least three times.

Results
Characterization of p-hydroxybenzene propanoic acid-
modified chitosan

The route of PC synthesis is shown in Fig. 2A. The car-
boxyl groups in the PA structure were activated using EDC
and NHS and reacted with the amino groups in CS to form
amide bonds, thus producing PC. The PC was then sub-
jected to 'H-NMR spectroscopy (Fig. 2B) and infrared
spectroscopy (Fig. 2C). "H-NMR showed that the chemical
shifts of 6 7.11-7.13 and § 6.79-6.81 in PA spectra were
attributable to proton absorption peaks at intersite and ortho
sites of the benzene ring, indicating that PA was successfully
grafted into the CS molecular chain. The absorption peaks
in the infrared spectrum of PC at 1643, 1550, and 1243 cm
belonged to amide I, amide II, and amide III, further indi-
cating that the carboxyl groups of PA reacted with the
amino groups of CS, and PA was grafted to the molecular
chain of CS to form PC (Fig. 2C).

PLGA microspheres with sustainable release of KGN
were prepared by the single emulsion method. The PLGA
microspheres had an obviously spherical morphology and
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Table 1 Drug loading and encapsulation rate of PLGA
microspheres for KGN by HPLC.

Sample Loading efficiency (mg KGN/mg Encapsulation

PLGA microspheres) efficiency (%)

KGN Ms  0.0175 +0.0009 69.87 £3.7%

smooth surface (Fig. 3A and B). The particle sizes of
unloaded and loaded microspheres were 4.87 + 1.68 um
and 4.53 £ 1.65 um, respectively (Fig. 3C). The results
showed that the loading of KGN had no significant effects
on the diameter of the prepared microspheres. The
loading efficiency and encapsulation efficiency of KGN in
PLGA microspheres, as shown in Table 1, were 0.0175 +
0.0009 and 69.87 + 3.7%, respectively. The results shown
in Fig. 3D indicated that the KGN release rates from
microspheres loaded with KGN at concentrations of 1, 10,
and 100 uM were 18.65 + 2.78%, 6.99 + 2.39%, and 4.86 +
1.66% at 24h, respectively, indicating marked burst
release from microspheres loaded with 1 pM KGN, while
those loaded with 10 uM and 100 pM KGN showed no
obvious burst release within 24 h. The release rates of the
microspheres with the three different KGN concentra-
tions were 79.01 +7.44%, 71.89 +5.35%, and 48.35%

5.78%, respectively, after 28 days. Therefore, KGN could
be released slowly by microspheres.

Characterizations of injectable hydrogels

The 1:5 mass ratio of PC/SF for hydrogels with
sequential release of SDF-1 and KGN was determined by
the preparation and characterization (Fig. S2-S6) of
hydrogels with different ratios (mass ratios of 1:0, 5:1, 1:1,
1:5, and 1:10 for PC and SF). The results indicated that the
PC/SF (mass ratios of 1:0, 5:1, 1:1, and 1:5) hydrogel had
good gelling performance (Fig. S2), injectability (Fig. S3)
and porous structures s(Fig. S4), and the PC/SF solutions
with a mass ratio of 1:5 also had good stability and
mechanical properties (Figs. S5-S6). The PC/SF mixed
solutions with/without SDF-1 and microspheres were
extruded into different shapes to evaluate their inject-
ability. The results presented in Fig. 4A1-D1 show that
the mixed solutions in all groups could form hydrogels
with good injectability, which were not affected by the
addition of microspheres and drugs. Microstructural
observation (Fig. 4A2-D2, Fig. 4A3-D3, and Fig. S7)
showed that the hydrogels had porous network structures,
and the microspheres were evenly distributed in the
hydrogel. The porous structures did not change sig-
nificantly with increases in the sizes of microspheres and
were similar to the structure of the ECM, which is beneficial
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for cell adhesion, proliferation and differentiation. The PSH,
SPSH, SKPSH1, SKPSH10, and SKPSH100 groups had
pore sizes of 135.74 +55.89, 136.04 + 54.38, 93.48 + 32.18,
96.91 £ 32.32, and 128.94 + 56.7 um, respectively (Fig. 4E).
The drug and microspheres had no effects on the hydrogel
pore sizes.

The release profiles of SDF-1 and KGN from the PC/SF
injectable hydrogel in vitro were investigated, and the
results are presented in Fig. 4F. SDF-1 showed an obvious
burst and rapid release, with release rates of 40.68 + 2.19%
at 24 h; the release subsequently slowed, with ~60% of the

total SDF-1 released after 7 d. In contrast, the overall
release of KGN from the hydrogel was comparatively slow
and sustained compared with that of SDF-1; the micro-
spheres loaded with 1, 10, and 100 uM KGN showed
sustained release rates of 8.99 +2.02%, 5.97 + 1.85%, and
7.79 + 1.57%, respectively, at 24 h (Fig. 4F and Fig. S8A)
and of 34.45+7.99%, 56.53 +6.29%, and 42.17 + 3.62%,
respectively, at 28 days (Fig. 4F and Fig. S8B) in all groups.

The KGN was released slowly for as long as 4 weeks.
SDF-1 was released rapidly at the initial stage and
throughout the release process, while KGN was released
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slowly. Therefore, SDF-1 and KGN have obvious
sequential release behavior, indicating the spatiotempo-
rally different release behavior of the two bioactive
molecules from the hydrogels.

SDE-1 and KGN were loaded into hydrogels by phy-
sical blending and microsphere encapsulation strate-
gies, resulting in sequential release behaviors.
Moreover, the SKPSH100 group showed obviously
reduced mechanical properties with the excessive
addition of microspheres (Fig. 4G and Fig. S9).
SKPSH100 was not suitable for subsequent experi-
ments. Furthermore, the renewal of body fluids may
reduce the concentration of the released drug, so we
should select a higher concentration for evaluation
in vivo to ensure that it retains good biological function.
Therefore, the hydrogel containing 10 uM KGN was
more suitable for practical applications.

Evaluation of cellular compatibility of hydrogels

The biocompatibility of hydrogel formulations was stu-
died by evaluating the adhesion and viability of rBMSCs.
The results of SEM observations indicated that the hydrogel
formulations were conducive to rBMSC adhesion (Fig. S10).
The viability of cells seeded onto hydrogel was evaluated by
live/dead cell staining (Fig. 5A and Fig. S11) and CCK-8
(Fig. 5B and C). The live/dead cell staining results showed
that the cells in the hydrogel were stained green, which
indicated that hydrogels are good for cell survival. The
quantitative results further revealed that the cells in the

Page 8 of 17

hydrogel had high activity, and there was no significant
difference among the groups, but the SPSH group and
SKPSH group showed a trend of increasing activity at
7 days. This may be related to the function of SDF-1 in
promoting cell proliferation. These results indicated that
the hydrogel had good cytocompatibility.

The rBMSCs migration in vitro

A Transwell system was used to evaluate the activity of
SDEF-1 released from hydrogel to recruit rBMSCs in vitro.
The transmembrane migration of cells was determined in
the control, PSH, SPSH, KPSH10, and SKPSH10 groups
(Fig. 6). The numbers of migrating rBMSCs in the SDF-1
groups (SPSH and SKPSH10 groups) were greater than
those in the control, PSH and KPSH10 groups; although
the average number of migrating cells of SKPSH10 was
slightly greater than that of SPSH, there was no significant
difference between the SPSH and SKPSH10 groups. This
may be related to the function of KGN in promoting cell
proliferation to some extent®’. Thus, the results showed
that the SDF-1 released from the hydrogel had favorable
bioactivity and could promote rBMSC recruitment with-
out the influence of KGN.

Chondrogenesis of rBMSCs in vitro

The chondrogenic differentiation of rBMSCs in hydro-
gels was evaluated at different incubation times (Fig. 7).
H&E staining (Fig. 7A) showed that the hydrogel was
beneficial for cell infiltration and proliferation. Positive
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staining was more obvious in the KPSH10 and SKPSH10
groups, indicating that the ECM content was significantly
higher in these two groups than in the control, PSH and
SPSH groups after 21 days. With increasing culture time,
KPSH10 and SKPSH10 showed increased positive staining
with toluidine blue and safranin-O as well as immuno-
histological staining (Fig. 7A) for COL-II, indicating that
hydrogels containing KGN promoted ECM formation.
Furthermore, the results of quantitative analysis (Fig. 7B
and C) indicated that the hydrogels containing KGN
(KPSH10 and SKPSH10 groups) could enhance GAG
and COL-II formation. Thus, the KGN released from
hydrogel in vitro had effective bioactivity and could
promote the chondrogenic differentiation of rBMSCs.
The qRT-PCR results indicated the upregulation of
chondrogenic genes at 21 days due to the release of
KGN in the KPSH10 and SKPSH10 groups compared to
the PSH and SPSH groups (Fig. 8).Specifically, the COL-
II, ACAN, and SOX-9 mRNA levels were 27.66 + 4.19,
11.99 £0.94, and 12.85+2.95-fold higher in the
SKPSH10 group than in the PSH, SPSH, and KPSH10
groups, respectively. Therefore, the hydrogel loaded
with SDF-1 and KGN successfully promoted chondro-
genic differentiation.

Macroscopic evaluation of regenerated cartilage

The macromorphology of regenerated cartilage was eval-
uated by optical microscopy after the operation (Fig. 9A). At
4 and 12 weeks, none of the groups showed any obvious signs
of infection. After 4 weeks, all materials had been degraded.
The MF and PSH groups showed obvious cavities, small
amounts of new tissue and an obvious boundary with the
surrounding normal tissue. However, there was a great deal
of new tissue formation in the defect area with surface
roughness and obvious boundaries in the SPSH and KPSH10
groups. However, the defect area was covered by hyaline
tissue, and the surface with slight cracks did not show an
obvious boundary with surrounding native tissue. At
12 weeks after the operation, the regenerated tissue filled the
defect area with obviously cracked surfaces in the MF, PSH,
SPSH, and KPSH10 groups. The new tissue completely filled
defects with a smooth surface and was tightly combined with
the surrounding tissue in the SKPSH10 group. The macro-
scopic score results in Fig. 9B clearly show a better regen-
eration effect in the SKPSH10 group than in the other groups.

Recruitment of rBMSCs in vivo
The recruitment of rBMSCs by hydrogel was evaluated by
staining for CD44 and CD90 at 7 days after implantation, as
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shown in Fig. 10. The results shown in Fig. 10A indicated
that CD44 (green) and CD90 (red) were positively expressed
in the defect area. The fluorescence intensities for CD44 and
CD9 on rBMSCs in the SDF-1 groups (SPSH and
SKPSH10 groups) were significantly more obvious than
those in other groups (ie., the MF, PSH, and KPSH10
groups). The quantitative results in Fig. 10B and C clearly
show that the number of CD44- and CD90-positive cells in
the SPSH group and the SKPSH10 group was greater than
that in the other groups. However, there was no significant
difference between the SPSH group and the SKPSH10
group. These results further indicated that SDF-1 effectively
promoted the recruitment of MSCs in vivo.

Restoration of cartilage defects in vivo
The results of H&E staining are shown in Fig. 11. At
4 weeks after the operation, hydrogels in all groups were

completely degraded in the defect area. In MF, PSH,
SPSH, and KPSH10, there were still defects in the sub-
chondral bone, and fibrous tissues filled the defect area.
However, the SKPSH10 group formed continuous sub-
chondral bone, and the defect in subchondral bone caused
by microfracture was reconstructed. In the MF and PSH
groups, the regenerated cartilage tissues were less abun-
dant and were discontinuous. The new tissues filling the
defect areas in the SPSH and KPSH10 groups were more
continuous but were still not smooth. The SKPSH10
group showed continuous new tissues in the cartilage
defect area with a regular cell arrangement. Even so, the
new tissues and natural tissue structure were still sig-
nificantly different and had clear boundaries in all groups.
At 12 weeks, the subchondral bones of all groups were
basically reconstructed, but the reconstruction of sub-
chondral bones in the KPSH10 group and SKPSH10
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Fig. 11 H&E staining for regenerated cartilage in defects at 4 and 12 weeks postoperatively. Rectangular boxes on the left and right indicate
new tissue and defect edges, respectively.
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group showed more formation of trabeculae, which was  regeneration of cartilage tissues. More continuous carti-
more similar to the natural subchondral bone. Further- lage structure and mature chondrocyte morphology were
more, the cartilage defect areas of every group were fur-  observed in the SKPSH10 group than in the other groups.
ther filled with new tissues, especially in the SPSH, Some chondrocytes were inlaid in the cartilage lacuna,
KPSH10, and SKPSH10 groups, which showed obvious indicating a good regeneration effect.
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Staining with safranin-O/fast green was performed to
further visualize the regenerated cartilage tissues in the
various groups, as shown in Fig. 12. Safranin-O/fast green
stained the normal cartilage and subchondral bone light red
and light green, respectively. At 4 weeks, no red staining was
observed in the defect area in the MF, PSH, or SPSH groups.
Fibrous tissues were formed, while the newly formed tissue
surfaces in the KPSH10 and SKPSH10 groups showed par-
tial red staining, which indicated the generation of cartilage
extracellular matrix (CECM) rich in glycosaminoglycan
(GAG), but the new CECM was more continuous in the
SKPSH group. At 12 weeks, defect repair was significantly
improved in all groups compared with that at 4 weeks, but
the regenerated tissue in the MF group was filled with
fibrous tissues without GAG formation, indicating that the
animals had insufficient self-healing capacity to repair the
cartilage in the defect sites. In the PSH, SPSH, KPSH10, and
SKPSH10 groups, there were large amounts of CECM
deposition containing GAG. In particular, the cartilage
showed a continuous structure with a smooth surface in the
SPSH, KPSH10, and SKPSH10 groups, similar to the sur-
rounding natural tissues. Moreover, chondrocytes in the
SKPSH10 group were closer in morphology, arrangement
and distribution to the natural tissue. The results showed
that the SKPSH10 group had advantages in the promotion
of cartilage defect repair.

The results of immunohistochemical analysis at 4 and
12 weeks showed that positivity for COL-II expression
was more continuous in the SKPSH10 group than in the
other groups (Fig. 13), indicating an advantage with
regard to the promotion of ECM generation and cartilage
regeneration in this group. The regenerated cartilage tis-
sue in the SKPSH10 group with uniform features showed
no boundary with the surrounding native cartilage tissue,
as well as a smooth surface with abundant COL-II. The

chondrocytes in the regenerated cartilage showed a typical
lacunar structure.

With respect to the histological scores for cartilage
evaluation in Fig. 14, the SPSH, KPSH, and SKPSH groups
at 4 weeks and at 12 weeks had dramatically higher scores
than the MF group at both time points. In particular, the
SKPSH group had a higher score than the other groups,
which showed that the spatiotemporal release of SDF-1
and KGN could shorten the process of cartilage regen-
eration. There was no significant difference among the
SPSH, KPSH, and SKPSH groups at 12 weeks. The results
further and intuitively indicated that sequentially releas-
ing SDF-1 and KGN in vivo had good bioactivity and
therapeutic effects. Thus, the hydrogel with the sequential
release of SDF-1 and KGN could enhance -cartilage
regeneration.

Discussion

There has been a great deal of research interest in cell-
free strategies involving the combination of biomaterials
with endogenous stem cells for the repair of cartilage
defects in the field of TE***2, BMSCs and other endo-
genous cells play important roles in cartilage regeneration,
but the limited migration of endogenous stem cells and
their short-term retention in local tissues limit their roles
in cartilage repair®®*. An ideal material for cartilage
regeneration would recruit sufficient stem cells from
subchondral bone and enhance their retention capability
at the sites of cartilage defects*’. Previous studies showed
that SDF-1 could promote the recruitment and migration
of MSCs™*°, In addition, it is important to maintain the
microenvironment of chondrogenic differentiation for
defect repair. As a small-molecule compound, KGN was
shown to promote the chondrogenic differentiation of
stem cells*®. SDF-1 has low bioavailability due to its rapid
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diffusion and short half-life*”, and KGN is insoluble and
has potential side effects®®. To resolve these issues, a
number of studies have investigated drug delivery modes
involving the direct loading of drugs into biomaterials or
encapsulation in microspheres, which could improve the
bioavailability of drugs and reduce their side effects
in vivo®®°, It is important to develop drug delivery sys-
tems to effectively maintain bioactive substances at rela-
tively constant drug release rates to enhance therapeutic
effects. Previous studies have shown that the sequential
release of drugs is more conducive to cartilage repair’’.
Therefore, we developed an injectable hydrogel capable of
the sequential release of SDF-1 and KGN to form
bifunctional materials (Figs. 2—4).

CS has active amino groups, which are suitable for
chemical modification®. PC was formed by grafting PA to
the CS side chain by chemical modification (Fig. 2). The
phenolic hydroxyl groups in PC and the tyrosine con-
tained in SF were crosslinked to form a hydrogel catalyzed
by HRP and hydrogen peroxide®. Therefore, PC and SE

could form a variety of cross-linkages to promote
hydrogel formation, including PC-PC, PC-SF, and SF-SF
bonds. In clinical cases, the shape and depth of cartilage
defects are usually diverse’. PC/SF composite hydrogels
are injectable and can be readily formed into different
shapes (Fig. 4A1-D1, Fig. S2 and Fig. S3). However, with
SF contents >90%, hydrogels could not be formed, as the
paucity of phenolic hydroxyl groups in the mixed solution
inhibited the occurrence of the crosslinking reaction (Fig.
S2). As a TE material, CS has been widely used in the
preparation of hydrogels, but the mechanical properties of
CS alone are poor and do not meet clinical require-
ments'®, SF has good mechanical properties and can
improve the mechanical strength of hydrogels®®. The
results indicated that the hydrogel with a mass ratio of 1:5
for PC and SF has good mechanical properties (Fig. S6).
Hydrogels can be used as drug and cell carriers to facil-
itate uniform distribution and can be adapted to fit car-
tilage defects of various sizes and shapes. Microscopic
observations indicated that the hydrogels had a uniform
reticular porous structure, which could provide a good
3D microenvironment for cell survival and function
(Fig. 4A2-D2 and Fig. A3-D3).

The sequential release models were formed by the rapid
release of SDF-1 and the sustained release of KGN
(Fig. 4F). The different release behaviors of SDF-1 and
KGN were related to the encapsulation mode; the tighter
encapsulation of KGN by microspheres resulted in later
release than that of SDF-1, thus allowing sequential drug
release. In addition, KGN is a fat-soluble drug, while SDF-
1 is hydrophilic; thus, the dissolution characteristics
represent another reason for the sequential release of
KGN and SDEF-1. Therefore, we hypothesized that the
sequential release of these two bioactive molecules from
hydrogels is beneficial for spatiotemporally regulating the
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biological behavior of MSCs to promote cartilage regen-
eration because the rapid release of SDF-1 promotes MSC
homing to the defect areas in the early stage, whereas the
sustained release of KGN maintains an effective con-
centration of KGN to promote the transformation of
MSCs into chondrocytes. To test this hypothesis and its
potential application in cartilage defects, the in vitro cell
viability, cell migration, and chondrogenic differentiation
of rBMSCs, as well as in vivo cartilage formation, were
assessed.

The selection and preparation of materials can
directly affect the cytocompatibility of hydrogels. The
hydrogel used in the present study had good cyto-
compatibility (Fig. 5, Fig. S10 and Fig. S11). The cells
seeded in the hydrogel showed good viability and
adhesion, and the addition of microspheres did not have
any negative effects. SF, CS, and PLGA have good
cytocompatibility, as does the method of crosslinking
by enzyme catalysis, which could further ensure safety.
Moreover, the structures of the hydrogels were similar
to that of the ECM and thus could provide a suitable 3D
microenvironment for cell survival, facilitate the
transport of cell metabolites and nutrients, and pro-
mote cell adhesion, proliferation, and differentiation®.

In vitro rBMSC migration assays (Fig. 6) and induction
differentiation assays (Figs. 7 and 8) were performed to
evaluate the functionality of SDF-1 and KGN released from
the hydrogel. Ji et al. reported that the loading concentra-
tion of SDF-1 on the material at 50-400 ng/mL could have
a significant chemotactic effect on MSCs, and the effect was
not dose dependent™. Therefore, 200 ng/mL SDF-1 was
used in the hydrogel in the present study. In this study, the
SPSH and SKPSH groups showed promotion of rBMSC
migration, indicating that the hydrogel-released SDF-1 had
good activity. In addition, the KPSH10 and SKPSH10
groups loaded with KGN showed promotion of chon-
drocyte matrix formation and the expression of related
genes after 7 and 21 days of induction culture in vitro, but
the effect was most significant in the SKPSH10 group. The
results indicated that the effect of KGN on chondrocyte
differentiation was enhanced by SDF-1. It has been reported
that SDF-1 inhibits the production of collagen I (COL-I)
and matrix metalloproteinase-13 (MMP-13)**, SDF-1 inhi-
bits COL-I synthesis, which is beneficial for the protection
of chondrocytes from ossification®’. Therefore, SDE-1
enhances chondrogenic differentiation of rBMSCs.

The results of in vivo experiments indicated the most
significant effects on MSC recruitment and cartilage
repair in the SKPSH10 group (Figs. 9-14). The results
reported by Yiting Wen et al. have shown that stem cells
or progenitor cells in the neighborhood of the cartilage
defect area may respond to SDF-1 and migrate into the
injured portion to perform their function®’. Moreover,
CD44 and CD90 were used as stem cell markers to
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validate their recruitment in vitro®® and vivo®. Therefore,
the SDF-1 released by hydrogel could first fully exhibit
MSC homing ability and cause cells to migrate to the
defect areas. MSCs then underwent chondrogenic differ-
entiation upon stimulation with KGN, thus promoting
cartilage defect repair. The migration and chondrogenic
differentiation of endogenic cells, such as BMSCs, play
key roles in cartilage regeneration, but poor migration and
short local retention restrict their use in cartilage repair-
ing’"*°. Thus, the sequential release of SDF-1 and KGN
could promote the migration of endogenous stem cells to
the defect area and ensure adequate stem cells for further
repair by the chondrogenic differentiation of MSCs. This
system showed a number of unique advantages in pro-
moting cartilage regeneration.

Conclusion

In this study, a cell-free hydrogel system was designed
to recruit endogenous stem cells and induce their differ-
entiation into chondrocytes. The system used PC and SF
in combination with SDF-1 and PLGA microspheres
loaded with KGN to form an injectable hydrogel, which
showed sequential and sustained drug release. The
hydrogel prepared here has a reticulated porous structure
and good injection performance, which are conducive to
filling irregular cartilage defects. The hydrogel released
SDF-1 quickly and KGN slowly, showing a good
sequential release profile. The hydrogel system had good
biocompatibility, promoted the recruitment and differ-
entiation of stem cells to chondrocytes and enhanced the
regeneration of articular cartilage in situ. Based on these
results, we conclude that injectable hydrogels with
sequential release of SDF-1 and KGN have good ther-
apeutic potential for promoting cartilage regeneration and
may be useful in practical applications in the future.
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