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ABSTRACT

Hydrogel scaffolds are widely used in cartilage tissue engineering as a natural stem cell niche. In par-
ticular, hydrogels based on multiple biological signals can guide behaviors of mesenchymal stem cells
(MSCs) during neo-chondrogenesis. In the first phase of this study, we showed that functionalized hydro-
gels with grafted arginine-glycine-aspartate (RGD) peptides and lower degree of crosslinking can promote
the proliferation of human mesenchymal stem cells (hMSCs) and upregulate the expression of cell recep-
tor proteins. Moreover, grafted RGD and histidine-alanine-valine (HAV) peptides in hydrogel scaffolds can
regulate the adhesion of the intercellular at an early stage. In the second phase, we confirmed that simul-
taneous use of HAV and RGD peptides led to greater chondrogenic differentiation compared to the blank
control and single-peptide groups. Furthermore, the controlled release of kartogenin (KGN) can better
facilitate cell chondrogenesis compared to other groups. Interestingly, with longer culture time, cell con-
densation was clearly observed in the groups with RGD and HAV peptide. In all groups with RGD peptide,
significant matrix deposition was observed, accompanied by glycosaminoglycan (GAG) and collagen (Coll)
production. Through in vitro and in vivo experiments, this study confirmed that our hydrogel system can
sequentially promote the proliferation, adhesion, condensation, chondrogenic differentiation of hMSCs, by
mimicking the cell microenvironment during neo-chondrogenesis.

Statement of significance

Using MSCs to repair and regenerate cartilage defects still faces many difficulties and chal-
lenges. Injectable hydrogel scaffolds provide a living environment for MSCs, but it is far re-
moved from the native extracellular matrix. In particular, during the differentiation of stem
cells into chondrocytes, cell behaviors, such as spontaneous proliferation, condensation, and
differentiation, and matrix precipitation remain limited in hydrogel matrix. In this study, to
make hydrogel matrix regulate these cell behaviors, we efficiently integrated biomimetic pep-
tides and KGN into the hydrogel system. Through the respective roles of various peptides and
the sustained release of KGN, this functionalized HA hydrogel has promise as a stem cell cul-
ture system and scaffold matrix for clinical applications.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
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Due to the avascularity and low cellularity of cartilage, its abil-
ity to self-heal is very limited, which makes clinical treatment
thereof highly challenging [3,4]. Tissue engineering based on syn-
thetic hydrogels provides a solution to these well-documented
problems [5,6]. Hyaluronic acid (HA) [7], sodium alginate [8], chi-
tosan [9] and other natural materials have been used in fabrication
of hydrogels. Each of these materials has its own advantages and
disadvantages, such that they should be selected according to the
specific research objectives. HA, is often used as a scaffold mate-
rial for cartilage repair and regeneration, and constitutes an im-
portant component of the extracellular matrix (ECM) in cartilage,
synovial fluid, and various tissues [10,11]. HA hydrogel matrix can
facilitate survival and growth of the cells through providing three-
dimensional (3D) environment, while the native ECM affects cells
through complex constituents and dynamic 3D structures [12]. The
capacity related to neochondrogenesis, such as cell proliferation,
aggregation, differentiation and matrix deposition, remains limited
in hydrogel matrix, especially for stable covalent cross-linked hy-
drogels. [13,14].

Mesenchymal stem cells (MSCs) show proliferation, cell-cell
contact, and condensation, which precede chondrogenic differen-
tiation and secretion of cartilage matrix [15]. To simulate the
MSC microenvironment, biomimetic peptides are widely used to
promote cellular activity in hydrogels. Arginine-glycine-aspartate
(RGD) peptides, which are integrin binding ligands, can bond cells
to ECM and initiate cell-related signaling events [16,17]. Previous
reports have shown that RGD can promote cell spreading and pro-
liferation in hydrogel systems [18,19]. In addition, the capacity of
RGD peptides to regulate cell signaling behavior is closely related
to the mechanical properties, degree of crosslinking, relaxation
strain, etc., of the matrix [20,21]. Bian et al. found that MeHA with
a higher degree of crosslinking promoted hypertrophic differentia-
tion of stem cells and matrix calcification. High crosslinking inten-
sity with matrix calcification also limits the secretion of cartilage
stroma [22]. Chaudhari et al. found that changing the mechanical
properties and relaxation modulus of gels can affect ligand cluster-
ing, the spreading and proliferation of cells, osteogenic differentia-
tion, and ECM deposition [21]. Moreover, in a study on the effects
of the physical properties of HA gel on chondrocytes, it was found
that elastic stress regulated the production and apoptosis of chon-
drocytes [23]. These results suggest that for optimal mesenchymal
chondrogenic differentiation, the effects of the stiffness of the hy-
drogel matrix on cells should be taken into account.

The interaction and agglutination of MSCs are necessary for car-
tilage formation. Cell-cell interactions can trigger high neural cad-
herin (N-cadherin) and neural cell adhesion molecule (NCAM) ex-
pression during adhesion, thus facilitating chondrogenic differen-
tiation [24,25]. As a transmembrane protein, a histidine-alanine-
valine (HAV) sequence derived from cadherin regulates cell-cell in-
teractions [26]. Previous research suggests that grafting HAV pep-
tides onto 3D electrospinning scaffolds promotes the aggregation
of MSCs and upregulates the expression of NCAM, N-cadherin, and
cartilage-related genes [15]. The addition of HAV peptides to hy-
drogel systems has been shown to facilitate chondrogenic differen-
tiation in previous studies [27]. Although HAV is a good regulator
of chondrogenic differentiation in MSCs, few studies have inves-
tigated its function on mesenchymal condensation in 3D hydrogel
matrices [14,28]. To accurately reproduce the cartilage regeneration
environment, cell aggregation in biomimetic matrix of hydrogels is
necessary at an early stage.

The effects of biomimetic peptides such as HAV and RGD pep-
tides on the chondrogenic differentiation of hMSCs cannot be sep-
arated from those of the chondrogenic environment (chondrogenic
medium) [28,29]. To ensure that hMSCs in hydrogels exhibit sim-
ilar chondrogenic differentiation to that seen in the natural ECM,
and are thus suitable for in vivo applications, mature and reliable
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inducers need to be included. Kartogenin (KGN), a small-molecule
organic compound, exhibits great potential for promoting chondro-
cyte proliferation and chondrogenesis of hMSCs [30,31]. Compared
to protein growth factors, KGN shows physicochemical stability in
different environments [32]. However, due to the low water sol-
ubility and hydrophobic nature of KGN, it cannot be efficiently
loaded in highly hydrophilic hydrogel systems [33]. Furthermore,
a growing number of reports have shown the importance of the
timing of biological signals for cell differentiation [34,35]. There-
fore, it is necessary to package KGN with other carriers to achieve
effective and continuous release manner, which is required for mi-
croenvironment of cartilage regeneration [36,37].

In this study, stem cells were first regulated by RGD peptides, to
enhance interactions with the matrix; then, a gel with an appropri-
ate swelling ratio and elastic stress was used to promote cell prolif-
eration and aggregation in the gel. We hypothesized that cells mi-
grate and aggregate in the stromal environment through intercel-
lular interactions mediated by HAV peptides. Whether these pep-
tides mediating cell proliferation and aggregation can better reg-
ulate chondrogenic differentiation of hMSCs and promote matrix
deposition remains to be demonstrated. On the basis of the above
research, introducing biological cues prompting the chondrogenic
differentiation of hMSCs at the appropriate time is imperative, to
better simulate microenvironment of chondrogenesis. By control-
ling the release of KGN encapsulated in microspheres, we can de-
termine its effect on hMSCs chondrogenesis. This could have value
in cartilage tissue engineering applications.

2. Experimental section
2.1. Preparation of functionalized hyaluronic acid hydrogels

HA (66-90 kDa; Lifecore, Chaska, MN, USA) was modified with
methacrylate, as described previously [28]. Briefly, the hydroxyl of
the HA was reacted with methacrylate anhydride in 10-fold ex-
cess. Then, 1 g of HA was dissolved in 100 ml of deionized water
and dripped with methacrylic anhydride (Sigma-Aldrich, St. Louis,
MO, USA). The reaction pH was adjusted to between 8 and 9 with
5 M sodium hydroxide, and the reaction proceeded for 24 h in
an ice bath. The resulting MeHA was dialyzed for 3 days, freeze-
dried, and stored at —20 °C. The degree of MeHA methacrylation
was determined by proton nuclear magnetic resonance (!H NMR)
spectroscopy. MeHA solution (1%, w/v) was obtained by dissolving
MeHA into Irgacure 2959 aqueous solution (0.1%, w/v). Then, above
mixed solution was irradiated for different time using a UV light
(365 nm, 1 W) to form hydrogel.

2.2. Peptide coupling to MEHA

RGD peptide (sequence GCGYRGDSPG) and HAV peptide (se-
quence Ac-HAVDIGGC) were purchased from China Peptides Co.
Ltd. (Shanghai, China) and synthesized by a batch-wise 9-
fluorenylmethyloxycarbonyl (FMOC)-polyamide method with a pu-
rity of at least 98%. Briefly, MeHA and peptides were dissolved in
a 0.2 M triethanolamine (TEOA) buffer (pH 8.0) for an overnight
reaction at 37 °C, followed by dialysis for 3 days, freezing, and
lyophilization. The amount of RGD or HAV peptide used was set
to 112 umol/g HA. The coupling peptide reaction did not consume
more than 20% of the available methacrylate groups.

2.3. Characterization of functionalized hyaluronic acid hydrogels

For elastic modulus measurement, hydrogels with different de-
grees of crosslinking were immediately subjected to an unconfined
compression test (1 mm/min) in a mechanical apparatus (Electro-
Force 3100; BOSE, Framingham, MA, USA) at room temperature.
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For swelling ratio measurement, hydrogels with different de-
grees of crosslinking were immersed in phosphate-buffered saline
(PBS), fully swollen in a shaking incubator at 37 °C for 24 h, and
then weighed to determine the swelling ratio.

After liquid nitrogen freezing and freeze-drying, the 3D porous
structure of the hydrogels with different degrees of crosslinking
were observed using scanning electron microscopy (SEM) (S-4800,
Hitachi, Tokyo, Japan).

2.4. Fabrication of KGN-encapsulated PLGA microspheres (KGN@PM)

The single oil-in-water (O/W) emulsion/solvent evaporation
method was used to prepare PLGA microspheres (PMs) [38]. First,
45 mg PLGA (actide/glycolide (50:50); MW, 40—75 kDa) was dis-
solved in 4.5 ml dichloromethane solution at room temperature
for 3 h and 5 mg KGN (Selleck, USA) was dissolved in 0.5 mL of
acetone. The two solutions were then mixed together and the re-
sulting solution was slowly dripped into 0.1%, 50 ml chitosan solu-
tion stirred by a manual high-speed homogenizer (TH; Omni, Omni
International, Marietta, GA, USA), 30,000 rpm, in an ice bath. Fi-
nally, the emulsion was dropped into 0.1% 150 ml chitosan solu-
tion at 400 rpm overnight. PMs were collected using an ultrafast
centrifuge (12,000 rpm, 30 min). After centrifugation, the micro-
spheres were washed three times with deionized water and then
freeze-dried and preserved.

2.5. Analysis of KGN release and the encapsulation rate of PM

KGN encapsulated in HR hydrogel, PM, and PM-HR hydrogel
were placed in PBS solution, and then in a 37 °C shaking incu-
bator at 100 rpm. The solution was collected by centrifugation
and the KGN content was measured by high-performance liquid
chromatography (HPLC; [1260 Infinity]; Agilent, Santa Clara, CA,
USA). The injection volume was set at 10 wl. The samples were
analyzed using a reverse phase column (4.6 x 100 mm, 3.5 um)
and the mobile phase was prepared with acetonitrile/water (v/v,
40/60) plus 0.1% formic acid. The CPT absorbance was monitored
at 275 nm and the flow rate was set to 1 ml/min (37 °C). To de-
termine the encapsulation rate of KGN in PM, the supernatant and
washing solution were collected and analyzed.

2.6. Evaluation of cell activity in vitro

2.6.1. Cell culture

HMSCs were derived from human bone marrow and pur-
chased from ScienCell Research Laboratories (Catalog Number:
7500, Carlsbad, CA, USA). HMSCs were cultured with high-glucose
Dulbecco’s modified Eagle’s medium (DMEM; HyClone, USA) con-
taining 10% fetal bovine serum (FBS, Gibco; Thermo Fisher Scien-
tific, USA) and 1% (v/v) penicillin/streptomycin (Gibco), and were
expanded to passage 4-5 for use.

2.6.2. Gel-based 2D and 3D cell culture

For two-dimensional (2D) cell culture, hydrogels were firstly
formed at the bottom of 24-well plates. The digested cells were
placed on the surfaces of various hydrogels at a density of 2 x 104
cells per well. Then, 1.5 ml medium was added to each well for
cell culture, and the liquid was changed once a day.

For hydrogel-based 3D culture studies, the digested cells were
centrifuged, and then the supernatant was removed. The cells were
resuspended with a gel solution (eventually reaching a concentra-
tion of 1 x 106 cells/500 wl). The cell-gels solution (400 ul/well)
formed hydrogel at the bottom of ultra- low attachment 24-well
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plates. Then, 1.5 ml medium was added to each well, and the lig-
uid was changed once a day.

2.6.3. Proliferation and live/dead assay of hMSCs in gel-based 2D and
3D culture

The proliferation of hMSCs in gel-based 2D and 3D culture was
evaluated by the cell counting kit-8 assay (CCK-8, Dojindo, Japan).
Briefly, at 1, 3 and 7day in vitro culture, CCK-8 reagent was added
to the 24-well plate. The incubation solution was incubated in a 5%
CO, humidified incubator at 37 °C for 3 h and then transferred to
a new 96-well plate. Microplate reader (SpectraMax M5) was used
to measure optical density (OD) at 450 nm.

For live/dead assay, samples were washed with PBS three times
and then added mixed live/dead staining liquid (Dojindo, Japan) for
15 min in a 5% CO, humidified incubator at 37 °C. The stained
samples were visualized immediately by confocal laser scanning
microscopy (CLSM; A1R-si, Nikon, Japan).

2.6.4. Cytoskeletal morphology

The cytoskeletal morphology in the 2D and 3D cell cultures
was observed by CLSM. Briefly, after the samples had been fixed
with 4% (w/v) paraformaldehyde (Hyclone, Logan, UT, USA) for
30 min, they were washed three times with PBS and then perme-
abilized with 0.1% (v/v) Triton X-100 (Sigma-Aldrich) for 15 min.
After that, the samples were washed three times with PBS and
then incubated them with 5 mg/mL fluorescein isothiocyanate
(FITC)-phalloidin solution (Sigma-Aldrich) for 30 min, followed by
10 mg/ML 4/,6-diamidine-2-phenylindole (DAPI) solution (Sigma-
Aldrich) for 10 min. The stained samples were visualized imme-
diately by CLSM.

2.7. Evaluation of chondrogenic differentiation of hMSCs in vitro

To study the chondrogenic differentiation of hMSCs in gel-
based 3D culture, the samples were cultured in chondrogenic
medium (CM), which consisted of low-glucose DMEM supple-
mented with 1% penicillin/streptomycin, 100 pg/mL sodium pyru-
vate, 40 pg/mL L-proline, 50 pg/mL L-ascorbic acid-2-phosphate,
1% insulin-transferrin-selenium (ITS) (Cyagen, Santa Clara, CA,
USA), 100 nM dexamethasone, and 10 ng/ml TGF-$3. The CM in
all groups was changed every other day.

2.8. Evaluation of chondrogenic differentiation of hMSCs in vivo

2.8.1. Subcutaneous implantation of hMSC-laden hydrogels in nude
mice

HMSC-laden hydrogels were subcutaneously implanted into
male nude mice (aged 6-8 weeks) to investigate the effect of chon-
drogenic differentiation in vivo. HMSCs-laden hydrogels (10 million
cells/ml) were directly inserted into subcutaneous pockets on the
left and right sides of the back of each nude mouse. Samples were
harvested after 4 and 8 weeks. All of the animal procedures used
in this experiment were approved by the Animal Care and Use
Committee of Peking University.

2.8.2. Histological analysis

After nude mice were euthanized on the 28th and 56th day
post-surgery, samples were excised and then fixed with formalin
solution overnight. The specimens were dehydrated with gradient
ethanol and then embedded in paraffin and cut into 7-um-thick
sections. The sections were process for deparaffinization and rehy-
dration, and then stained with hematoxylin and eosin (H&E) stain-
ing, safranin O staining and immunohistochemistry (IHC) stain-
ing following the manufacturer’s protocol. The primary antibodies
for IHC, including Collagen I (GB11022) [Coll 1, 1:1000, Servicebio,
Chinaland Collagen X (GB111003) [Coll X, 1:1000, Servicebio]. The
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stained samples were viewed under an inverted light microscope
(Olympus, Tokyo, Japan).

2.9. Collagen and GAG content and RNA analysis

To determine the GAG content of the hydrogels, the cell-gels
were first freeze-dried and weighed (the samples from nude mice
were directly weighed and ground without freeze drying). Then,
samples were ground manually with a glass grinding tube in 1 ml
papain lysate. Then, the above products were incubated at 60 °C
for 24 h for subsequent testing. The GAG content was evaluated
using dimethylmethylene blue dyes (Sigma-Aldrich).

To determine the collagen content of the hydrogels, the tissues
or cell-gels were ground with 6 mol/L HCI hydrolysate, digested in
a boiling water bath for 3-6 h and then centrifuged at 15,000 rpm.
The supernatant was collected and the pH was adjusted to 6-8.
The collagen was quantified using a hydroxyproline (HYP) assay kit
(Solarbio, Beijing, China), although HYP only accounts for 13.4% of
the total collagen content.

To analyze the RNA in the cell-hydrogel structures, the cell-gels
were washed three times with PBS and then ground manually with
a glass grinding tube in 1 ml TRIzol (Invitrogen, Carlsbad, CA, USA).
After that, the cell-gels were reverse-transcribed into cDNA using
the Revert Aid First Strand cDNA Synthesis Kit (Thermo, Waltham,
MA, USA). Real-time polymerase chain reaction (RT-PCR) was per-
formed using SYBR green (Roche, Indianapolis, IN, USA) and the
ABI 7500 RT-PCR instrument (Applied Biosystems, Foster City, CA,
USA). The RNA sequences in this paper are listed in Table S1. 28 sr
was used as a housekeeping gene for PCR amplification. The com-
parative CT (2-2ACT) method was applied to evaluate the relative
RNA expression.

2.10. Immunofluorescence

After 14 or 28 days of culture in vitro, the cell-gels were fixed
with paraformaldehyde (4%, w/v) for 30 min and then washed
with PBS three times. Hydrogel were permeabilized with Triton X-
100 (0.1%, v/v) for 15 min at room temperature (For analysis of
the samples in vivo, paraffin sections should be deparaffinized, re-
hydrated and antigen retrieval before immunofluorescence stain-
ing). After washing three times with PBS, cells were incubated
with 3% (w/v) bovine serum albumin solution (Sigma-Aldrich) for
2 h at room temperature. Afterwards, cells were incubated with
primary antibodies (Rabbit Anti-Integrin 81 antibody (ab183666)
[1:200, Abcam, UK], Mouse Anti-N Cadherin antibody (ab98952)
[1:200, Abcam], Rabbit Anti-NCAM1 antibody (ab133345) [1:100,
Abcam], Mouse Anti-Aggrecan antibody (ab3778) [ACAN, 1:50, Ab-
cam|, Rabbit Anti-Collagen II antibody (ab34712) [Col II, 1:200, Ab-
cam], at 4 °C overnight. After three washes with PBS, sample were
incubated with secondary antibodies at a dilution of 1:500 for 2 h
in the dark at room temperature [goat anti-rabbit IgG H&L (Alexa
Fluor 488), goat anti-rabbit IgG H&L (Alexa Fluor 568), goat anti-
mouse IgG H&L (Alexa Fluor 647), Abcam)|. Finally, cell nuclei were
stained with DAPI for 10 min at room temperature. The stained
samples were visualized immediately by CLSM. Quantitative anal-
ysis of immunofluorescence staining was analyzed using Image]
software (NIH, Bethesda, USA) [39].

2.11. Statistical analysis

Data is presented as the mean =4 standard deviation and rep-
resents three individual experiments. Statistical analysis was con-
ducted by one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc tests using SPSS 24.0. P-value less than 0.05 was
considered statistically significant.
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3. Results and discussion
3.1. Preparation and characterization of functionalized hydrogel

Studies have increasingly focused on how cells behave in tissue-
engineered scaffolds. In particular, as a biomimetic 3D culture sys-
tem, functional hydrogels have become popular in the regulation
of cell signaling and behavior [40]. The activities of MSCs can be
adjusted by modifying active groups [41], introducing active sig-
nals into the hydrogel system [42], and changing the structure of
the gel [43]. In the field of cartilage tissue engineering, the com-
plicated process of differentiating MSCs into chondrocytes must be
comprehensively investigated to guide the preparation of hydro-
gel scaffolds. However, few studies have used hydrogel scaffolds
to mimic the critical steps in chondrogenic differentiation, namely
spontaneous cell proliferation, condensation, and differentiation,
and matrix precipitation. It is also worth noting that these criti-
cal stages are not independent elements of the chondrogenic dif-
ferentiation process. Cell condensation usually occurs after a large
number of cells have been amplified, and is indispensable for cell
differentiation [24,25] (Fig. 1A). Therefore, it is imperative to incor-
porate these key links into functional design of hydrogels.

At the beginning of this study, HA reacts with excess methacry-
late to produce double bonds to ensure the quality of grafted pep-
tides and stability of the glue (Fig. 1B). Through NMR analysis, we
confirmed that the “double bond binding rate” of HA was about
43% (Fig. S1). Swelling and elastic stress tests showed that graft-
ing peptides onto MeHA did not affect swelling or elastic strain
(Fig. 1C and D), consistent with previous reports [28]. The effect
of crosslinking time on the characteristics of gels showed that the
elastic modulus of the gel matrix increased with longer crosslink-
ing time (Fig. 1C). The group with crosslinking of 30 s had the
lowest mechanical stress, highest swelling ratio, and notable vol-
ume changes after swelling (Fig. 1C and D, Fig. S4 A). When the
crosslinking time was 60, 90 or 120 s, the swelling ratio was lower,
and the volume relatively stable, compared to the 30 s group. Ap-
propriate volume changes may be important for the repair and re-
generation of cartilage defects (Fig. S4). A high swelling ratio cause
a distinct change in gel volume after the formation of hydrogels in
cartilage defect. On the contrary, high crosslinking strength with
a low swelling ratio maintained the gel volume before and after
swelling, which may help to close the cartilage defect. Therefore,
we hypothesized that crosslinking of 60 s or more would con-
tribute to the stability of gel volume and clinical application.

The SEM images showed that the pores of lyophilized gels with
more than crosslinking of 60 s were smaller than those in the 30 s
and 60 s group (Fig. 1E). The pores in the lyophilized hydrogels
prepared in this study were all on the order of microns. However,
the freeze-dried hydrogels can hardly reflect the actual structure
and size of pores in the hydrated state [44,45]. It is worth noting
that the lower degree of crosslinking leads to larger pore size of
hydrogels, and the hydrogels with larger gaps tend to be closely as-
sociated with promoting cell differentiation, proliferation, and ag-
gregation, as well as matrix secretion [46,47].

3.2. Spreading and proliferation of hMSCs loaded on hydrogel
surfaces and encapsulated in hydrogels

By studying the elastic moduli and swelling ratio of gels with
different degrees of crosslinking, we showed that hydrogels with
suitable crosslinking strengths (60 s, 90 s and 120 s) may merit
further research. Then, we investigated the effect of crosslinking
intensity on cell survival. HMSCs encapsulated into MeHA hydrogel
with different degrees of crosslinking were cultured in vitro for 7
days, and dead cells were not revealed by dead-live staining (Fig.
S2).
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Fig. 1. Preparation and characterization of functionalized hydrogel. (A) Schematic illustration of the K@PM-HR hydrogel for inducing hMSC chondrogenesis. (B) HA modified
with methacrylates, and MeHA grafted with peptides. (C) Elastic modulus of grafted and ungrafted peptide hydrogels. (D) The swelling ratio of grafted and ungrafted peptide
hydrogels. (E) Representative SEM images for different crosslinking times. Scale bar=100 xm. Data are shown as mean =+ SD.; n = 3. * < 0.05, n.s. P>0.05.

Natural ECM regulates cell phenotype, activity, and proliferation
through ECM ligands [20,48]. This can be replicated by incorporat-
ing RGD peptides into hydrogels. In this study, we demonstrated
that a 2% concentration of gel modified with RGD inhibited cell
spreading compared to a 1% concentration (Fig. S3). Further studies
were carried out to investigate whether RGD peptides have differ-
ent effects on cells in gels varying in the degree of crosslinking. At
the 2D level, compared to the HA group, the RHA group enhanced
cell adhesion, spreading, and proliferation after 3 days of cell cul-
ture on the surface of the hydrogel. The cells produced similar cel-
lular states on the surfaces of hydrogels with different crosslink-
ing strengths in HA or RHA group (Figs. 2A and B, 3A and B). In
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the case of 3D samples, the cells in all HA groups were isolated
in the gel matrix and showed a spherical shape with no intercel-
lular contact, regardless of the crosslinking strength (Fig. 2C and
E). Meanwhile, although there is a tendency of cell proliferation
with the growth of culture time, different crosslinking intensity
did not have different effects on cell proliferation in the HA group
(Fig. 3C). In particular, the proliferation amplitude of cells in all HA
groups was less pronounced than in the RHA group (Fig. 3C and D).
On the other side, the cells in the RHA group exhibited different
morphologies and activities according to the degree of crosslinking
(Fig. 2D and F, Fig. 3D). In the groups with crosslinking of 30 s and
60 s, the cells extended well and exhibited higher proliferative ac-
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Fig. 2. Representative images of hMSCs encapsulated in 2D substrates and 3D matrices. (A) Morphology (F-actin) of hMSCs on the surface of HA according to different
crosslinking times after 3 days of culture. (B) Morphology of hMSCs on the surface of RHA according to different crosslinking times after 3 days of culture. (C) Morphology
and integrin 81 expression of hMSCs in 3D HA matrices with different crosslinking times after 3-days of culture. (D) Morphology and integrin 81 expression of hMSCs in
3D RHA matrices with different crosslinking times after 3 days of culture. (E) Morphology and integrin 81 expression of hMSCs in 3D HA matrices according to different
crosslinking times after 7 days of culture. (F) Morphology and integrin 1 expression of hMSCs in 3D RHA matrices according to different crosslinking times after 7 days of
culture (yellow arrows: cell aggregation). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

tivity (Fig. 2D and F, Fig. 3D). Meanwhile, the cells began to spread
and migrate on the third day of culture (Fig. 2D), and distinct ag-
gregation was noted on day 7 (Fig. 2F). Longer crosslinking times
(90 and 120 s) limited cell spreading, migration and proliferation
(Fig. 2D and F, Fig. 3D), leading to a nearly spherical cell morphol-
ogy (Fig. 2D), similar to the cells in the HA group.

After 3 days of cell culture, compared to the HA group, the ex-
pression of integrin receptors was upregulated in the RHA group.
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Moreover, with the participation of RGD peptide, the expression
of integrin receptors was more obvious in low cross-linked ma-
trixes than in high cross-linked matrixes (Figs. 2C-F and 3E and
F). Material-bound RGD peptides can increase adhesion of the ma-
trix to cells, which mimics the relationship between the natural
matrix and cells. Importantly, high expression of integrin indicates
the initiation of cell proliferation and differentiation [49]. When
cells are encapsulated inside the material, they tend to prolifer-
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* < 0.05, ** < 0.01, ***< 0.001.

ate, migrate, and aggregate. ECM ligands direct these cell behav-
iors, but a high degree of crosslinking produces a robust matrix
that binds to the cells inside it, thereby inhibiting such behaviors
(Fig. 3G). The dynamic interaction between the cells and gel matrix
is favorable for cell differentiation [50,51]. In this experiment, the
RHA groups with low crosslinking strength produced a soft matrix;
thus, the gel matrix induced a remodeling process via cell move-
ment. Notably, the expression of integrin receptors decreased sig-
nificantly after 7 days of culture in all groups (Fig. 2E and F). This
may have been due to the consumption of RGD peptides by inte-
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grin receptors, accompanied by the degradation of RGD and inte-
grin [52,53].In addition, it is undeniable that the stiffness of hydro-
gel in this study is very soft, while the implants for cartilage defect
often depend on scaffolds with high elastic modulus [54]. There is
a conflict between the regulation of MSC activity by functional gel
matrix and the high elastic modulus of gel matrix [22,40]. On the
basis of regulating the cell activity, it is an effective solution to in-
crease the mechanical stress through matrix secretion [28,36], but
there is still a significant gap with the stiffness of natural cartilage
tissue.
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3.3. Grafting peptides affect cell condensation

To verify the regulatory effect of grafted HAV on stem cell
aggregation and investigate the effect of two types of peptides
(RGD and HAV) on cell behaviors, the expression levels of proteins
and genes related to cartilage adhesion (NCAM1 and N-cadherin)
and migration (FAK) were evaluated. After 3 days of culture, im-
munofluorescence staining clearly showed that, little cell aggrega-
tion was observed in the early stages in the HAV group (Fig. 4A)
and the expression of NCAM1 and N-cadherin were highest in the
HR group (Fig. 4A, Fig. S5). In the RHA and HR groups, cells aggre-
gated locally in small areas (Fig. 4A). Previous studies have shown
that gel matrix of pure MeHA does not promote the aggregation
of MSCs under the influence of HAV peptide, especially in early
culture [27,28]. This also indicates that a suitable hydrogel ma-
trix microenvironment is required to exert the effect of HAV on
MSCs. In terms of gene expression, grafted RGD peptides alone did
not promote significant early expression of FAK and NCAM1, while
grafted HAV peptides promoted greater upregulation of N-cadherin
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compared to the blank control and RHA groups (Fig. 4B). High ex-
pression of N-cadherin is associated with active MSC aggregation,
which is believed to be a prerequisite for neocartilage formation
[55,56]. It should be noted that, compared to other groups, the
expression of FAK, NCAM1, and N-cadherin were greater in the
HR groups (Fig. 4B). The upregulation of these adhesion-related
genes also indicates chondrogenic differentiation [15,24]. Simulta-
neous grafting with both types of peptide had a synergistic effect
on cell adhesion and migration, although the underlying mecha-
nism is unclear. It is most likely that RGD peptides promote cell
proliferation and migration, where cellular motion-mediated cell-
cell interactions upregulate proteins and genes related to intercel-
lular adhesion [57-59].

3.4. KGN release

Regarding the release behavior in different media (Fig. 5B),
about 80% of the total amount in the HR group was released within
the first 7 days. This indicates that functional hydrogel matrix
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could not store hydrophobic KGN effectively. The release of KGN
wrapped in PMs was delayed compared to the HR group (Fig. 5A
and B). As expected, K@PM wrapped in gel had the lowest release
rate, which ensured a constant concentration of KGN in the gel
system.

3.5. Chondrogenesis and secretion of hMSCs encapsulated in hydrogel
in vitro

Immunofluorescence staining showed that the number of nuclei
indirectly reflected the number of cells after in vitro culture for 14
days (Fig. 6A, DAPI staining). In the RHA, HR, K@HR and K@PM-
HR groups, the number of cells increased significantly over time
and more obvious aggregation was observed, at 14 versus 7 days
(Fig. 2F). At the same time, cartilage-related proteins were clearly
expressed in all groups with RGD and HAV peptides (Fig. 6A, F
and G). Notably, cartilage-related collagen 11 (Coll II) and aggre-
can (ACAN) were clearly expressed in the group with KGN, sug-
gesting that KGN promoted chondrogenic differentiation of hMSCs
(Fig. 6A, F and G). In terms of gene expression, the gels grafted
with RGD and HAV peptides significantly upregulated the expres-
sion of ACAN, Coll 1I and sex-determining region Y-box 9 (SOX-9)
compared to the HA, HHA and RHA groups (Fig. 6B-E). Prior up-
regulation of genes related to cell migration and aggregation in
the HR group at 3 days was fed back into chondrogenic differ-
entiation. There was no evident group difference in ACAN or Coll
11 expression, but the expression of SOX-9 and collagen X (Coll
X) was markedly upregulated in the RHA group compared to the
HHA group (Fig. 6B-E). Particularly, high expression of Coll X indi-
cating hypertrophy is not conducive to chondrogenesis and carti-
lage repair [60]. The upregulation of hypertrophy genes in the HR,
K@HR and K@PM-HR groups may be related to the RGD peptides
in hydrogel matrix. Previous studies have also shown that RGD
incorporated into hydrogel matrix can up-regulate hypertrophy-
related genes of MSCs [29,46]. In the K@HR and K@PM-HR groups,
the expression levels of ACAN, Coll II, and SOX-9 were upregu-
lated. Meanwhile, the expression level of SOX-9 was highest in the
K@PM-HR group. The above results, obtained after 14 days of cul-
ture, appear to confirm that our hydrogel system can continuously
promote the proliferation, aggregation and development of hMSCs
into chondrocytes.

Immunofluorescence staining showed that the number of cells
after 28 days of in vitro culture was visibly increased compared
to that at 14 days, especially in the RHA, HR, K@HR and K@PM-HR
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groups. Moreover, cell aggregation was more obvious and more ex-
tensive than at 14 days (Fig. 6]). The expression of Coll II and ACAN
was significant in all groups (Fig. 6], O and P). Subsequently, the
expression of cartilage-related proteins, accompanied by wide in-
tercellular contact, was obviously higher in the K@HR and K@PM-
HR groups than in HA, HHA and RHA groups (Fig. 6J, O and P).
The degree of hMSC chondrogenesis depends on the extent of in-
tercellular contact, and is linearly correlated with the number of
adjacent cells [15,25]. At this point, the expression of type II colla-
gen was the highest in K@PM-HR group (Fig. 6P). Regarding gene
expression, gels grafted with RGD and HAV peptides significantly
upregulated the expression of ACAN and Coll IT compared to the
HA, HHA and RHA groups (Fig. 6K-N). The expression of ACAN
and Coll II was upregulated in the RHA and HHA groups com-
pared to the HA group, but there was no difference in the expres-
sion of SOX9 between the RHA and HHA groups. By comparing the
K@HR and K@PM-HR groups, it was clear that sustained release of
KGN had the most profound effect on the upregulation of cartilage-
related genes, suggesting that this way of releasing is favorable
to the formation of neo-cartilage (Fig. 6K-N). The clear upregula-
tion of chondroblast-related proteins and genes in the K@HR and
K@PM-HR groups reflected enhancement of chondrogenesis via the
synergistic effects of KGN and ECM, consistent with the results
reported in previous studies [61-63]. Notably, hypertrophy genes
were still highly expressed in the HR, K@HR and K@PM-HR groups
(Fig. 6M). At the same time, with the high expression of hyper-
trophy gene, collagen I (Coll I) associated with osteogenesis was
significantly expressed in K@PM-HR group after chondrogenic in-
duction of 14 and 28 days in vitro (Fig. 6D and M, Fig. S6). Up-
regulation of Coll I and Coll X predicts endochondral ossification
[64]. Normally, MSCs gradually become chondrocytes after prolifer-
ation and condensation. When chondrocytes further mature, some
of them from the center of the cartilaginous anlage differentiate
into hypertrophic chondrocytes that secrete Coll X and facilitate
calcification of matrix. Next, hypertrophic chondrocytes can reg-
ulate angiogenesis and synthesize osteogenic factors. Eventually,
bone tissue forms within the hypertrophic cartilage [65-67]. In this
system of functionalized hydrogel, formation of mature cartilage
may involve endochondral ossification pathways. Even so, the ex-
pression of hypertrophic and osteoblastic genes was still low com-
pared with the expression of cartilage-related genes in K@PM-HR
group (Fig. 6B-E and K-N, Fig. S6). All in all, the result indicates
that this functional HA scaffold can play an advantage in endo-
chondral ossification, which needs to be further comprehensively
demonstrated.
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The main components of the cartilage matrix, such as GAG and
collagen, maintain the phenotype of cells within the matrix and
provide support for cartilage [36,68]. Compared to 3D porous scaf-
folds, there has been little researched on the secretion of hMSCs in
hydrogel scaffolds, especially for covalently cross-linked hydrogels.
In this study, after 14 days of chondrogenic induction culture, the
amounts of GAG and total collagen secreted in the RHA, HR, K@HR
and K@PM-HR groups were clearly higher than in the HHA and
HA groups (Fig. 6H and I). The secretion of collagen was highest in
the K@HR and K@PM-HR groups. On the other side, after 28 days
of chondrogenic induction (Fig. 6Q and R), the amounts of GAG
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and collagen secreted in the RHA, HR, K@HR and K@PM-HR groups
were observably higher than in the HHA and HA groups, in which
the secretion amounts remained very low. The GAG secretion in
the K@PM-HR group was observably higher than in RHA, HR and
K@HR groups. Through quantitative analysis and direct observation
by light microscopy (Fig. S7 and S8, Fig 6), we determined that
our hydrogel system facilitated matrix secretion due to the involve-
ment of RGD peptides and the mechanical properties of hydrogel
matrices, and promoted the differentiation of hMSCs. Additionally,
with the exception of GAG secretion in HA and HHA group, the
matrix secretion increased markedly at 28 days compared to 14



B. Teng, S. Zhang, J. Pan et al.

K Ha  ACAN L mm HA  Coll T
- . B HHA
::ﬁ — 1000~ = RHA
5 R 5 O HR
i ! K@HR £ 100 B KGPMHR
3 i
£ K.E_'_fPM-HR = : < .
< 3 —
3 10 .
£ t
{ g 5
2 2
& &
T T T 0.1 T - T
oy & & ooy ¥ & &
& & F S TEEESL S
o N )
R ¢
_ mm HA  ACAN P mm Ha Coll I
] ,. EB HHA ® m H
£ 6x10"7 mm RHA =l 2 1.5¢10°7 mm RHA 3
> £ HR 3 0 HR
£, S8 EES
2 4x107 @ T é . m K@PM-HR —
2 2
I3 ]
c S S — c
o
Q 2x107 —— S sxtor
° - °
2 — ﬂ 2
o v L o
£ o m . T = £ o
g £
N R I I ooy W & &
I E S TS
+ & + &
L
Fig. 6.

days (Fig. S9). Although the quantity of cartilaginous matrix secre-
tion in the HHA group did not significantly differ from that in the
HA group (Fig. 6Q and R), light microscopy revealed cell condensa-
tion and local matrix secretion with long-term culture (at 28 days)
in the HHA group (Fig. S8). These results are similar to those of
previous report, that is, HAV peptides grafted onto MeHA hydrogel
can regulate hMSCs secretions with long-term culture during the
process of neo-cartilage formation [28].

3.6. Chondrogenesis and secretion of hMSCs encapsulated in hydrogel
in vivo

To further investigate whether our hydrogel system promoted
stem cell activity and chondrogenic differentiation in vivo, high-

Acta Biomaterialia 122 (2021) 145-159

K@HR

K@PM-HR

M - A Coll X N
32— EB HHA
c mB RHA g
-} 3 HR o =2
2 16 8 K@HR
BB K@HR ]
¢ o] B K@PMHR g 10 K@PM-HR
H °
< .
g i
$ 2 K
& | 3
5 5
& il &
05 T — T 0.1
G R R U SR SR 3
FRJFI ;& &S X
& & & & & “*_@)‘ Q‘;*‘
& ®
Q .. R *
S o S
30~ B RHA r 2 25- BB RHA =
= R 2 - = HR
_ = K@HR - = K@HR
£ B K@PM-HR- = Egm & K@PM-HR
g.r 20 g9
3 c 315
28 8%
o 2210
= o E
s 32
-2 2= s
[ T T T o
L S S T F ¥ o & & &
P q“x\ ¥R ¥ *@;b q*:b
& &
Continued

155

density cells encapsulated in different gels were implanted sub-
cutaneously in nude mice (Fig. 7A). At 56 days after implanta-
tion, the HR, K@HR and K@PM-HR groups secreted a more opaque
matrix than the blank control group (Fig. 7A). Compared to the
HR group, specimens from the K@HR and K@PM-HR groups were
more compact and brighter, similar to cartilage. This result is re-
lated to the addition of KGN, which played a role in regulating
chondrogenic differentiation and promoting secretion of cartilagi-
nous matrix. H&E staining revealed that the composition of the
matrix in the blank control group changed little between 28 and
56 days, and was similar to that of the gel (Fig. 7B). The HR, K@HR
and K@PM-HR groups exhibited a wider cell distribution and more
stromal secretions (Fig. 7B). Furthermore, H&E staining and im-
munofluorescence confirmed that the specimens were wrapped in
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fibrocystic layers including blood vessels and cells, due to the un-
avoidable foreign body reactions seen in nude mice [69]. It is not
difficult to see that, although the hMSCs-laden hydrogels were im-
planted in subcutaneous culture for 56 days, the main structure
of the sample is still similar to the structure of hydrogel (Fig. 7A)
[70]. Tissue composition and cell morphology similar to cartilage
tissue could not be seen in these specimen slices. The experiment
of subcutaneous implantation plays an auxiliary role in verifying
the results and subsequent in situ defect experiments in animals
are still necessary [33,37].

The weights of the blank control groups were lower than that
of other groups on the 28th and 56th day. On the 56th day,
the weights of the K@HR and K@PM-HR groups were significantly
higher than those of the blank control and HR groups (Fig. 8A).
The increase in specimen weight was associated with the amount
of stromal secretion. At this point, quantitative analysis of the ma-
trix components demonstrated that more GAG and collagen were
secreted in the HR group than in the blank group. After 28 and
56 days of subcutaneous culture, secretions of GAG and collagen
were higher in the K@HR and K@PM-HR groups than in HR group.
Meanwhile, collagen secretion in the K@PM-HR group was high-
est on day 56 (Fig. 8A). The immunofluorescence staining results
were consistent with the quantitative analysis (Fig. 8B and C, Fig.
$10). On the other side, DAPI staining showed that, on days 28
and 56 (Fig. 8B and C), there were more cells in the HR, K@HR
and K@PM-HR groups than in the blank control group. In addition,
the HR, K@HR and K@PM-HR groups showed a notable increase in
cell proliferation between days 28 and 56, while the blank con-
trol group exhibited no such change. The results showed the im-
portance of grafted peptides for cell survival and growth in vivo.
The results of safranin O, ACAN and Coll II staining demonstrated
that, when KGN was present in K@HR and K@PM-HR groups, the
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Table 1
Abbreviations and preparation of hydrogel.

Abbreviation ~ Description

HA MeHA hydrogel only

HHA MeHA grafted HAV peptide

RHA MeHA grafted RGD peptide

HR MeHA grafted HAV and RGD peptide

K@HR HR hydrogel loaded with KGN

K@PM-HR HR hydrogel with KGN encapsulated in PLGA microspheres

secretion of cartilage matrix is very obvious (Fig. 8 B and C, Fig.
S11 A). In particular, by maintaining KGN at constant and effec-
tive concentrations, the chondrogenic differentiation of hMSCs was
strengthened (Fig. 8B and C, Fig. S10). The feasibility of our hy-
drogel system was verified by in vivo experiments: the gel sys-
tem promotes the activity and differentiation of hMSCs, and the
production of cartilage matrix. To further supplement and verify
the effect of functional hydrogels on endochondral ossification in
the subcutaneous environment. Through analysis of [HC staining,
it was found that Coll I and Coll X mainly existed in the fibrocys-
tic layers (Fig. S11 B and C). The expression of hypertrophic gene
was hardly seen in tissue sections (Fig. S11 B) and, the expres-
sion of Coll I can be sporadically seen in specimens (Fig. S11 C).
This result is partly explained by the fact that the difference be-
tween subcutaneous microenvironment in vivo and chondrogenic
medium in vitro was conspicuous. Some hypertrophy-promoting
factors in this medium will inevitably impact the differentiation of
hMSCs.
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4. Conclusion

In this study, the system of K@PM-HR hydrogel successfully fur-
nish a cell microenvironment to facilitate stem cell differentiation
during neochondrogenesis. The RGD peptide enhanced cell-matrix
interactions and promoted cell survival and proliferation, while the
HAV peptide regulated cell-cell interactions. The original intention
of the experiment was to use these peptides with various func-
tions to guide different behaviors of cells. However, it was found
that, although HAV peptides were not added in early stages of the
experiment, the weak cross-linked gel matrix enhanced cell prolif-
eration and even agglutination under the action of RGD peptide. Of
course, with the participation of HAV and RGD, the cells exhibited
more obvious aggregation and chondrogenesis due to the actions of
these two peptides. As a key step in regulating cell differentiation,
sustainable release of KGN promoted chondrogenic differentiation
of hMSCs. Therefore, this functionalized HA hydrogel has promise
as a stem cell culture system and scaffold matrix for clinical appli-
cations, including 3D-printed gel scaffolds, microfluidic technolo-
gies, and cartilage tissue engineering.
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