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ARTICLE INFO ABSTRACT

Keywords: Stable integration of hydrogel implants with host tissues is of critical importance to cartilage tissue engineering.

Cartilage regeneration Designing and fabricating hydrogels with high adhesive strength, stability and regeneration potential are major

;‘ggmgel challenges to be overcome. This study fabricated injectable adhesive hyaluronic acid (HA) hydrogel modified by
esion

aldehyde groups and methacrylate (AHAMA) on the polysaccharide backbone with multiple anchoring mecha-
nisms (amide bond through the dynamic Schiff base reaction, hydrogen bond and physical interpenetration).
AHAMA hydrogel exhibited significantly improved durability and stability within a humid environment (at least
7 days), together with higher adhesive strength (43 KPa to skin and 52 KPa to glass), as compared to commercial
fibrin glue (nearly 10 KPa) and HAMA hydrogel (nearly 20 KPa). The results showed that AHAMA hydrogel was
biocompatible and could be easily and rapidly prepared in situ. In vitro cell culture experiments showed that
AHAMA hydrogel could enhance proliferation (1.2-folds after 3 days) and migration (1.5-folds after 12 h) of bone
marrow stem cells (BMSCs), as compared to cells cultured in a culture dish. Furthermore, in a rat osteochondral
defect model, implanted AHAMA hydrogel significantly promoted integration between neo-cartilage and host
tissues, and significantly improved cartilage regeneration (modified O’Driscoll histological scores of 16.0 + 4.1
and 18.3 + 4.6 after 4 and 12-weeks of post-implantation in AHAMA groups respectively, 12.0 + 2.7 and 12.2 +
2.8 respectively in HAMA groups, 9.8 + 2.4 and 11.5 + 2.1 respectively in untreated groups). Hence, AHAMA
hydrogel is a promising adhesive biomaterial for clinical cartilage regeneration and other biomedical
applications.

Schiff base reaction
Hyaluronic acid
Aldehyde

1. Introduction

Integration between implanted hydrogel scaffolds with host tissues is
essential for efficient tissue regeneration, particularly for cartilage,
which could facilitate the healing process and recovery of mechanical
function [1-3]. Poor integration between implanted biomaterials and
native cartilage often causes tissue fibrosis, leading to inefficiency in
transferring mechanical loads and failure of integration of neo-cartilage
with native cartilage, ultimately resulting in failure of cartilage regen-
eration [4,5]. Nevertheless, good and stable integration between
implanted biomaterials and native cartilage remains a formidable
challenge.

For cartilage regeneration, existing adhesive hydrogels are far from
ideal, and should be more biocompatible, easy to use, cost-effective and
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efficient in enhancing regeneration [6]. Commercial-available adhe-
sives, such as fibrin glue TISSEEL (Baxter) [7] and polyethylene glyco-
l-based adhesive hydrogels, such as COSEAL (Baxter) and DUEASEAL
(Confluent) [8], have demonstrated weak adhesion to tissues, and tend
to decrease significantly under wet conditions, which make these un-
suitable for cartilage tissue engineering [9]. Cyanoacrylate adhesives,
induce cytotoxic reaction, are incompatible with wet surfaces [10], and
are generally unsuitable for cartilage tissue engineering. Adhesive
hydrogels utilized in research can usually be divided into two types
according to adhesion mechanisms, (a) formation of an interpenetrating
network of mechanical interlocks between tissues and materials, (b)
formation of chemical bonds between tissues and materials through
various functional groups, such as aldehyde, sulfonate, catechol, and
imine groups, or even with some tissue affinity peptides [1,11,12].
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Hydrogels with mechanical interlocking properties are usually
photo-crosslinked biomaterials [13-15], alginate gels or fibrin gels [16,
17]. However, without stable adhesion to cartilage, few research studies
have used this strategy to promote cartilage regeneration in vivo. Other
type of hydrogels with chemical binding properties are mostly modified
with dopa (or catechol) or are able to form amide bond with tissues in
cartilage regeneration [5,18,19]. Materials modified with dopa are
easily oxidized at elevated pH values (pH from 3 to 8) [20], leading to
decreased adhesive strength and biocompatibility [20,21]. Schiff base
reactions are widely used to form amide bonds, which are biocompatible
with good adhesive strength [4,5,22]. However, hydrogel scaffolds that
adhere to cartilage by amide bonds, often need two/multiple compo-
nents to gel, which complicate surgical operations, as well as have too
fast degradation rate, leading to unstable adhesion over a long-time
scale [23]. Besides adhesive strength, the efficacy in promoting carti-
lage regeneration should also be considered.

Hyaluronic acid (HA), which forms the molecular backbone of pro-
teoglycan complexes [24], is composed of repeating units of N-ace-
tyl-p-glucosamine and p-glucuronic acid [25]. It contains carbon-carbon
bonds of cisdiol groups, which could be easily oxidized to generate
reactive aldehyde groups to form amide bonds via the Schiff base re-
action [25,26]. Due to good biocompatibility and bioactive properties,
HA is widely utilized for cartilage regeneration. It is known to promote
proliferation of chondrocytes and MSCs [27,28], modulate inflamma-
tion [12,29], and promote cartilage regeneration [30]. Strategies
applied in chemically binding HA to cartilage often utilize HA affinity
peptides [12,31] and HA modified with aldehyde groups [18,19]. HA
modified with affinity peptides can enable HA to localize and stay on the
cartilage surface. However, animal studies did not show significant
improvements [12]. The shortcoming of HA modified with aldehyde
groups, i.e. HA (AHA), is that it cannot self-gel and needs to mix with
other components to gel, such as HA modified with adipic dihydrazide
or PRP [5,18,19]. This not only consumes the aldehyde groups,
decreasing adhesive capacity to host tissues, but also results in the
release of potentially toxic degradation products and complicates the
surgical operation procedure [32].

In this study, we developed a modified HA methacrylate hydrogel
with aldehyde groups to facilitate adhesion to host tissues, and promote
cartilage regeneration (AHAMA). Firstly, HA was chemically cleaved by
sodium periodate to introduce aldehyde groups that facilitate adhesion
to host tissues. Then methacrylated AHA was synthesized for cross-
linking and physical interpenetration after oxidation of carbon-carbon
bonds of cisdiol groups by sodium periodate, avoiding the potential
oxidation of double bonds. By incorporating methacrylate, AHAMA
could self-gel, thereby overcoming the problems of stability,
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degradation, and complications with multiple component materials.
Through incorporation of both aldehyde groups and methacrylate,
AHAMA hydrogels could be localized on the cartilage surface with
multiple anchoring mechanisms (amide bond through the dynamic
Schiff base reaction, hydrogen bond and physical interpenetration)
(Fig. 1a). Upon introducing the AHAMA hydrogel to the cartilage sur-
face, we observed that it could stably adhere to native cartilage tissue
and promote cartilage regeneration. In this study, the microstructural
properties, mechanical and adhesive properties, biocompatibility and
biological effects on MSCs, as well as the efficacy of adhesive AHAMA
hydrogels in promoting orthotopic cartilage regeneration in a rat carti-
lage defect model in vivo were systematically evaluated.

2. Material and methods
2.1. Materials

Sodium hyaluronate (Mw 100,000-200,000, H-0443571, HEOWNS,
Tianjin, China), Sodium periodate (110,023-5 g, TONG GUANG FINE
CHEMICAL COMPANY, Beijing, China), Ethylene glycol (10009818,
HUSHI, Shanghai, China), Methacrylic anhydride (M — 58350,
HEOWNS, Tianjin, China) and other regents were commercially-
available and used as received.

2.2. Fabrication and characterization of HAMA and AHAMA hydrogel

AHA was synthesized as previously described [26,33]. Briefly, 1 g of
HA was dissolved in 100 ml of water and agitated until the HA was
completely dissolved. Then 5 ml of 0.5 M sodium periodate was added
dropwise and agitated with a speed of 250 rpm for 2 h at room tem-
perature in the dark. 1 ml of ethylene glycol was then added to inactivate
the unreacted periodate for 1 h. After exhaustive dialysis against H,O for
3 days, AHA was obtained by freeze-drying.

Methacrylated HA and AHA were synthesized as previously reported
[34]. The HA and AHA were modified with double bonds by reacting
with methacrylate. Briefly, 1 g of HA or AHA was dissolved into 100 ml
of water and agitated until completely dissolved. Then, 1 ml of meth-
acrylate was added and the reaction was maintained for 12 h with pH at
8-8.5. The whole process was carried out on ice, including the disso-
lution and reaction. After the reaction, the solution was dialyzed for 2
d and freeze-dried. The percentage of double bond was quantified by
'HNMR dissolved in D20O. The aldehyde content of AHAMA was quan-
tified using tert-butyl carbazate and trinitrobenzene sulfonic acid (TNBS)
solution [25].

HAMA or AHAMA were dissolved in PBS solution (3% w/v) with
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Fig. 1. Fabrication of AHAMA hydrogel. (a) Schematic illustration of adhesive hydrogel bonding to tissue. (b) Schematic illustration of the synthetic AHAMA. (c)
FTIR spectra of the HA, AHA, HAMA and AHAMA hydrogels. * represents new peak appearing due to the stretching band of the C=C bond. (d) 'H NMR spectra of
HA, AHA, HAMA and AHAMA hydrogels in D,0 (500 MHz). (e) Gelation of the AHAMA hydrogel.

1690



J. Chen et al.

0.1% (w/v) of the photoinitiator 2-Hydroxy-4'-(2-hydroxyethoxy)-2-
methylpropiophenone (12959, Aladdin, H137984). Then the hydrogel
was formed by exposure to 365 nm ultraviolet (UV) light (10 mW/cm?)
for 5min.

The microstructures and pore sizes of HAMA and AHAMA hydrogels
were characterized by SEM. The samples were mounted and sputter
coated with gold—palladium, before being imaged with scanning elec-
tron microscopy (SEM; HITACHI S4800) at an accelerating voltage of 5
kV. The pore size was analyzed using the Nano Measurer software.
Young’s modulus was measured by a Nanoindenter (Piuma Chiaro,
OPTICS II, Netherlands) with a falling speed of 10 pm/s. Characteriza-
tion of HAMA and AHAMA was performed with a Fourier-transform
infrared spectrometer (FTIR, Nicolet is50, Thermo Fisher, USA) and
'H NMR (Bruker-500, AVANCE III, Switzerland). The porosity was
calculated as follows:

W, — Wy

Porosity = X
pV

where p is the density of ethanol at 37 °C and V is the volume of the
materials, Wy and Wq represent the mass of the swollen and dried ma-
terials, respectively. The Swelling ratio was calculated as follows:
Swelling ratio = W, = W Wd.
d

Adhesive strength was measured using the lap-shear test by uni-
formly adding 100 pL of pregel solution to amino-treated glass slices
(tbdscience, FISH0010). The test samples were exposed to 365 nm ul-
traviolet (UV) light (10 mW/cm?) for 5min to allow the pregel solution
to gel in situ (bonded area of 25 mm x 25 mm). Then the samples were
pulled to failure by a universal testing machine (Instron5969, USA)
equipped with a load cell of maximum 100 N capacity with a crosshead
speed of 1 mm/min. The adhesive strength was calculated by the
maximum stress divided by the bonded area. The force (F) versus
extension (8) curves were integrated to determine the work of adhesion
(Waan) by the equation [35]:

Fdoé
Waan = {\—

max

Samples were placed into a humidity chamber before being
measured. Porcine skin was chosen to mimic the adhesion to human
tissues (bonded area of 5 mm x 5 mm).

2.3. Cell isolation and culture

After obtaining approval from the Peking University Animal Center
(COE-GeZ-3 and COE-GeZ-6), MSCs were isolated from the bone marrow
of pigs (Yorkshire, 10-12 months). MSCs were cultured in growth me-
dium composed of Dulbecco’s modified Eagle’s medium (DMEM, Gibco-
Invitrogen, China) supplemented with 10% (v/v) fetal bovine serum
(FBS) (Gibco-Invitrogen), 100 pg/ml of streptomycin, and 100 pg/ml of
penicillin at 37 °C within a humidified 5% CO; atmosphere. Non-
adherent cells were washed away after 72 h. When adherent cells
reached 80% confluence, they were detached using 0.05% (w/v) of
trypsin (Gibco-Invitrogen) for further passage. Passage 1 MSCs were
frozen down in 90% (v/v) fetal bovine serum (life) and 10% (v/v)
dimethysulphoxide. When MSCs proliferated to Passage 5, cells were
seeded in HAMA or AHAMA hydrogels.

2.4. Cytocompatibility and migration of AHAMA hydrogel

The cytocompatibility of AHAMA hydrogel was evaluated by live/
dead staining assay and cell counting kit-8 (Solarbio, CA1210). For live/
dead staining, 2 x 10° cells were mixed in 50 pL of HAMA or AHAMA
pregel solution before gelation. After being cultured in medium for 24 h,
HAMA and AHAMA hydrogels were stained with 2 pg/ml of Fluorescein
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Diacetate (FDA, F7378, Sigma) at 37 °C for 15min and 5 pg/ml of Pro-
pidium Iodide (PI, P4170, sigma) at 37 °C for 5min, before being eval-
uated under laser scanning confocal microscopy (Andor) at an excitation
wavelength of 488 nm, and emission wavelengths from 550 to 670 nm.
For cytotoxicity assay, 1 x 10° MSCs were seeded in 96-well plates with
100 pL of medium in each well and incubated at 37 °C for 24 h. Then the
medium was changed with hydrogel extracts every day until analysis (1
day or 3 days). Hydrogel extracts were prepared according to the GB/T
16886.5 protocol. Briefly, 100 pL of hydrogel was incubated with 1 ml
DMEM culture medium (containing 10% v/v FBS) at 37 °C for 24 h. Six
replicates samples were collected for each group, at each timepoint. For
the cell migration assay, BMSCs were seeded in 6-well plates and
cultured until confluent. The confluent cell monolayer was then
scratched with a 200 pL pipette tip across to the center to create a cross.
Then 100 pL of hydrogel was placed into the scratched well. After being
cultured for 6 and 12 h, the cells were imaged and quantitatively
analyzed.

2.5. F-actin fluorescence staining

F-actin fluorescence staining was used to evaluate BMSCs
morphology on the hydrogel surface. After 1 d culture, samples were
rinsed, fixed with 4% (w/v) paraformaldehyde and permeabilized with
1.5% (w/v) Triton-X100. F-actin was stained with rhodamine-
conjugated phalloidin (Sigma). Cell nuclei were stained with 4, 6-diami-
dino-2-phenylindole (DAPI; Vector Laboratories). Microscopic imaging
was performed on a Revolution XD spinning disk confocal microscope
(Andor) at an excitation wavelength of 405 nm (DAPI) and emission
wavelength 561 nm (rhodamine-conjugated phalloidin).

2.6. Chondrogenic differentiation of MSCs

50 pL of pre-gel mixed with 2.5 x 10° MSCs were exposed to UV light
for 5 min. Hydrogels containing cells were placed in chondrogenic dif-
ferentiation medium composed of high glucose DMEM (HyClone,
China), 10~ M of dexamethasone, 50 pg/ml of ascorbic acid, 1 mM of
sodium pyruvate (Sigma-Aldrich, China), 4 mM of proline (Sigma-
Aldrich, China) and 1% (v/v) of ITS + premix. Samples were cultured in
chondrogenic differentiation medium for 7 and 14 days with medium
change every three days. The primer sequences used for RT-PCR to
detect functional gene are listed in Table s1.

2.7. Cartilage regeneration in the rat defect model

All experiments were conducted according to protocols established
by the Institutional Animal Care and Use Committee of Peking Univer-
sity (COE-GE-3 and COE-GE-6). The rats were randomly assigned into
three groups (10 weeks of age): Untreated groups (defects left empty
without implantation, n = 6 joints at each time point), HAMA groups
(defects implanted with HAMA hydrogel, n = 6 joints at each time
point), AHAMA groups (defects implanted with AHAMA hydrogel, n = 6
joint at each time point). After anesthesia, a midline incision was made
in front of the knee joint. Defects of 1.5 mm in diameter and 1.5 mm in
depth were created at the middle of the femoral trochlear of the knee
joint. 50 pL. HAMA or AHAMA solution was injected into the defect, and
then exposed to 365 nm of ultraviolet (UV) light (10 mW/cmz, 5 min) to
fix the hydrogel within the cartilage defect. The rats were sacrificed at 4
weeks and 12 weeks after surgery, and the implants were harvested
together with the surrounding tissues and the 6 explanted knee joints of
each group were evaluated histologically. The harvested tissue speci-
mens were fixed in 4% (w/v) paraformaldehyde at 4 °C for 24 h and
decalcified for 1 month at 4 °C, before being embedded in paraffin and
processed using standard histological procedures.
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2.8. Histology and immunohistochemistry staining

The histological sections (5 pm thick) were subjected to H&E and
Safranin O staining, as well as immunohistochemical staining for
detection of collagen type I and II. For H&E staining, tissue sections were
stained in Harris hematoxylin solution for 10 min, and then counter-
stained in eosin-phloxine solution. For safranin O staining, tissue sec-
tions were stained in fast green (0.05%, w/v) for 5 min, and then
counterstained in safranin O (0.1%, w/v) solution for 5 min. For the
immunohistochemical staining of rat samples, tissue sections were
incubated with hydrogen peroxide to block endogenous peroxidase,
followed by heat treatment at 60 °C for 1 h to retrieve antigen. Mono-
clonal antibodies against collagen type I (ab34710, Abcam), and
collagen type II (ab34712, Abcam) were then added and incubated at
4 °C overnight, followed by addition of a biotinylated goat anti-mouse
IgG antibody. After incubation with streptavidin peroxidase, the sec-
tions were stained with 3, 3'-diaminobenzidine as the chromogenic
agent. Mayer’s hematoxylin (AppliChem, A0884) was applied for cell
nuclei counterstaining. The tissues were then assessed by ICRS Macro-
scopic scoring and Modified O’Driscoll histological scoring (Table s2
and s3, each sample judged by two individuals).

2.9. Statistical analysis

The data were expressed as mean + standard deviation (SD). Sta-
tistical analyses were performed using IBM SPSS 20 software (one-way
ANOVA, (*) for p < 0.05, (**) for p < 0.01, and (***) for p < 0.001).

3. Results
3.1. Fabrication and characterization of AHAMA hydrogel

Following the fabrication process illustrated in Fig. 1b, AHAMA was
successfully obtained, as confirmed by FTIR and 'H NMR. The stretching
band of the C=C bond from methacrylate at 1700 cm ™! was detected in
AHAMA and HAMA (Fig. 1c). Two new peaks at 5.7 ppm and 6.1 ppm
were observed on the 'H NMR spectra of AHAMA and HAMA, which
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correspond to protons within the C=C bond of methacrylate (Fig. 1d).
The methacrylate modification levels of HAMA and AHAMA were esti-
mated to be 26% and 24% respectively, based on the 'H NMR spectrum
(Fig. 1d). Two other new peaks at 4.9 ppm and 5.0 ppm were observed
on the 'H NMR spectra of AHAMA and AHA, which corresponded to the
hemiacetalic protons formed from the aldehyde groups and neighboring
hydroxyl groups (Fig. 1d) [36]. The oxidation level of AHAMA was 36%,
as quantified by measuring the number of aldehydes using t-butylcar-
bazate and 2,4,6 trinitrobenzene-sulfonic acid (TNBS). Both HAMA and
AHAMA were gelled by exposure to UV light (365 nm, 10 mW/cm?) for
5 min (Fig. 1e).

The microstructure of the HAMA and AHAMA hydrogels were porous
with good connectivity, as shown by SEM images and porosity tests
(Fig. 2a and b). The average pore size of the AHAMA hydrogel was
significantly higher than HAMA (352 + 27 pm for AHAMA and 245 +
38 pm for HAMA, Fig. 2¢). As compared to the HAMA hydrogel, AHAMA
hydrogel had relatively lower Young’s modulus (nearly 10 KPa, Fig. 2d),
due to the ring opening by sodium periodate. Both HAMA and AHAMA
hydrogels displayed uniform Young’s modulus (Fig. s1). The swelling
ratio of AHAMA quickly increased to 27 after 10 min immersion in PBS,
and then continued to rise to 58 after 24 h (Fig. 2e and Fig. s2). The
swelling ratio of HAMA increased to 19 after 10 min and this level was
maintained over time (Fig. 2e and Fig. s2).

3.2. Adhesive strength and tissue integration of AHAMA hydrogel

AHAMA hydrogel exhibited good adhesive strength to glass and
porcine skin. The AHAMA hydrogel firmly adhered to the merged glass,
with loading of 2 kg after gelation and 3 kg after 1 day (Fig. s3a). To
quantitatively detect the adhesive strength of AHAMA to glass, the lap-
shear test was performed (Fig. s3b), with fibrin glue and HAMA hydrogel
setting as contrast. Compared to fibrin glue and HAMA hydrogel,
AHAMA hydrogel showed significantly higher adhesive strength and
work of adhesion at every time point (Fig. s3b and s3c). After 7 days,
AHAMA still showed high adhesive strength to glass (nearly 19 KPa,
Fig. s3e). In addition, after breakage of the two glass slices, the hydro-
gels of all samples were uniformly distributed on two slices, which
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Fig. 2. Characterization of the AHAMA hydrogel. (a) SEM images of the inner structure of HAMA and AHAMA hydrogels. Scale bars: 500 pm. (b) Porosity of HAMA
and AHAMA hydrogels (n = 4). (c) Pore sizes of HAMA and AHAMA hydrogels (n = 4). (d) Young’s modulus of HAMA and AHAMA hydrogels measured by a
nanoindenter (n = 20). (e) Swelling ratio of HAMA and AHAMA hydrogels from 10min to 30min (n = 6, mean values + SD, *P < 0.05, **P < 0.01, ***P < 0.001).

1692



J. Chen et al.

indicated that the hydrogel broke before it separated from the glass
(Fig. s4). Therefore, the actual binding strength of hydrogel-glass is
higher than the test value. Porcine skins were used to measure adhesive
strength of AHAMA hydrogel to tissue (Fig. 3a). Adhesive strength and
work of adhesion of AHAMA hydrogel to porcine skin was higher than
fibrin glue and HAMA hydrogel at every time point (Fig. 3b and c).
Different from glass, AHAMA showed the highest adhesive strength to
porcine skin on day 3 (Fig. 3b and c¢). SEM imaging was used to char-
acterize hydrogel adhesion to porcine skin and cartilage. A noticeable
difference was observed between HAMA hydrogel and porcine skin or
cartilage due to the absence of covalent bonds (Fig. 3d and e), whereas
AHAMA hydrogel tightly adhered to porcine skin and cartilage without
any cracks (Fig. 3d and e).

3.3. Biocompatibility and influence on cell morphology of AHAMA
hydrogel

The biocompatibility of AHAMA hydrogels was assessed using Live/
Dead staining and CCK-8 assay, respectively. Live/Dead staining showed
a high viability of BMSCs in AHAMA hydrogel, with relatively stronger
staining than BMSCs cultured in alginate hydrogel at 24 h after seeding
(Fig. 4a). The cell viability of BMSCs cultured for 24 h in media con-
taining hydrogel extracts of alginate, HAMA and AHAMA were similar to
MSCs cultured on culture dishes with normal proliferation media on day
1 (Fig. 4b). However, by day 3, HAMA and AHAMA groups displayed
significantly higher cell viability than the control groups (Fig. 4b).

Cell morphology was characterized by directly taking SEM images
and performing cell cytoskeleton staining to investigate the effects of
hydrogel on MSCs. SEM results showed that MSCs seeded on AHAMA
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hydrogel exhibited normal stretching, similar to HAMA groups and
culture dish groups (Fig. 4c). F-actin and nuclei staining showed a
similar trend, MSCs seeded on the surface of HAMA and AHAMA
hydrogels exhibited normal stretching, similar to culture dishes
(Fig. 4d).

The cell migration test showed that media containing AHAMA
hydrogel could significantly enhance cell migration after 12 h (Fig. 4e
and Fig. s6).

3.4. Inducement of MSCs chondrogenesis in AHAMA hydrogel

After cocultured with MSCs about 7 days in chondrogenic differen-
tiation medium, groups of AHAMA hydrogel could partially enhance the
gene expression of SOX9 and decrease the gene expression levels of COL
I, as compared to the positive control group, even though differences
were insignificant (Fig. 5a). Additionally, groups of AHAMA did not
significantly change the gene expression levels of COL I, ACAN and COL
X, as well as deposition of glycosaminoglycan (Fig. 5a and b). After
coculture with MSCs for 14 days in chondrogenic differentiation me-
dium, groups of AHAMA hydrogel significantly enhanced the gene
expression of COLII (25.4 + 3.1-folds) and ACAN (22.5 + 4.3-folds), but
did not significantly change the gene expression of SOX9, COL I and COL
X, as compared to the positive control group (Fig. 5a). Compared to the
HAMA groups, the AHAMA groups showed slight enhancement, as seen
with staining of Col II after 14 days of coculture, and similar staining
results with H&E and Alcian blue (Fig. s7).
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Fig. 3. Adhesive strength of the AHAMA hydrogel. (a) Schematic illustration of the lap-shear test on porcine skin. (b) Adhesive strength of fibrin glue, HAMA and
AHAMA hydrogels to porcine skin (n = 3). (¢) Work of adhesion of fibrin glue, HAMA and AHAMA hydrogels to porcine skin (n = 3). (d) SEM images of HAMA and
AHAMA hydrogels adhered to porcine skin. Scale bars: left: 200 um; right (enlarged area): 50 pm. (e) SEM images of HAMA and AHAMA hydrogels adhered to
cartilage. Scale bars: left: 200 pm; right (enlarged area): 50 um (Mean values + SD, *P < 0.05, **P < 0.01, ***P < 0.001).
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Fig. 4. Biocompatibility and cell morphology. (a) Live-dead staining confocal images of MSCs in situ encapsulated in alginate, HAMA and AHAMA hydrogels after
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S0X9 coL 11 ACAN
- % = =
= 61— - 40 = 30 e
[ =] ¥ [ = * % [
o0 Ao L] ]- 0 AL 30 i o A,
= = =
s < 4 s < s < 201
=0 .|- =0 = O -|- -[
> > >
— 8 = S 201 T T — 8
© [-5) © %) T T © %)
= = 2 = 2 = .z 101
2 E * %K é E 107 é E
@ %) %) T T
S S S ok S * % *x R
0- 0- 0-
7d 14d 7d 14d b 7d 14d
COL1 COL X
8+ 8-
: = %
=) [ =) ! (s )
S0 A e Ry 61 — ge Il Control
] < <
59 s T I c HAMA
= 8 w— 2 4 — =
=] P (=) © T =]
= 2 = 2 = Bl AHAMA
S € sE2 TgT S
=S =S, = »
) o Positive control
0_
7d 14d 7d 14d

Fig. 5. Inducement of MSCs chondrogenesis in AHAMA hydrogel. (a) Gene expression levels of SOX9, COL II, ACAN, COL I and COL X of MSCs seeded in AHAMA
hydrogel (n = 6). (b) Quantitative analyses of glycosaminoglycans contents of MSCs seeded in AHAMA hydrogel (n = 6, Mean values + SD, *P < 0.05, **P < 0.01,

*#*P < 0.001).

3.5. In vivo cartilage defect regeneration

The capacity of AHAMA hydrogel in promoting host tissue cartilage
regeneration was investigated in a rat osteochondral defect model,
which was 1.5 mm in diameter and 1.5 mm in depth. The gross
appearance revealed almost complete filling of the chondral defects in
HAMA and AHAMA groups, as compared with the Untreated groups, in
which tissue indentation at the defect site was obvious at 4 weeks post-
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implantation (Fig. 6a). After 12 weeks of cartilage regeneration, the
AHAMA groups revealed a more glossy and well-integrated morphology,
with no obvious boundaries at some sites. However, some small defects
were observed in the HAMA and Untreated groups. The ICRS macro-
scopic score (total points were 12) was highest in the AHAMA groups
after 4 and 12 weeks of regeneration (9.2 + 1.2 and 10.5 + 1.0), fol-
lowed by the HAMA group (7.7 + 0.7 and 7.5 + 1.3) and Untreated
group (4.3 £ 1.6 and 7.2 + 1.0) (Fig. 6b).
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Fig. 6. Cartilage regeneration in vivo. (a) Macroscopic appearance of the cartilage defect at 4- and 12-weeks post-surgery. (b) ICRS macroscopic scores of Untreated,
HAMA and AHAMA groups at 4- and 12-weeks post-surgery (n = 6, mean values + SD, *P < 0.05, **P < 0.01, ***P < 0.001). (c) H&E staining of repaired cartilage
after 4- and 12-weeks post-surgery. Scale bars: up: 500 pm; down (enlarged area): 100 pm.

H&E staining was performed to assess the cell distribution, hypo-
cellularity, structural integrity and tissue regeneration. After 4 weeks
post-implantation, much fibrous tissues were observed in the Untreated
groups, with unevenly distributed clustered cells. Some fibrous tissues
and cartilage-like tissues were also observed in the HAMA groups, with
slight disruption. The implanted AHAMA scaffold exhibited better
cartilage regeneration with smooth cartilage surface (Fig. 6¢). After 12
weeks post-implantation, the boundary between the neo-tissue and
native cartilage was still significant in the Untreated and HAMA groups,
and some cells exhibited columnar arrangement, while others were still
clustered. The AHAMA groups exhibited excellent tissue integration
with native cartilage, and had more columnar arrangements of cells,
close to healthy cartilage (Fig. 6¢ and Fig. s8). Safranin-O and immu-
nohistological staining of collagen type IT and I were performed to assess
the cellular matrix, structural integrity and tissue regeneration. The
stronger Safranin-O and collagen type II staining, and weaker collagen
type I staining were found in both AHAMA groups after 4- and 12-weeks
post-implantation, with new smooth and continuous tissue surfaces and
tidelines, which demonstrated that the newly formed tissue was mainly
hyaline cartilage, very similar to native cartilage (Fig. 7a and b and
Fig. s9). The Untreated and HAMA groups did not show good cartilage
regeneration (Fig. 7a and b and Fig. s9). Modified O’Driscoll 24-point
histological scoring (Table s3) showed the same trend, with AHAMA
gaining significantly higher score after 4-weeks post-implantation (16.0
+ 4.1) and 12-weeks post-implantation (18.3 + 4.7), as compared to the
HAMA (12.0 £ 2.7 and 12.2 + 2.8) and Untreated groups (9.8 + 2.4 and
11.5 £ 2.1) (Fig. 7c, detailed itemized raring score in Tables 1 and 2). A
similar trend was also observed for the mean intensity of collagen type II
staining (Fig. 7d).

4. Discussion
Injectable adhesive hydrogel with fast, easy and efficient gelation in

situ is required for cartilage repair surgery [22,37]. The gelation of
hydrogels in situ enables the liquid pre-hydrogel solution to adapt to
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irregular cartilage defects, prior to undergoing gelation to form a
hydrogel with high adhesive strength, which can preserve the maximal
amount of surrounding cartilage [37]. Conventional gelation of inject-
able hydrogels usually involves the mixture of multiple components,
which complicates the surgical operation and make the hydrogel un-
stable [5,22,38]. In this study, single component AHAMA hydrogel can
be subjected to a one-step light-initiated gelation to fill the cartilage
defect, which allows more flexibility, as well as excellent spatiotemporal
control.

Seamless hydrogel-cartilage integration is critical for cartilage
regeneration, as it could facilitate migration of host cells (MSCs and
chondrocytes, etc.) to the defect site and promote neo-tissue formation
[5,22]. However, implanted biomaterials often fail to regenerate carti-
lage, without good cartilage integration [4,39]. In this study, the strong
adhesion of AHAMA effectively fixed the implanted scaffolds in place to
maximize regeneration potential [12,40]. Through multiple adhesion
sites, the implanted AHAMA hydrogel scaffold formed a seamless
interface with the host tissue at the microscale level, as demonstrated by
SEM (Fig. 3d and e), improving neo-tissue formation, and ultimately
promoting the integration between neo-cartilage and native cartilage.
More importantly, smooth transition between neo-cartilage and native
cartilage was attained in the AHAMA groups, suggesting good integra-
tion between the neo-cartilage and native cartilage, which was not seen
in the Untreated and HAMA groups (Figs. 6¢ and 7a).

There is a possibility that aldehyde groups on oxidized hyaluronic
acids may compromise biocompatibility. Nevertheless, biomaterials
with aldehyde groups have been widely utilized for repair surgery of
cartilage and other tissues [5,18,22,41]. Not all are cytotoxic. Cytotox-
icity depends on the structure and origin of the specific aldehyde group.
Cytotoxicity of aldehydes are mainly attributed to o,p-unsaturated al-
dehydes that are endogenously produced by lipid peroxidation, such as
4-hydroxynonenal (4-HNE), acrolein, malondialdehyde (MDA) and
crotonaldehyde (Cr), associated with aging [42,43], inflammation [44,
45], neurological disorders [46] and cancer [43]. However, aldehydes,
such as protocatechuic aldehyde [47], cinnamaldehyde [48] and
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Fig. 7. Safranin O and immunohistochemistry staining of collagen type II. (a) Safranin O staining of repaired cartilage after 4- and 12-weeks post-surgery. (b)
Immunohistochemistry staining of collagen type II in repaired cartilage after 4- and 12-weeks post-surgery. (c) Modified O’Driscoll histological scores (24 scores
system) of Untreated, HAMA and AHAMA groups at 4- and 12-weeks post-surgery (n = 6). (d) Mean density of collagen type II staining, compared to the healthy

group (n = 6, mean values + SD, *P < 0.05, **P < 0.01, ***P < 0.001).

Table 1 Table 2
Modified O’Driscoll histological evaluation of cartilage repair at 4 weeks. Modified O’Driscoll histological evaluation of cartilage repair at 12 weeks.
Category Untreated HAMA AHAMA Category Untreated HAMA AHAMA
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Cellular morphology 0.25 0.66  0.57 0.90 1.43 0.90 Cellular morphology 0.50 0.87  0.80 0.98 225 1.56
Safranin-O staining of the 0.88 0.60 1.43 0.49  2.00 0.93 Safranin-O staining of the 1.00 0.71  1.00 1.10 213 1.17
matrix matrix
Surface regularity 1.00 0.87 1.43 0.49 186 0.64 Surface regularity 1.75 0.83 1.80 0.75 225 1.09
Structural integrity 0.50 0.50  1.00 0.00 1.71 0.45 Structural integrity 0.75 0.43  1.20 0.40 1.63 0.48
Thickness 1.13 0.78 1.14 0.64 1.29 0.70 Thickness 1.50 0.50 1.60 0.49 1.75 0.43
Bonding to the adjacent 1.25 0.66 1.14 0.83 1.71 0.45 Bonding to the adjacent 1.75 0.43  1.60 0.80  2.00 0.00
cartilage cartilage
Hypocellularity 2.88 0.33  3.00 0.00  3.00 0.00 Hypocellularity 2.25 0.43  2.80 0.40  3.00 0.00
Chondrocyte clustering 0.38 0.48  0.43 0.49 0.86 0.99 Chondrocyte clustering 0.00 0.00 0.20 0.40 0.88 0.78
Adjacent cartilage 1.50 0.87 1.86 0.64 214 0.35 Adjacent cartilage 2.00 0.71  1.20 0.40 2.38 0.48
degenerative joint disease degenerative joint disease
Total 9.75 - 12.00 - 16.00 - Total 11.50 - 1220 - 18.25 -

coniferyl aldehyde [49], have been shown to suppress inflammation.
Oxidized hyaluronic acid with aldehyde groups have demonstrated good
biocompatibility in ophthalmic applications both in vitro and in vivo
[50]. In this study, aldehyde groups within repeating units of AHAMA
are saturated aldehydes with negligible toxic effects. Moreover, cyto-
toxicity also depends on the concentration. A delicate balance exists
between basal levels of aldehydes and cytotoxic threshold concentra-
tions [51]. In this research, only 50 pL of AHAMA was injected into the
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cartilage defect, and the aldehyde content in the AHAMA hydrogel is
quite low.

The degradation ratio of HA could be reduced through modification
with some functional groups, such as methacrylate [52] or sulfate
groups [53]. Moreover, there was reported to be good correlation be-
tween the degradation rate and modification degree [53,54], molecular
weight of the HA [55], and cross-linking density of the hydrogel [56].
The HAMA used in this study with 24% of methacrylate modification
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degree and 100 KDa200 KDa molecular weight, is supposed to have
similar degradation rates reported by previous studies [52,57]. In
AHAMA, the ring-opening oxidation is susceptible to hemiacetal hy-
drolysis and glycoside-bond cleavage in acidic medium, which slightly
enhance the degradation [58]. Notably, the oxidation level of AHAMA
was 36%, which means that 64% of the polymer in the AHAMA hydrogel
is unoxidized HAMA. This fraction of unoxidized HAMA in the AHAMA
hydrogel likely degrade at a similar rate as the HAMA, leading to similar
degradation rate during the early stage [53].

5. Conclusion

In summary, we have fabricated a HA methacrylate hydrogel
modified with aldehyde groups (AHAMA), which could be quickly and
conveniently prepared in situ. This demonstrated good biocompatibility
and tissue adhesion in vitro, and could promote integration between neo-
cartilage and native cartilage, which significantly enhanced cartilage
regeneration. Hence, AHAMA hydrogel is a promising adhesive bioma-
terial for clinical cartilage regeneration and other biomedical
applications.
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