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1. Introduction

Bioprinted biomimetic hydrogel matrices guiding
stem cell aggregates for enhanced
chondrogenesis and cartilage regenerationf

Yuetian Liu,#° Lijuan Du,%° Hua Zhang,**® Guanrong Li,°® Yang Luo, {2 2°
Zeming Hu,” Rong Xu,?® Jie Yao,? Zheyuan Shi,?® Yige Chen,® Chi Zhang,?
Zhanping Jin,? Caihua Zhang,® Chanchan Xie,? Jun Fu, {2 *¢ Yabin Zhu (2 *° and
Yingchun Zhu*®

Articular cartilage tissue has limited self-repair capabilities, with damage frequently progressing to
irreversible degeneration. Engineered tissues constructed through bioprinting and embedded with stem
cell aggregates offer promising therapeutic alternatives. Aggregates of bone marrow mesenchymal
stromal cells (BMSCs) demonstrate enhanced and more rapid chondrogenic differentiation than isolated
cells, thus facilitating cartilage repair. However, it remains a key challenge to precisely control biochemical
microenvironments to regulate cellular adhesion and cohesion within bioprinted matrices simultaneously.
Herein, this work reports a bioprintable hydrogel matrix with high cellular adhesion and aggregation
properties for cartilage repair. The hydrogel comprises an enhanced cell-adhesive gelatin methacrylate
and a cell-cohesive chitosan methacrylate (CHMA), both of which are subjected to photo-initiated
crosslinking. By precisely adjusting the CHMA content, the mechanical stability and biochemical cues of
the hydrogels are finely tuned to promote cellular aggregation, chondrogenic differentiation and cartilage
repair implantation. Multi-layer constructs encapsulated with BMSCs, with high cell viability reaching 91.1%,
are bioprinted and photo-crosslinked to support chondrogenic differentiation for 21 days. BMSCs rapidly
form aggregates and display efficient chondrogenic differentiation both on the hydrogels and within
bioprinted constructs, as evidenced by the upregulated expression of Sox9, Aggrecan and Collagen 2al
genes, along with high protein levels. Transplantation of these BMSC-laden bioprinted hydrogels into
cartilaginous defects demonstrates effective hyaline cartilage repair. Overall, this cell-responsive hydrogel
scaffold holds immense promise for applications in cartilage tissue engineering.

matrix (ECM). Traumas, diseases, and the natural aging process
often lead to articular cartilage damage. Unfortunately, its

Articular cartilage is an avascular and abneural connective
tissue comprised of superficial individual chondrocytes and
deeper aggregated chondrocytes distributed in the extracellular
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inherent limited capacity for self-repair poses significant chal-
lenges in terms of its repair and reconstruction.” In the realm of
clinical practice, current methods employed for articular cartilage
repair presently encompass autologous cartilage transplantation,>
artificial joint replacement,® intra-articular administration of
autologous bone marrow mesenchymal stem cells, and auto-
logous platelet-rich plasma.® Although these strategies have
attained great success, limitations remain, including the scarcity
of available donor tissue, the intricate nature of surgical
procedures, and the finite durability of prosthetic materials.
Consequently, there exists an urgent requirement for a feasible,
biocompatible, and regenerative approach aimed at addressing
articular cartilage defects.

Numerous studies have demonstrated the potential of
polymer hydrogels in facilitating the repair of articular cartilage
defects, owing to their excellent biocompatibility, water
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retention capabilities, and ability to emulate natural cartilage
tissue characteristics.®”® Leveraging the tunability and plasticity
of hydrogel materials, researchers have successfully bioprinted
biomimetic scaffolds in the defect area, providing favorable
conditions for the growth of stem cells and chondrogenic
differentiation.”™"" Moreover, in comparison to individual stem
cells distributed in the hydrogels, encapsulating cell spheroids
or micro-aggregates within bioprinted hydrogels are more con-
ducive to chondrogenic differentiation and cartilage repair.">™**
Similarly, in the deep matrix of articular cartilage, multiple
chondrocytes are located within the cartilage traps."” These
chondrocytes actively contribute to maintaining tissue integ-
rity, synthesizing the ECM, responding to mechanical cues, and
actively participating in repair processes.'® Therefore, numer-
ous efforts have been directed towards developing a biomimetic
hydrogel matrix to induce cell micro-aggregation. One typical
strategy involves maximizing cell-to-cell contact while minimiz-
ing cellular adhesion to hydrogels to achieve cellular micro-
aggregates.’” Specifically, low-adhesive hydrogels made from
polyethylene glycol, polyvinyl alcohol, and alginate have been
developed as optimal biomimetic extracellular matrices.'®"°
Nonetheless, low-adhesive hydrogel scaffolds often lack the
biological activity inherent in natural matrices, thereby leading
to a diminished long-term cell survival rate.>°

In addition to low-adhesive polymers, chitosan has been
found to improve the calcium binding capacity of the substrate
and up-regulate the N-cadherin adhesion molecule, facilitating
stem cells into spheroids.>"** Moreover, it is remarkable that
the cellular spheroids on chitosan-based scaffolds exhibited
long-term proliferation and high chondrogenic differentiation
efficiency.?® Various chitosan-based coatings, films, and nano-
fiber sponges have been prepared for improving the formation
of cell spheroids due to the biological signaling function of
chitosan.>**® However, since the cells on chitosan substrates
are very motile during the assembly of multicellular spheroids,
these scaffolds showed limited adhesion of chondrocytes and
stem cells, potentially resulting in diminished differentiation
and compromised efficacy in cartilage repair processes.

Cell interactions with the ECM and neighboring cells are
mediated by integrins and cadherins at the level of the plasma
membrane, respectively.’®?” Integrins and cadherins are intrin-
sically linked through the actin cytoskeleton and share some
signaling molecules to control the proliferation, differentiation
and survival of cells.”® Consequently, incorporating chitosan
with other molecules containing adhesion motifs could enhance
the adhesiveness of cellular spheroids on chitosan-based
scaffolds.”® For example, Lin et al. showcased that a chitosan-
cartilage extracellular matrix composite scaffold significantly
enhanced the adhesiveness of cellular spheroids, thus efficiently
inducing the chondrogenic differentiation of adipose-derived
stem cells.>® Our group recently developed a bioactive
chitosan-based hydrogel by introducing polysaccharide xyloglu-
can into chitosan methacrylate.*! This scaffold elicited a dis-
tinctive cellular response, effectively modulating the formation
of cell spheroids. Moreover, these cell spheroids exhibited
sustained growth, indicative of robust viability. While these
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studies provided valuable insights into enhancing the chondro-
genic differentiation of stem cells and promote cartilage repair
through the simultaneous improvement of cell attachment and
micro-aggregation on chitosan-based scaffolds, the exploration
of the chitosan composite hydrogels concerning stem cell
response, chondrogenic differentiation and cartilage repair
remains relatively limited.

In this study, we developed a bioprintable composite hydro-
gel with a remarkable cell-aggregation response for articular
cartilage repair, composed of a high cell-cohesive chitosan
methacrylate (CHMA) and an enhanced cell-adhesive gelatin
methacrylate (GelMA) (Scheme 1a). Consequently, the combi-
nation of GelMA and CHMA networks through one-step photo-
crosslinking can concurrently modulate the cellular adhesive-
ness and aggregation properties of the hydrogels (Scheme 1b).
The GelMA concentration was purposefully sustained at
10 wt%, a concentration previously reported for developing
hydrogels with high cyto-activity and bioadaptability for cartilage
engineering.>** Through precise modulation of the CHMA
ratio from 0.5 wt% to 1.5 wt%, it was possible to adeptly fine-
tune the mechanical and biochemical micro-environments of
the resulting hydrogels. The designed composite hydrogels sub-
stantially promote the formation of micro-aggregates and facil-
itate the chondrogenic differentiation of bone marrow-derived
mesenchymal stem cells (BMSCs), both on the hydrogel surfaces
(Scheme 1c) and within the bioprinted multi-layered constructs
(Scheme 1d and e). The efficacy of the bioprinted hydrogel laden
with BMSCs on a cartilage injury model was comprehensive
investigated, showing successful tissue repair (Scheme 1f). The
results demonstrated that this bioprinted cell-adhesion respon-
sive composite hydrogel embedded with BMSCs holds clinical
promise for cartilage tissue regeneration application.

2. Materials and methods
2.1 Materials

Chitosan (viscosity: 100-200 mPa s, degree of deacetylation:
~95%), methacrylic anhydride (MA, 94%), acetic acid (99.8%),
gelatin, lithium phenyl (2,4,6-trimethylbenzoyl)phosphinate
(LAP) and dialysis tubing with a cutoff molecular weight of
8-14 kDa were purchased from Aladdin (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM) and the chon-
drogenic induction differentiation medium were sourced from
Pricella (USA). Fetal bovine serum (FBS) and penicillin/strepto-
mycin were obtained from Gibco (USA). Calcein-AM/PI were
acquired from BeyoGold (Shanghai, China). FITC-phalloidin
was purchased from UElandy (Suzhou, China). Collagen Type
II and a rabbit monoclonal antibody against Type II Collagen
were sourced from Proteintech (Wuhan, China). A rabbit mono-
clonal antibody against aggrecan was obtained from Affinity
(Jiangsu, China). Horseradish peroxidase-conjugated anti-
rabbit antibody was procured from Dako (Denmark). Diamino-
benzidine tetrahydrochloride (DAB) was purchased from Yea-
sen (Shanghai, China). Immunohistochemical CD68 was
acquired from Servicebio (Wuhan, China).
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Scheme 1 Construction of cell-adhesion responsive biomimetic hydrogel matrices for articular cartilage repair. (a) and (b) Illustration of the chemical
structures (a) of GelMA and CHMA and their photopolymerized hydrogel network (b). (c) Promotion of bone marrow mesenchymal stromal cells (BMSCs)
microaggregate growth and chondrogenic differentiation on the hydrogel. (d) Embedded 3D-bioprinting of BMSC-laden hydrogels. (e) BSMC
microaggregate growth and chondrogenic differentiation within bioprinted hydrogels. (f) Application of bioprinted hydrogels for articular cartilage repair.

2.2 Synthesis of methacrylated chitosan and gelatin

Synthesis of chitosan methacrylate (CHMA). CHMA was
synthesized according to a previously reported method.>
Briefly, 3 g of chitosan was dissolved in 300 mL of distilled
water with the addition of 4 mL of acetic acid (around 1.33%).
The chitosan solution was then heated to 60 °C, and 3 mL of
methacrylic anhydride was introduced. No light avoidance was
necessary during the reaction process, and the reaction
proceeded for 4 hours under vigorous stirring. Upon the
completion of the reaction, 10% (wt/vol) of sodium bicarbonate
solution was slowly added until the pH reached a range of 5.8-
6.2. Subsequently, the solution underwent dialysis against
deionized water using a dialysis tube with a molecular weight
cutoff weight of 8000-14 000 Da for 4 days. Finally, the pure
product was obtained by lyophilization and characterized by 'H
nuclear magnetic resonance ("H NMR) spectroscopy and Four-
ier transform infrared (FTIR) analysis.

Synthesis of gelatin methacrylate (GelMA). GelMA was
synthesized according to a previously reported method.*®
Briefly, 100 g of gelatin was dissolved in 1000 mL of phosphate-
buffered saline (PBS, 10 mM, pH 7.2 + 0.2). The gelatin solution
was then heated to 50 °C, and 20 mL of methacrylic anhydride was
added. The reaction was allowed to proceed for 3 h under vigorous
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stirring. Subsequently, the solution underwent dialysis against
deionized water at 40 °C using a dialysis tube with a molecular
weight cutoff weight of 8000-14 000 Da for 4 days. Finally, the
pure product was obtained by lyophilization.

2.3 Preparation of composite hydrogels

The composite hydrogels with various contents of CHMA were
prepared using photo-initiated free radical co-polymerization.®”
Specifically, CHMA concentrations of 0.5 wt%, 1.0 wt%, and
1.5 wt% were used, while the GeIMA concentration was fixed at
10 wt%. GelMA and CHMA mixtures were added into appro-
priate amounts of deionized water containing 0.05 wt% LAP
photo-initiator to GC,, hydrogel precursor solution by exposing
them to a 405 nm curing light source (EFL-LS-1601-405, EFL,
China) for 1 minute. The obtained hydrogels were designated
as GC,,, where m represents the weight fractions of CHMA (m =
0.5, 1.0 and 1.5 respectively). The pure GelMA hydrogels served
as the control group.

2.4 Rheological measurement

Rheological experiments were conducted using a rheometer
(discovery HR-20, TA Instruments, USA) equipped with a 20 mm
diameter parallel plate. All experiments were conducted at a
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controlled temperature of 37 °C to simulate physiological
conditions. A gap of 500 pm was maintained between the
parallel plate and Peltier during the rheological measurements
to ensure accurate and reproducible results. Amplitude sweep
analysis was performed to assess the viscoelastic behavior of
the precursors and hydrogels under varying strains from 0.1%
to 1000%. The thermo-sensitivity of the hydrogels was mea-
sured by using an oscillatory temperature sweep ranging from
5 °C to 45 °C. The gelation kinetics of pure GelMA hydrogels
and GC,, hydrogels were evaluated through dynamic oscillatory
time sweeps using a quartz plate connected to a blue light
source. Subsequently, a frequency sweep was conducted on the
cross-linked hydrogels at a strain of 1.0%, covering a frequency
range from 0.1 rad s~ to 100 rad s~ . The network structures of
hydrogels were analyzed using the rubber elastic theory. The
approximate relationship between polymer network pore size
(v, m*) and storage modulus (G, Pa) is as follows:

_KsT

G
V

where Kp stands for the Boltzmann constant (1.38 x
107>* J K1), and T is the temperature (310.15 K).

2.5 Uniaxial compressive testing

Cylindrical hydrogel samples (diameter: 8 mm, height: 5 mm)
underwent unconfined compressive testing using a universal
testing machine (DCS-20S, Sasck China) with a crosshead
speed of 5.0 mm min~". The compression limit was set at
90% strain to protect the load cell. The Young’s modulus (E)
was determined as the slope of the stress-strain curve at low
strain (<15%).

2.6 Swelling behavior measurement of composite hydrogels

Cylindrical samples of GeIMA and GC,, hydrogels, with a height
of 5 mm and a diameter of 8 mm, were prepare using a custom-
designed silicone mold as a template for the swelling test. The
precursor materials were injected into the mold and subsequently
photo-cured using 405 nm light irradiation at an intensity of
10 mW cm ™ for a duration of 1 minute to form the hydrogel
network. The freshly formed hydrogels were initially weighed (W;)
and then completely immersed in 30 mL of PBS at room tem-
perature for 24 hours. The weights (W;) of the hydrogel samples
were recorded at specific time points of 0.5, 1, 2, 4, 8, and 24 hours.
The swelling ratio (SR) was defined as the ratio of the mass of the
swollen hydrogel at the specified time to its initial mass. The
calculation formula is as follows:

SR (%) = Wy/W; x 100%

where W; represents the initial weight of the fresh formed
hydrogels, and W; corresponds to the weights of swollen
hydrogels at pre-set time points.

2.7 Microstructure characterization

Microstructural characterization was conducted on GC,,
composite hydrogels by scanning electron microscopy (SEM,
Phenom Pharos G2, Netherlands) operating at an accelerating
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voltage of 4 kV. To prepare the hydrogel samples for SEM
observation, the GelMA and GC,, hydrogels were initially
lyophilized at —60 °C for 24 h to eliminate any residual water
content. Subsequently, the lyophilized samples were fully
immersed in liquid nitrogen and then fractured to expose their
cross-sectional structures. Prior to SEM imaging, a thin layer of
gold was sputter-coated onto the sample surfaces using an ion
sputter current of 15 mA for 60 s.

2.8 In vitro degradation of hydrogels

The in vitro degradation test was conducted by immersing the
hydrogel sample in 15 mL of PBS at 37 °C. The dried hydrogel
samples were initially weighed and placed in the PBS solution.
After 3, 5, 7, 14, 21, and 30 days, the samples were washed with
distilled water, freeze-dried, and then reweighed. The degrada-
tion rate (W) was calculated by:

Wy, (%) = (W — Wa)/W, X 100%

where W, is the original weight of the dried hydrogel sample, and
Wy is the weight of the dry sample at the predetermined time.

2.9 Embedded 3D printing of composite hydrogels

The hydrogel bioink was deposited onto cell culture dishes
containing a k-carrageenan sub-microgel suspension using a
custom-designed micro-extrusion-based 3D bioprinter. For
improved visualization during the printing process, rhodamine
labeled GelMA combined with CHMA was employed. Printing
was performed with a 250 pm inner diameter needle (25 G), and
the bioink flow rate was set to 10 uL min . The printing speed
was set to 50 mm s~ '. A 3D grid construct sized 12 x 12 x
2 mm?® and various complex shapes including femur, meniscus,
and humerus were printed with a layer thickness of 150 um.
Digital models were generated using Rhino software or down-
loaded from the 3D database (https://www.thingiverse.com).

2.10 Extraction and culture of bone marrow-derived
mesenchymal stem cells (BMSCs)

BMSCs were isolated and harvested from 5-week-old New
Zealand rabbits according to previously reported protocols.
6 mL of bone marrow aspirate were layered over a Ficoll
gradient and centrifuged at 2000 rpm for 20 min at room
temperature. The cells were then seeded in Dulbecco’s mod-
ified Eagle’s medium (DMEM, Cat. CM-Rb007, Pricella USA)
supplemented with 10% fetal bovine serum (FBS, Cat. C04001-
500, Gibco, USA) and 1% penicillin/streptomycin (Cat.
15070063, Gibco, USA), and cultured at 37 °C with 5% CO,.
Non-adherent cells were removed by medium changes during
the first 6 hours, and then the culture medium was replaced
every other day. Passage one of the BMSCs was obtained
by trypsinization with 0.25% trypsin when the cells reached
70-80% confluence. Trilineage differentiation was induced
by culturing the BMSCs in specific induction media. The
induced cells were evaluated using staining methods to analyze
their differentiation into osteogenic, adipogenic, and chondro-
genic lineages.
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2.11 Adhesion and chondrogenic differentiation of BMSCs on
the GC,,, hydrogels

200 pL of the GC,, hydrogel precursor solution was added to a
48-well plate and exposed to 405 nm blue light for 1 minute.
The three-passage BMSCs were seeded onto the sterile GC,,
composite hydrogels at a density of 3 x 10° cells per mL.
Subsequently, the cells were cultured for 1, 3 and 5 days,
respectively. F-Actin and nuclei were stained using FITC-
phalloidin (YP0059L, UElandy, China) and 4,6-diamidino-2-
phenylindole (DAPI, Cat. C0065, Solarbio, China) to visualize the
morphology and behavior of cells. Furthermore, the BMSCs were
cultured with chondrogenic induction differentiation medium
(PD-023, Pricella, China) for an additional 21 days. The differ-
entiated cells were labeled with Collagen-Type-II (Cat. 28459-1-AP,
1:100, Proteintech, China) and aggrecan (Cat. DF7561, 1:100,
Affinity, China). The nuclei were labeled with DAPI. Immuno-
fluorescence images were obtained using a confocal laser scan-
ning microscope (CLSM, Stellaris 5, Leica, Germany), and all
images were analyzed and quantified with Image]J software.

2.12 Quantitative real-time polymerase chain reaction
(qQRT-PCR)

For the BMSCs cultured on the surface of cross-linked GC,,
composite hydrogels samples, cells were directly lysed on the
surface of the gels before RNA extraction. The total RNA was
extracted from the BMSCs and reverse transcribed into cDNA
following standard experimental procedures. The relative tran-
script levels of Collagen-2a1, Sox9 and Aggrecan were detected by
gRT-PCR (LightCycler 480 Instrument II PCR, Roche, Switzerland)
with specific primers. GAPDH was used throughout as a house-
keeping gene for normalization of fold-changes in gene expres-
sion. The primer sequences for genes are presented in Table 1.

2.13 3D Bioprinting of GC hydrogels loaded with BMSCs

BMSCs (107 cells per mL) were resuspended in the hydrogel
precursor at 37 °C and subsequently injected into a 5 mL
syringe. The syringes were mounted on the modified micro-
extrusion-based 3D bioprinter. The printing model was gener-
ated in Rhino software. The hydrogel was printed in cell culture
dishes (BeyoGold, China) already covered with k-carrageenan.
Micro-extrusion was executed utilizing a 250 pm inner diameter
needle at a bioink flow rate of 10 pL. min~* and constructs with
dimensions of 12 x 12 x 1 mm® were then created using the
suspension printing technique. The printing speed was set to
50 mm s~ . After printing, scaffolds were exposed to 405 nm
blue light. PBS was added to wash the k-carrageenan bath.
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Finally, DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin was added to the scaffold and cultured at 37 °C
with 5% CO,.

2.14 Morphology and chondrogenic differentiation of BMSCs
within the 3D bioprinted GC, , hydrogels

The survival of BMSCs within printed hydrogel constructs was
identified using a live/dead staining assay after culturing for
3 days. For the live/dead staining assay, the cells were incubated
with calcein-AM/PI (Cat. C2015M, Beyotime, China) for 30 min
and examined using a fluorescence microscope. Furthermore,
F-actin and nuclei were stained using FITC-phalloidin and
DAPI to visualize the morphology and behavior of the cells at
5 days. Simultaneously, the constructs were transformed into
chondrogenic differentiation medium until day 27. Then the
differentiated BMSCs were labeled with Collagen Type II
(Cat. 28459-1-AP, 1:100, Proteintech, China) and Aggrecan
(Cat. DF7561, 1:100, Affinity, China). The nuclei were labeled
with DAPI. Immunofluorescence images were obtained by
CLSM to observe whether the material could successfully
induce the differentiation of BMSCs.

2.15 In vitro hemolysis test

The hemolysis ratio of GC,, hydrogels at different concentra-
tions was tested in vitro. The sample was dissolved in saline and
warmed to 37 °C. Subsequently, 60 pL of erythrocyte stock
dispersion was added into the sample suspensions (3 mL) and
incubated at 37 °C for 1 h. Afterwards, the mixtures were
centrifuged at 1500 rpm for 5 min. The absorbance of the
supernatant was measured at 545 nm using a UV-Vis spectro-
photometer (UV-1100, Mapada, China). Saline and distilled
water served as positive control and negative control, respec-
tively. The hemolysis rate (HR) was calculated by:

Dy — Dny
——— x 100%
Dpt - Dnt x °

HR (%) =
where Dy, Dy, and Dy, were the absorbance of the sample, the
saline, and distilled water, respectively.

2.16 In vivo biocompatibility and biodegradation evaluation

The ICR mice (male, 16-18 g) were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd and housed in a
quarantine room at the laboratory animal center, Ningbo
University, for at least one week. All animal procedures strictly
adhered to the guidelines and were approved by the Institu-
tional Animal Care and Use Committee of Ningbo University.

Table 1 Reverse transcription-quantitative polymerase chain reaction primer sequences

Primer (5" — 3')

Gene Forward Reverse

Collagen 2a1 GCAACAGCAGGTTCACTTACAC AGGAAGGGCAAACGAGATGG
Sox9 CTGGAGACTGCTGAACGAGAG TCCGCCTGCCCATTCTTC
Aggrecan CAACGCATTGAGTGTGAGCATC CAGCACCACCTCCTTGTCC
GAPDH CCACTTTGTGAAGCTCATTTCCT TCGTCCTCCTCTGGTGCTCT

5364 | J Mater. Chem. B, 2024, 12, 5360-5376
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For subcutaneous implantation, the mice were anesthetized
with isoflurane. Subsequently, 150 pL of hydrogel precursor
solution was subcutaneously injected into the back and solidi-
fied by blue light at 405 nm for 1 min. At 1, 3, and 7 days, mice
were euthanized without pain, and the tissue samples with
hydrogel implants were fixed in 4% paraformaldehyde fixative,
dehydrated in ethanol, embedded in paraffin, deparaffinized,
rehydrated, and subjected to immunohistochemical CD68
staining (GB113109, 1:200, Servicebio, China) to assess histo-
compatibility. In addition, painless euthanasia was performed
on mice for degradation observation on days 7, 14, 21, and 28.
The samples containing hydrogel implants was fixed in 4%
paraformaldehyde fixative, dehydrated in ethanol, embedded
in paraffin, deparaffinized, rehydrated, and then subjected to
hematoxylin and eosin (H&E) staining for assessing the in vivo
degradation. At predetermined time intervals, the hydrogels
were removed from subcutaneous tissues and then dried at
37 °C. The weight of each sample was recorded for calculating
the degradation ratio.

2.17 Surgical implantation and histological analysis

Nine skeletally mature New Zealand rabbits (5-6 months old)
weighing 2.9-3.2 kg were used for cartilage repair in vivo. All
animal procedures strictly adhered to the guidelines and were
approved by the Institutional Animal Care and Use Committee of
Ningbo University (ethical registration number: 11893). Follow-
ing a one-week acclimation period, rabbits were anesthetized
with 10% sodium pentobarbital (2.0-3.0 mL kg™, 0.8 mL min ")
injection at the ear margin. Bilateral knee joints underwent
patella incision after disinfection, and dissection continued until
the articular cartilage was exposed. An osteochondral defect
(3.5 mm in diameter, 4 mm in depth) was created using a
surgical drill bit. Subsequently, the 3D bioprinted GC; , hydrogel
and BMSCs-laden GC; o hydrogel were tightly implanted into the
osteochondral defect of each joint separately. For the blank
group, the defect on the lateral condyle of the other knee
of the same rabbit was left empty. Each group contained
five samples. Following implantation, the surgical incision
was closed layer by layer, and intramuscular injections of
penicillin (200 000 units) were administered daily for the initial
5 postoperative days.

The rabbits were provided with water and food, housed in
separate cages, and allowed free movement. Sacrifice occurred
at 6 weeks postoperatively by inhaling an excess of CO,.
After joint photography and micro-computerized tomography
(Micro-CT), samples were fixed in 4% formalin, decalcified,
embedded in paraffin, and sliced at a thickness of approxi-
mately 8 pm for H&E staining and safranin-O/fast green (SOG).
A simple histological-histochemical cartilage scoring system
was validated.®® Samples, randomly selected, were assessed
by two independent surgeons blinded to the treatment and
time points. Four parameters were evaluated: nature of
the predominant tissue, structural characteristics, freedom
from degeneration changes in adjacent cartilage, and freedom
from cellular changes in degeneration.
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For the detection of Collagen type II expression, a rabbit
monoclonal antibody against Type II Collagen (28459-1-AP,
1:100, Proteintech, China) was employed, followed by a
horseradish peroxidase-conjugated anti-rabbit antibody (Cat#
MBS571213 1:100, Dako, Denmark). Both antibodies were
diluted in PBS and colorized with diaminobenzidine tetrahy-
drochloride (DAB, Cat. 7411-49-6 Yeasen, China). Morphological
changes in slices were observed using a microscope and imaging
analysis system. Quantitative analysis of Collagen type II was
performed using ImageJ.

2.18 Statistical analyses

Statistical analyses were conducted using GraphPad PRISM
software (GraphPad Software Inc., La Jolla, CA, USA, RRID:
SCR_00298) and Origin software (OriginLab Corporation,
Northampton, MA, USA), version 2021. The data were expressed
as the mean + SEM. For multiple group comparisons, one-way
analysis of variance (ANOVA) or two-way ANOVA tests were
applied, followed by a Tukey post hoc test. Statistical signifi-
cance was determined at *p < 0.05, **p < 0.01, ***p < 0.005,
and ****p < 0.001.

3 Results and discussion

3.1 Preparation, viscoelasticity, and microstructures of GC,,
composite hydrogels

Cell-adhesion responsive hydrogel scaffolds were synthesized
via a one-step photopolymerization of methacrylated gelatin
(GelMA) and chitosan (CHMA). GelMA facilitated cell adhesion
and CHMA was incorporated to stimulate cellular aggregation.
The synthesis of GelMA and CHMA was achieved by bonding
methacryloyl moieties to the molecular backbones of gelatin
and chitosan. The chemical structures of GelMA and CHMA
were analyzed using Fourier transform infrared (FTIR) and 'H
nuclear magnetic resonance (1H—NMR) spectroscopy techniques.
As shown in Fig. Sla (ESIt), a new characteristic peak at
880 cm™' corresponding to the wagging vibrations of -CH,
groups in the FTIR spectra of GelMA was observed, indicating
successful integration of methacrylate moieties into the gelatin
structure. Additionally, two new peaks at 5.7 and 5.9 ppm were
evident in the "H-NMR spectra of GelMA (Fig. S1b, ESI{), further
confirming the incorporation of vinyl groups into gelatin. The
substitution degrees of 42.5% were determined for GelMA through
quantitative analysis using "H-NMR spectroscopy. FTIR spectra of
the chitosan and CHMA samples were presented in Fig. Sic (ESIt).
Three new peaks contributed by the newly formed amide were
observed at 1654 cm™ ', 1536 cm™ ' and 1315 cm ™, corresponding
to the amide I band (C—O stretching), amide II band (N-H
deformation and C-N stretching) and amide III band in the CHMA
spectrum. Moreover, typical vinyl protons in CHMA showed
chemical shift signals at 5.6-6.0 ppm (Fig. S1d, ESIt). The sub-
stitution degrees of CHMA were around 19.1%, according to ‘H-
NMR measurements.

To optimize the polymer blend for use as an engineered
cellular responsive hydrogel, CHMA concentrations of 0.5 wt%,
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Fig. 1 Fig. 1 Characterization of GelMA and GC,, hydrogels with different CHMA concentrations. (a) Time-sweep and (b) frequency-sweep rheological
analyses of the GelMA and GC,,, hydrogels at 37 °C. (c) Compression stress—strain curves and (d) Young's modulus of the GelMA and GC,,, hydrogels. (e)
Swelling behavior of the GelMA and GC,,, hydrogels within PBS. (f) SEM images and (g) average pore area of the freeze-dried GelMA and GC,,, hydrogels.

1.0 wt%, and 1.5 wt% were examined, while maintaining a fixed
GelMA concentration of 10 wt%. The blend solution of GeIMA
and CHMA was exposed to 405 nm blue light with an intensity
of 10 mW cm™? in the presence of initiator LAP, resulting in the
formation of elastic hydrogels. These hydrogels were denoted
as GC,,, where G represents GelMA, C signifies CHMA, and m
corresponds to the respective CHMA percentage (m = 0.5, 1.0,
and 1.5). To assess the impact of varying CHMA concentrations
on the kinetics of gelation and the resultant viscoelastic proper-
ties, the evolution of the storage modulus (G’) and loss
modulus (G”) was continuously monitored during photo-
irradiation. As shown in Fig. 1a, the GC,, mixtures exhibited
typical characteristics of a liquid state prior to photo-
crosslinking. Upon photo-irradiation, G’ rapidly increased and
surpassed G” within 8 s for all examined samples, indicating an
efficient transition to a gel state. Subsequently, both G’ and G”
continued to rise steadily until reaching a stable plateau, which
indicated the formation of a fully established covalent cross-
linked network. Moreover, the concentration of CHMA had a
pivotal influence on the mechanical stability of the hydrogels.
Higher concentrations of CHMA resulted in higher G’ values.
Specifically, the G’ values were approximately 12.66, 22.12, 32.59,
and 70.22 kPa for GelMA alone and CHMA concentrations of
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0.5 wt%, 1.0 wt%, and 1.5 wt%, respectively. Moreover, these G’
values almost remained constant across the frequency range
from 0.1 to 100 rad s~ ', indicating the stability of the network
structures of the GC,, hydrogels (Fig. 1b). Additionally, ampli-
tude sweeps showed that nonlinear strain values surpassed
100% across all precursors and hydrogel formulations (Fig. S2,
ESIt), indicating robust physical interactions between GelMA
and CHMA, as well as the formation of stable linkages after
covalent crosslinking. These mechanically stable networks are
essential for the hydrogels to provide sufficient support for the
growth of stem cells and promote chondrogenic differentiation,
as indicated by previous studies.***

The mechanical properties of the GC,, hydrogels with vary-
ing CHMA concentrations were further evaluated using uniaxial
compressive testing. The compressive stress-strain curves for
these hydrogels are shown in Fig. 1c and Fig. S3 (ESIt). Both the
individual GeIMA and CHMA hydrogels showed a moderate
compressive resilience, with a peak strength of 90.2 kPa and
80.7 kPa at respective compressive strain thresholds of 61%
and 43%. A notable enhancement in the ultimate compressive
strength was observed when the CHMA concentration in the
GC,, hydrogels increased from 0.5 wt% to 1.0 wt% and 1.5 wt%,
reaching values of 120.2 kPa, 133.32 kPa, and 136.8 kPa,
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respectively. Correspondingly, the Young’s modulus increased
from 10.1 kPa of GelMA to 28.3 kPa, 46.4 kPa and 73.1 kPa for
GCy.5, GCy., and GC, s, respectively (Fig. 1d). These improve-
ments in mechanical properties of the composite hydrogels
were mainly attributed to the enhanced covalent interactions
between GelMA and CHMA.

Hydrogels intended for tissue repair should possess con-
trollable swelling properties to avoid excessive swelling or
deswelling in physiological fluids. The swelling ratios were
determined by comparing the weights of the hydrogels before
and after immersing in phosphate-buffered saline (PBS) at
37 °C for a duration of 24 hours (Fig. 1e). The equilibrium
swelling ratio of the GelMA hydrogel was 109.5%, while the
hydrogels with incorporated CHMA at concentrations of
0.5 wt%, 1.0 wt%, and 1.5 wt% exhibited decreased swelling
ratios of 94.8%, 87.5%, and 82.0%, respectively, indicating that
an increase in CHMA content correlates with a decline in
swelling ratio. The observed swelling behavior is attributed to
the pH-responsive and porously crosslinked architecture,
which was further characterized by the microporous density
and dimensions within the hydrogels. Scanning electron micro-
scopy (SEM) analyses revealed that, following lyophilization,
all hydrogels maintained a characteristic three-dimensional
porous structure (Fig. 1f). Notably, the CHMA concentration
had a pronounced effect on the microporous size distribution.
As the CHMA concentration increased from 0.5 wt% to 1.0 wt%
and 1.5 wt%, the corresponding pore area decreased progres-
sively from 14.4 x 10° to 5.1 x 10° and 4.4 x 10° pm? which
were all smaller than 25.6 x 10° um® of GelMA hydrogels
(Fig. 1g). Additionally, the rubber elastic theory was employed
to elucidate the microstructural characteristics of the hydro-
gels, revealing the presence of nanostructures within the GC,,
hydrogels (Table S1, ESIt). These results further demonstrated
the formation of a densely crosslinked structure at higher
CHMA concentrations. Furthermore, the in vitro degradation
profiles of all hydrogels were quantified by monitoring the
mass loss in PBS at 37 °C (Fig. S4, ESIT). The GelMA hydrogels
displayed a progressive loss of structural integrity, undergoing
complete degradation by the 21st day. In contrast, the GC,,
hydrogels showed reduced degradation rates, thereby main-
taining their structural integrity for an extended timeframe. By
the 30th day, the remaining mass of the GC, 5, GC; o, and GC; 5
hydrogels was 17.0%, 34.5%, and 45.7%, respectively, suggest-
ing that the GC,, hydrogels could provide sustained support
conducive to cellular proliferation and tissue regenerative
processes.

3.2 Biomimetic printing using GC hydrogels

Due to the inherent thermos-responsive sol-gel transition
ability, GeIMA and its composite hydrogels have been attractive
materials for 3D bioprinting applications mimicking the native
tissues and organs.*’ However, the utilization of thermosensi-
tive bioinks for direct 3D bioprinting presents notable chal-
lenges, predominantly in preserving the structural fidelity of
intricate constructs during the phase transition from a heated
liquid state to a cooled gel state. To address these challenges,
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we employed a k-carrageenan sub-microgel suspension printing
approach for the freedom printing of GC,, composites based on
our recent reports.*® The -carrageenan sub-microgel suspension
serves as a supportive matrix, ensuring the retention of the
printed structure’s geometry during printing and mitigating the
rapid sol-gel transition (Fig. 2a). Post-printing, the k-carrageenan
sub-microgels can be readily eliminated via successive PBS
washes. Micro-extrusion was executed utilizing a 250 pm inner
diameter needle at a bioink flow rate of 10 pL min ‘. For
enhanced visualization, rhodamine-labeled GelMA was compos-
ited with CHMA and then printed in the k-carrageenan medium.

As shown in Fig. 2b, a large-scale 3D grid construct
(designed size: 12 x 12 x 2 mm®) with a 150 um layer thickness
was successfully printed by using GC;, as an illustrative
example. The grid showcased exceptional structural integrity,
with individual filament widths of approximately 160 um and
inter-filament spacing of about 300 pm, as verified by confocal
laser scanning microscopy (Fig. 2c). A diminished filament
diameter, achieved through the employment of a larger dia-
meter printing nozzle, was mainly attributed to an interplay of
rapid printing velocity, a reduced flow rate of bioink, and the
reversible thermosensitivity characteristic of the GC, , bioink
(Fig. S5, ESIT). Furthermore, the 3D construct presented an
interconnect network (Fig. 2d), which is crucial for facilitating
cellular growth within the scaffolds. Various complex shapes
including femur, meniscus, and humerus are further replicated
by using GC,, inks (Fig. 2e-g). The printed femur faithfully
captured its intricate details, such as the head, neck, and
shaft, providing a faithful representation of this crucial bone
in the human body (Fig. 2e). Similarly, the printed meniscus
showcased its unique inner “C” shape and outer “O” shape,
accurately mimicking the fibrocartilaginous structure (Fig. 2f).
Additionally, the printed humerus exhibits the characteristic
features of this long bone, including the head, greater and
lesser tubercles, and the shaft (Fig. 2g). These results demon-
strated that the printability of GC,, hydrogels for accurately
replicating biomimetic shapes and structures.

3.3 Guiding BMSC micro-aggregate growth to enhance
chondrogenesis on GC,, hydrogel matrices

The designed GC,, hydrogels provided a biochemical and
mechanical micro-environment for cell adhesion, growth, and
differentiation. To evaluate the potential of GC,, scaffolds in
guiding the intercellular aggregation, bone marrow-derived
mesenchymal stem cells (BMSCs) were employed and initially
cultured on two-dimensional (2D) scaffolds. The pluripotency
of BMSCs was confirmed by successful differentiation into
osteoblasts, chondrocytes, and adipocytes (Fig. S6, ESIt). The
adhesion and growth behaviors of BMSCs seeded on GC,,
hydrogels with CHMA concentrations of 0.5 wt%, 1.0 wt%
and 1.5 wt% were visualized using CLSM after staining with
FITC-phalloidin and DAPI. As shown in Fig. 3a and Fig. S7
(ESIT), the CHMA concentrations profoundly impacted the
morphology of cell adhesion. The BMSCs on the GeIMA hydro-
gels exhibited a typical spreading morphology, while those on
the GC,, hydrogels primarily formed multi-cellular aggregates.
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Fig. 2 3D bioprinting biomimetic scaffolds using GC hydrogels within a jammed k-carrageenan suspension bath. (a) Schematic illustration of 3D
embedded bioprinting processes by using a k-carrageenan suspension bath. (b)—(d) CLSM images of a 3D printed high-resolution grid construct,
including the perspectives of full-scale image (b), projection (c) and 3D reconstruction (d). (e)-(g) Images of 3D printed femur (e), meniscus (f), and

humerus (g) shapes using the GC, o hydrogel.

Additionally, the number of cells on the GeIMA matrix on the
third day was higher than on the first and fifth days, but the cell
size was the smallest, indicating highly active cell proliferation on
the third day. In contrast, from the first day to the third and fifth
days, the cells not only increased in size but also significantly
increased in aggregate number on the GC hydrogel, further
demonstrating the delicate regulatory role of the GC hydrogel in
cell adhesion, proliferation, and aggregation. The BMSCs on GC;
hydrogels showed the largest aggregation compared to GC, 5 and
GC, 5. This could be attributed to the lower CHMA concentration
being more favorable for cell adhesion and spreading, while the
higher CHMA concentration had an inhibitory effect. It is worth
noting that these aggregates consisted of plenty of low-spreading
cells, which is different from previous reports*>** and suggests
the synergistic effects of GeIMA and CHMA on cell adhesion and
aggregation. Furthermore, the BMSCs exhibited significant pro-
liferation and aggregation within 5 days, indicating the high
bioactivity of the GC,, hydrogels for BMSC growth.

5368 | J Mater. Chem. B, 2024, 12, 5360-5376

The formation ratio of multicellular aggregates, the number
of cells within a single aggregate, and the adhesion area of each
aggregate were quantified based on the nucleus stained with
DAPI and the cytoskeleton stained with FITC-phalloidin. After
one day of culture, the average ratios of BMSC aggregates on the
GCys, GCy,, and GC;, hydrogels were 36.5 £ 6.8%, 48.3 +
3.8% and 48.6 + 2.1% (Fig. 3b). Following 3 and 5 days of
culture, the aggregation ratios significantly increased, exces-
sing 50% and 75%. Specifically, the largest ratios of aggregates
on the GC, o hydrogel reached 88.5 &+ 1.9% and 93.5 + 1.7% at 3
and 5 days, respectively. These multicellular aggregates con-
tained an average of 8.0 £+ 1.7, 28.0 & 4.04 and 12.7 £ 1.45 cells
on the GCy 5, GC; ., and GC, o hydrogels on day 1, respectively
(Fig. 3c). Following 3 and 5 days of culture, the corresponding
cell numbers increased to 12.3 + 0.9, 136 + 17.1 and 24.3 £+ 1.8,
24.7 + 2.6, 239 £+ 22 and 75.3 £ 6.9, respectively. Meanwhile,
the average adhesion area of single aggregate on the GC,,
GC;, and GC, s hydrogels grow from about 5683 + 437.4,

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Adhesion and aggregation behaviors of BMSCs on hydrogels. (a) Fluorescence microscopy images of BMSCs cultured on the GelMA and GC,,, hydrogels
(FITC-phalloidin for cytoskeleton, DAPI for nucleus) at 1, 3 and 5 days, respectively. (b) and (c) Percentage of the formed cell aggregates (b) and the average cell
number within a single aggregate (c) counted by the stained cellular nuclei on day 1, 3 and 5. *p < 0.05, **p < 0.01, ***p < 0.005, and ****p < 0.001.

9694 + 993.6 and 6033 + 530.8 pmz to 6326 £ 1397, 44752 +
12018 and 9261 + 2454 um?, and 7175 =+ 1424, 263013 + 71361
and 24 017 + 3101 pm?, respectively, from day 1 to 3 and 5 (Fig. S8,
ESIT). These results demonstrated that the GC,, hydrogel scaffolds
possess a distinctive cellular-responsive nature that effectively reg-
ulates the formation of BMSC spheroids. In particular, the GC; o
hydrogel exhibited the most significant responsiveness to cell
adhesion and aggregation. Previous studies have indicated that
chitosan and its composite materials could influence calcium
ion signaling, potentially facilitating the fusion of MSCs into
spheroids,** which is crucial for chondrogenesis and cartilage
regeneration. Additionally, the GC,, hydrogels, characterized by their
elevated stiffness ranging from 28.3 to 73.1 kPa (as depicted in
Fig. 1d), provided an optimal mechanical microenvironment con-
ducive to the proliferation of cell spheroids. Hence, the integrated
biochemical and biophysical properties of the GC,, hydrogels
synergistically enhance the adhesion and aggregation of stem cells.

To evaluate the differentiation potential of BMSCs cultured on
GC,, composite hydrogels into chondrocytes, immunofluorescence

This journal is © The Royal Society of Chemistry 2024

staining analysis was performed for Collagen II and Aggrecan (key
markers of chondrocytes) after 21 days of incubation. The immu-
nofluorescence images clearly showed the presence of Aggrecan
and Collagen type II within differentiated BMSCs (Fig. 4a). Nota-
bly, the GC, o group exhibited the highest fluorescence intensity
for both Aggrecan and Collagen II compared to the other experi-
mental groups and GelMA alone. The fluorescence intensities of
Aggrecan and Collagen II expression on hydrogels were further
quantitatively analyzed. The measured intensities for Aggrecan
and Collagen II on GC, 5, GC; 4, and GC; 5 hydrogels were 85.2 +
5.7 and 93.3 + 1.7, 124 + 3.8 and 132.8 + 16.9, and 110.3 + 4.5
and 92.1 + 2.1, respectively (Fig. S9, ESIT). These results suggested
that the GC, o hydrogel matrix promotes the synthesis and secre-
tion of these cartilage-specific proteins.

Furthermore, gene expression analysis was performed to
validate the immunofluorescence staining. The expression levels
of Sox9, Collagen-2al, and Aggrecan genes were measured via
gRT-PCR experiment. Sox9 serves as an early chondrogenic mar-
ker, facilitating the synthesis of Aggrecan and Collagen type II.
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Fig. 4 Characterization of chondrogenic differentiation of BMSCs on hydrogels. (a) Immunofluorescence staining images of Aggrecan and Collagen-II
protein expression. (b)-(d) Relative mRNA expression of Sox9 (b), aggrecan (c) and Collagen-2al (d). *p < 0.05, ** p < 0.01.

The Collagen 2al1 gene encodes Collagen type II. As shown in
Fig. 4b—d, the gene expression of Sox9, Aggrecan and Collagen
2a1 in the GC,, groups showed a higher magnitude compared
to the GelMA group. Particularly, the GC; , group exhibited the
most substantial upregulation of these genes among all the
experimental samples, which was consistent with the immuno-
fluorescence staining results. Consequently, the increased gene
expression in the GC;, group translated into higher protein
production, indicating the effectiveness of the GC; , hydrogel
matrix in promoting chondrogenesis. These findings highlight
the potential of the GC,  hydrogel matrix as a promising tissue-
engineering scaffold for promoting cartilage regeneration
and repair.

3.4 BMSC-laden bioprinting and chondrogenesis within GC, 4
hydrogels

Compared to cellular growth and differentiation on the hydro-
gel surface, the survival and aggregation of cells within 3D
hydrogels pose challenges due to the restrictive nature of stiff
and dense networks, which limit cellular movement and con-
tact. However, stiff GC hydrogels may promote cell aggregation

5370 | J Mater. Chem. B, 2024,12, 5360-5376

once degradation occurs. In order to investigate cellular beha-
viors within hydrogels, BMSCs at a density of 1 x 10’ cells per
mL were uniformly distributed into GC, , precursor, and con-
structs with dimensions of 12 x 12 x 1 mm?® were then created
using the suspension printing technique. These bioengineered
hydrogel constructs showed long-term stability, which is impor-
tant for cell growth and chondrogenic differentiation (Fig. 5a).

The viability of BMSCs within the bioprinted hydrogels was
initially assessed using a standard live/dead assay. The result-
ing live (green)/dead (red) images revealed that BMSCs within
the GC, o constructs exhibited isolated growth distribution on
the initial day of cell culture (Fig. 5b). The cell survival rate
reached 91.1%, robustly confirming the excellent safety of the
GC, o hydrogels, suspension bioprinting process and the sub-
sequent photo-crosslinking procedure (Fig. S10, ESI{). To
further examine the cell morphology of the GC,, constructs,
FITC-phalloidin (red)/DAPI (blue) staining images were cap-
tured after 5 days of cell culture. As shown in Fig. 5c, the BMSCs
predominantly maintained a non-spreading morphology by day 5.
Importantly, the connection with adjacent cells had already been
established within the hydrogel networks, resembling the results
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Fig. 5 BMSC-laden hydrogel bioprinting and chondrogenic differentiation. (a) Live (green)/dead (red) fluorescence images of BMSCs within bioprinted
GCy g scaffolds after 3 days of culture. (c) CLSM images of BMSCs within bioprinted GC; o hydrogel scaffolds (FITC-phalloidin for cytoskeleton, DAPI for
nucleus) on day 5. (d) and (e) Immunofluorescence staining images of aggrecan (d) and Collagen Il expression after 21 days of culture (e).

seen in BMSC culture on the hydrogel surface. These results
indicated that the GC, o hydrogel provided a biodegradable and
biochemical microenvironment for cell growth and interaction.
We further analyzed the chondrogenic differentiation of BMSCs
within the bioprinted hydrogels in vitro using Collagen II and
Aggrecan immunofluorescence staining. As shown in Fig. 5d and
e, BMSCs within the GC; , hydrogel constructs maintained aggre-
gate growth and exhibited positive staining for Collagen II and
Aggrecan at 21 days, indicating their chondrogenic differentia-
tion. These results further affirmed that GC,;, composite hydro-
gels have significant potential as a scaffold for augmenting the
chondrogenic differentiation of BMSCs.

3.5 Biocompatibility and biodegradation properties of the
GC, o hydrogel

Potential biocompatibility and biodegradability are significant
concerns in clinical applications. To address these concerns,
the blood compatibility of the hydrogels was initially evaluated
through a hemolysis test. Hemolysis, the release of hemoglobin

This journal is © The Royal Society of Chemistry 2024

resulting from the rupture of erythrocyte cell membranes in an
incompatible environment, is a critical factor to assess hemo-
compatibility. According to ISO10993-4 standards for clinical
hemostatic materials, the hemolytic ratio should be below
5%.* It was observed that the supernatant treated by the
hydrogels exhibited a clear color, indicating their minimal
hemolysis (Fig. 6a). The hemolysis ratios for the GelMA,
GCy.5, GCy,0, and GCy 5 hydrogels were 0.65%, 0.75%, 0.77%,
and 0.79%, respectively, all lower than 5% (Fig. 6b). These
results demonstrated the excellent hemocompatibility of GC,,
composite hydrogels in accordance with ISO10993-4 standards.

The in vivo biocompatibility of the hydrogel underwent
further assessment through subcutaneous implantation in
mice. Following the subcutaneous implantation of the GC,
hydrogel, the early inflammatory response was scrutinized at
various time points (1, 3 and 7 days) using immunohistochem-
ical staining with the macrophage antibody CD68 (Fig. 6¢c and
d). The control group, without hydrogel implantation, served as
a baseline of comparison. One day after implantation, a distinct
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Fig. 6 Biocompatibility and biodegradation of hydrogels in vivo. (a) Hemolysis photos and (b) hemolysis rate of GelMA, GCqs, GCy, GCy 5, Negative
control (PBS) and positive control (0.1% Triton X-100). ***p < 0.005. (c) The immunohistochemical staining of CD68 expression in the surrounding
tissues of GC; o hydrogels after implantation for 1, 3, and 7 days, along with a control group. (d) Percentage of CD68-positive cells. ** p < 0.01. (e) HGE
staining of the hydrogels after subcutaneous implantation on day 7, 14, 21 and 28. (f) Quantification of degradation ratio.

inflammatory response emerged. The hydrogel and subcutaneous
tissue exhibited a significant presence of macrophages, evidenced
by intense cytoplasmic staining, indicating an active inflammatory
reaction triggered by the hydrogel implantation. Moreover, a sub-
stantial accumulation of macrophages occurred at the interface
between the hydrogel and the surrounding tissue. As the implanta-
tion period progressed, changes in the inflammatory response were
evident. Three days after implantation, there was a noticeable
reduction in the number of macrophages in the tissue surrounding
the hydrogel, signifying a gradual mitigation of the inflammatory
reaction. By the 7th day, the inflammatory response had largely
subsided, with minimal macrophage presence in the hydrogel
vicinity. This suggests that the hydrogel had become well-
tolerated by the surrounding tissue, evidenced by the absence of
significant inflammation. These results indicated a favorable in vivo
compatibility of the GC, , composite hydrogels.

The synchronization of hydrogel degradation rate and new
tissue growth rate is pivotal for successful tissue repair and
regeneration. In the case of acute cartilage defects, the hydrogel
degradation and the new tissue formation typically span a
period of 4-8 weeks. The degradation rate of the GC; o hydrogel
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was monitored over several weeks. As shown in Fig. 6e, the
GC, o hydrogels gradually degraded and eventually disappeared
within the body after 28 days. Within the first week, the
hydrogel exhibited a weight decrease of 17.9% (Fig. 6f), signal-
ing a gradual erosion and breakdown process. By the end of the
second week, a significant weight loss of 45.6% indicated an
accelerated degradation process within the hydrogel structure.
After three weeks, a substantial reduction in hydrogel mass,
amounting to 81.9% of the initial mass, demonstrated contin-
uous degradation through the erosion process, significantly
decreasing the overall mass. These results highlighted the
biodegradable nature of the GC, o hydrogels, showcasing their
potential for applications in tissue repair and regeneration. The
controlled degradation rate of the hydrogel plays a vital role in
providing an appropriate environment for cell migration, pro-
liferation, maturation, and the organization of the extracellular
matrix essential for effective tissue healing.

3.6 Bioprinted BMSC-laden GC, , hydrogels for cartilage repair

The optimal GC; o hydrogel, characterized by its ability to facil-
itate cell adhesion, aggregation, proliferation, and chondrogenic
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differentiation while being biodegradable and biocompatible,
shows promise for the repair of cartilage wounds. To assess its
potential, we created articular cartilage defects in New Zealand
rabbits, generating defects measuring 3.5 mm in diameter and
4 mm in depth within the patellar groove of femoral knee joints.
Subsequently, bioprinted BMSC-laden GC;, hydrogels with
3.6 mm diameter and 4 mm height were tightly implanted into
the injury site, with printed GC;, hydrogels without cells and
PBS serving as the control and blank groups. After a 6-week post-
implantation period, joint specimens were collected and thor-
oughly examined at the repair site to evaluate the repair efficacy.
Remarkably, the GC; , + BMSCs group exhibited extensive tissue
regeneration, characterized by tissues mostly covered by a glossy
and smooth membrane, while the GC, , group showed partial
repair of the defects, and defects persisted in the blank group

() (b)

Coronal

GCio+ BMSCs GCio Blank

—
g
~

ICRS score

View Article Online
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(Fig. 7a). Micro-CT analysis further confirmed notable tissue
repair, demonstrating clear evidence of newly formed tissues
structurally similar to the surrounding tissue in the GC,, +
BMSCs hydrogel group (Fig. 7b). Additionally, the GC; , + BMSCs
group showed enhanced tissue repair and integration, with
visibly improved macroscopic appearance and a more well-
defined integration border zone. We further quantified the
new cartilage formation in the defect area using International
Cartilage Repair Society (ICRS) scores (Table S2, ESIT), a crucial
indicator for comprehensive cartilage repair evaluation. Statis-
tical analysis revealed significantly higher total ICRS scores in
the GC, , + BMSCs group compared to the control group (Fig. 7c—
f). Specifically, the GC; o + BMSCs group exhibited significantly
higher total ICRS scores (9.2 £ 1.3) compared to both the GC;
hydrogel (7.4 £ 0.55) and blank groups (3.0 + 1.0). Detailed

Sagittal Cross section

I

w

Macroscopic appearance
o

Fig. 7 Cartilage defect repair augmented with hydrogels embedded with BMSCs. (a) Macroscopic observation of cartilage defect repair. (b) Micro-CT
observation of osteochondral defect repair using GCy o and GCy o + BMSC hydrogel scaffolds at 6 weeks. (c)—-(f) The total ICRS scores (c), and degree of
defect repair (d), integration border zone (e), and macroscopic appearance (f) for blank, GCy o and GCy o + BMSCs hydrogel scaffolds groups after 6 weeks

of surgery. *p < 0.05, **p < 0.01, ***p < 0.005 and ****p < 0.001.
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scoring of defect repair (3.0 £+ 0.71), integration border zone
(3.4 £ 0.55), and macroscopic appearance (2.8 + 0.45) further
demonstrated substantial improvement in the GC;, + BMSCs
hydrogel group. Overall, these results indicated superior recovery
of cartilage in the GC;, + BMSCs hydrogel group compared to
the control groups six weeks post-implantation, highlighting the
effectiveness of the GC;, + BMSCs hydrogel in promoting
cartilage repair and regeneration.

To comprehensively investigate the contribution of GCi
and GC, o + BMSCs hydrogels to cartilage-like tissue formation,
tissues from the cartilage defect sites were analyzed through
H&E staining, safranin-O/fast green (SOG) staining, and immu-
nohistochemistry (IHC) staining for Collagen-II. As shown in
Fig. 8a, H&E staining confirmed a notable increase in cartilage-
like tissue formation with GC, , + BMSC hydrogels compared to
the other groups, corroborating micro-CT findings. Moreover,
SOG staining demonstrated significant improvements in carti-
lage matrix deposition and organization in the GC; , + BMSCs
hydrogel group. In the GC;, group, SOG staining revealed
partial repair of the cartilage defects, evidenced by a moderate
increase in cartilage matrix deposition compared to the blank
group. In contrast, the blank group exhibited complete disor-
ganization and severe reductions in SOG staining, indicating
compromised cartilage integrity and matrix composition. IHC
staining for Collagen-Type-II further supported the enhanced
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cartilage-like tissue formation in the presence of BMSC-loaded
GC, hydrogels. Positive staining for Collagen-II was more
pronounced and widespread in the GC;, + BMSCs hydrogel
group compared to the control group. Additionally, the O’Dris-
coll score, a semiquantitative assessment ranging from 0 to 24,
was employed to evaluate cellular and tissue parameters
(Table S3, ESIT). The total score of the GC, , + BMSCs hydrogel
group was found to be 16.6 + 2.6, surpassing those of the GC,
group (11.8 £ 2.68) and blank group (5.0 + 2.0) (Fig. 8b). The
detailed assessments for the GC;, + BMSC hydrogel group,
including structural characteristics, freedom from degenera-
tion changes in adjacent cartilage, the reconstitution of sub-
chondral bone, hyaline cartilage and safrinin O staining, were
significantly higher compared to the GC,, and blank groups
(Fig. 8c-g). It is noteworthy that a significant amount of
cartilage-like tissue also formed in the bone defect area 6 weeks
after hydrogel implantation, indicating that the hydrogel initi-
ally promoted cartilage formation, which is a crucial step in
the bone healing process. This phenomenon may reflect the
impact of biochemical and biophysical signals provided by the
hydrogel on the differentiation fate of stem cells, particularly in
favoring differentiation towards chondrocytes. Overall, these
results confirmed the substantial facilitation of articular carti-
lage repair by GC;, + BMSCs, highlighting its immense
potential for cartilage tissue engineering.
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Fig. 8 Histological characterization of repaired cartilage. (a) The observation images of H&E, safranin-O/fast green (SOG), and Collagen-II stainings for
cartilage defect repair. (b)—(g) Total score (b) and detail scoring content of the modified O’'Driscoll score system, including reconstitution of subchondral
bone (c), structural characteristics (d), freedom from degeneration changes in adjacent cartilage (e), hyaline cartilage (%) (f), and safrinin O staining (g). *p

< 0.05, **p < 0.01, ***p < 0.005 and ****p < 0.001.
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4. Conclusion

In summary, we have developed a novel cell adhesion-responsive
hydrogel matrix for articular cartilage repair by combining
gelatin methacrylate and chitosan methacrylate through photo-
polymerization. The hydrogel matrix allowed for precise control
of the chemical microenvironment of the hydrogel matrix by
adjusting the concentration of CHMA. The resulting hydrogels
possessed fast gelation and bio-adaptable properties, including
viscoelasticity, swelling, and controlled degradation in vitro.
Furthermore, these hydrogels exhibited significant potential as
a bioink for 3D bioprinting, enabling the creation of intricate
and high-resolution constructs such as the femur, meniscus, and
humerus, with a resolution as fine as 160 pm using suspension
printing. More importantly, the hydrogel matrices presented
biochemical cues that influenced the adhesion of BMSCs, lead-
ing to the formation of cell micro-aggregates and promoting
chondrogenic differentiation. The differentiated cells showed
increased expression of Sox9, Aggrecan, and Collagen 2a1l genes,
as well as corresponding high protein expression both on the
hydrogels and within the bioprinted scaffolds. These biocompa-
tible and biodegradable hydrogels effectively repaired articular
cartilage defects, exhibiting integration with surrounding tissues
and resembling normal cartilage in terms of chondrocyte mor-
phology and Collagen type II deposition. This innovative biomi-
metic cell adhesion-responsive hydrogel shows tremendous
promise for cartilage tissue engineering.
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