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RESEARCH ARTICLE

Construction of gelatin-alginate scaffolds
containing chondrocytes using 3D bioprinting
technology for the study of in vitro cartilage
senescence

Hanxiao Qin'""”, Fanqing Xu'*"”, Jianfeng Li**'”, and Yi Ding'*
"Department of Spine Surgery, Ganzhou People’s Hospital, Ganzhou, Jiangxi, China

2Innovation Platform of Regeneration and Repair of Spinal Cord and Nerve Injury, Department
of Orthopedics Surgery, The Seventh Affiliated Hospital, Sun Yat-sen University, Shenzhen,
Guangdong, China

Abstract

Osteoarthritis (OA) is an age-related degenerative joint disease characterized by
progressive cartilage deterioration. Chondrocyte senescence is recognized as a
key contributor to the onset and progression of OA. Establishing reliable cartilage
senescence models is, therefore, essential for elucidating the underlying mechanisms
and developing preventive strategies for OA. 3D-bioprinted models offer significant
advantages in precisely controlling tissue architecture, enabling spatial delivery of
bioactive molecules, and supporting dynamic cell culture. In this study, we employed
3D bioprinting technology to construct cartilage models and subsequently
established cartilage senescence models using hydrogen peroxide (H,0,). Firstly,
gelatin—sodium alginate hydrogel scaffolds provided favorable mechanical
strength and porosity, creating a supportive microenvironment for chondrocyte
proliferation. Secondly, these scaffolds exhibited excellent biocompatibility and
effectively promoted extracellular matrix synthesis and secretion. By comparing
H,O,-induced 2D chondrocyte senescence models with 3D-bioprinted cartilage
senescence models, our results demonstrated that the 3D models more closely
mimicked the molecular characteristics of naturally aged human cartilage. Therefore,
the 3D-bioprinted cartilage senescence models represent a promising experimental
platform for investigating the pathogenesis and prevention of age-related OA.

Keywords: 2D chondrocyte senescence; 3D bioprinting; 3D cartilage senescence;
Articular cartilage-laden scaffolds; Bioactive bioink

1. Introduction

Articular cartilage is a specialized connective tissue that lacks vascular, neural, and
lymphatic systems. It possesses unique biomechanical properties, including toughness
and viscoelasticity, which are essential for its roles in load-bearing and providing
lubrication during joint movement."? However, defects in articular cartilage—caused
by traumatic injury, chronic inflammation, or aging—can lead to serious clinical
manifestations, such as joint pain, impaired mobility, and irreversible joint dysfunction.’
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Ifleft untreated, these lesions often progress to degenerative
conditions such as osteoarthritis (OA). The World Health
Organization (WHO) estimates that the global population
affected by OA will approach 1 billion by 2030, placing a
significant burden on healthcare systems and household
economies worldwide. Cellular senescence within OA-
affected joints has been identified as a key contributor to
disease pathogenesis.”® Increasing evidence demonstrates
that senescence-associated changes occur in several
joint components, including cartilage, synovium, and
meniscus.”® Nevertheless, there remains a lack of suitable
models to investigate the relationship between cartilage
and OA progression. Developing cartilage aging models
is, therefore, essential for studying the pathogenesis and
advancement of OA.

In recent decades, research has focused on elucidating
the mechanisms of chondrocyte senescence, identifying
therapeuticagents,andoptimizingtreatmentstrategiesusing
various experimental models-including animal models, 2D
cell cultures, and advanced 3D systems.>'® Current animal
models used to study chondrocyte senescence typically rely
on natural aging or surgical interventions in combination
with gene knockouts targeting anti-senescence pathways."
For example, histological analysis of 18-month-old
guinea pigs has revealed moderate to severe chondrocyte
senescence, characterized by significant reductions in
proteoglycan and collagen content, closely mimicking
human cartilage degeneration.'” Additionally, in Dell
heterozygous (Dell+/-) mice, histological assessments
from 3 to 22 months of age displayed accelerated knee
cartilage degeneration due to impaired type II collagen
gene expression.” However, despite their relevance,
animal models present several limitations, including long
experimental durations and high costs, which restrict their
use in large-scale OA research."

In contrast, 2D models offer simplicity, convenience, and
high experimental control, and have been widely adopted
across various research areas.”” For instance, hydrogen
peroxide (H,O,) treatment has been reported to induce
oxidative and inflammatory stress in rat chondrocytes,
promoting cellular senescence.'® Nevertheless, 2D systems
fall short in recapitulating the biomechanical cues, as
well as the complex cell-cell and cell-matrix interactions
present in native cartilage tissue.”” To address these
limitations, 3D culture technologies have been developed
to more accurately mimic in vivo conditions. These models
retain the advantages of 2D systems while offering a
microenvironment that better preserves cellular phenotype
and behavior. 3D culture models can be broadly categorized
into scaffold-free 3D cell cultures, scaffold-based systems,

explant models, bioreactors, organoids, organ-on-a-chip
platforms, and 3D-bioprinted constructs.'

Scaffold-free 3D culture systems simulate in vivo
cell growth conditions without external matrices or
supports.”” Co-culturing articular chondrocytes (ACs)
with mesenchymal stem cells and chitosan/hyaluronic
acid nanoparticles has been reported to promote
chondrogenic differentiation.” However, these models
are limited by high cultivation costs, short cell viability,
and increased susceptibility to apoptosis. Scaffold-based
3D models, developed to overcome the limitations of
scaffold-free systems provide a more physiologically
relevant tissue-like environment. These models support
more native-like 3D cellular behaviors. Embedding
chondrogenic factors into hydrogel matrices for cell
encapsulation has been demonstrated to enhance
cartilage formation.”’ Although several issues remain,
such as high cost, limited scalability, slow proliferation,
and challenges in standardization, continued refinement
is needed to improve model reliability.

Explant models involve the in vitro culture of tissue
samples excised from live organisms under sterile
conditions.” For example, treating cartilage explants with
interleukin-1p can induce chondrocyte senescence.”
However, limitations include technical complexity,
inability to fully mimic the in vivo microenvironment,
and species-specific differences, all of which must be
addressed through technological and methodological
advances. Bioreactors provide dynamic culture conditions
under tightly controlled parameters and have been used
to separate cartilage and bone units independently.
While promising, their application is hindered by high
maintenance costs, operational complexity, and membrane
contamination risks.*

Organoids, which are 3D structures derived from adult
or pluripotent stem cells, have gained attention for their
ability to mimic real organ architecture and function.
They offer advantages over traditional 2D cultures and
patient-derived explants in terms of structural fidelity
and genetic similarity.”® For instance, human periosteum-
derived cells have been demonstrated to self-assemble
in vitro and form bone organoids capable of autonomous
regeneration upon transplantation into mice.” Despite
rapid progress, organoids still only partially reproduce
native organ functions and are often limited in longevity
and physiological complexity.””*

Organ-on-a-chip systems combine microfluidics and
3D printing technologies to replicate the microarchitecture
of organs on a chip.” A human-induced pluripotent stem
cells-derived osteochondral chip has been used to simulate
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OA-related pathology and effectively model bone-cartilage
interactions under both healthy and diseased conditions.*
However, this technology faces challenges in terms of
reproducibility, organ maturity, and the integration
of key elements, such as vasculature, innervation,
and immune cells. Further technical development is
essential for expanding its utility in disease modeling and
drug screening.’*

3D bioprinting represents a cutting-edge platform
that enables the fabrication of living tissues using bioinks
composed of cells, growth factors, and biocompatible
materials.”” Compared to other 3D models, bioprinting
offers superior spatial precision, structural fidelity, and
mechanical tunability, making it especially attractive for
regenerative medicine and disease modeling. In cartilage
tissue engineering, the scaffold material must possess
excellent biocompatibility, mechanical integrity, and
support for cellular activity.*** Gelatin (Gel) and sodium
alginate (Alg) are widely used in 3D bioprinting due to their
favorable biological properties and printability. Recent
studies have successfully encapsulated chondrocytes in
Gel-Alg hydrogels using bioprinting, maintaining high cell
viability and regional gene expression.**** Another study
developed Gel-Alg-based bioinks crosslinked with calcium
chloride to fabricate scaffolds with robust mechanical
properties and biocompatibility. These scaffolds supported
long-term chondrocyte survival and functionality in vitro
and demonstrated effective cartilage repair in vivo.”

In this study, we established a novel cartilage
senescence model using Gel-Alg hydrogels at three
different concentration ratios. ACs were encapsulated
in 3D-bioprinted constructs, followed by H,O,-induced
senescence. The innovation lies in the integration
of biofabricated cartilage with precisely engineered
structural and biochemical cues, coupled with oxidative
stress-induced aging. This two-stage modeling strategy,
which mimics age-related cartilage degeneration, has
not been reported in current OA models (Figure 1). The
resulting platform provides a physiologically relevant
microenvironment that supports AC viability, maintains
region-specific phenotypic markers, and reproduces
senescence-associated changes under oxidative stress. This
3D-bioprinted cartilage senescent model offers a promising
experimental system for investigating OA pathogenesis
and developing targeted therapeutic interventions.

2. Materials and methods

2.1. Preparation of bioinks

Three different Gel-Alg bioink formulations were prepared
for the 3D bioprinting of hydrogel scaffolds: 7% Gel + 3%
Alg (7 Gel-3 Alg), 8% Gel + 2% Alg (8 Gel-2 Alg), and 9%

Gel + 1% Alg (9 Gel-1 Alg). Briefly, accurately weighed
amounts of 7% Gel (3.5 g) and 3% Alg (1.5 g) (Biosharp,
China) were UV-sterilized (254 nm) for 3 h. The sterilized
powders were then aseptically transferred into a 50 mL
centrifuge tube containing 10 mL of culture medium.
The tube was sealed with parafilm to maintain sterility.
The mixture was homogenized by continuous agitation
at 150 rpm in a 60°C incubator shaker for 3 h to ensure
complete dissolution.” The resulting bioinks were loaded
into 3D bioprinting cartridges using sterile 3 mL Pasteur
pipettes and centrifuged at 800 rpm for 3 min to remove
air bubbles. The prepared bio-inks were stored at 4°C and
remained stable for up to 7 days.

2.2. Viscosity and printability of bioinks

To assess the viscoelastic properties of Gel-Alg bioinks
with three different concentration ratios, a rotational
rheometer (Thermo Fisher, United States of America
[USA]) was employed. Briefly, the bioinks were thoroughly
mixed to eliminate air bubbles and then loaded between
the parallel plates of the rheometer, with the initial gap
set at 1 mm. Shear rates ranging from 0.1 to 1000 s™* were
applied, and measurements were conducted at a constant
temperature of 25°C. The viscosity (1) versus shear rate
curve was recorded to evaluate the shear-thinning behavior
of the bioinks.

2.3. Fabrication of 3D-bioprinted scaffolds

Hydrogel scaffolds were fabricated using 3D bioprinting
technology. Briefly, a stereolithography file of the scaffold
model was designed using Autodesk Fusion 360 CAD
software (Figure 2A) and imported into a 3D bioprinter
(Regenovo, China) for fabrication. Gel and Alg were
selected as the scaffold materials. A nozzle with an inner
diameter of 0.34 mm was used, and scaffolds were printed
layer-by-layer with an alternating 0-90° stacking pattern
to ensure high structural precision. Immediately after
printing, the scaffolds were crosslinked in 3% sterile
CaCl, solution (Sigma, USA) for 5 min," rinsed with
sterile phosphate-buffered saline (PBS), and prepared for
subsequent experiments.

2.4. Surface morphology analysis

The microstructure and surface morphology of the
3D-bioprinted Gel-Alg hydrogel scaffolds were examined
using field emission scanning electron microscopy (SEM)
(Jeol, Japan). Briefly, the scaffolds were freeze-dried under
a vacuum for 24 h to preserve their structural integrity.
The dried samples were then fractured to obtain cross-
sectional views for microscopic analysis. To improve
electron conductivity, the surfaces were treated with a gold
jet machine (Jeol, Japan). Imaging was performed at an
acceleration voltage of 10 kV.
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Figure 1. Schematic demonstration of 3D-bioprinted cartilage models that can be externally induced using H,O, to build cartilage senescence models and
the construction of 2D chondrocyte senescence models. Abbreviation: ECM, extracellular matrix.
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2.5. Mechanical strength analysis

To evaluate the mechanical properties of the 3D-bioprinted
Gel-Alg hydrogel scaffolds, a universal testing machine
(Instron, USA) was used. Briefly, the scaffolds were
fabricated into 3D-bioprinted rectangular columns with
dimensions of 8 x 8 x 8 mm and subjected to uniaxial
compression at a rate of 1 mm/min until 50% strain was
reached. The compressive Young’s modulus was calculated
from the linear region of the initial 10% of the stress—strain
curve, while toughness was determined by measuring the
area under the curve. All measurements were performed
in triplicate.

2.6. Water absorption and degradation behavior

The swelling and water absorption properties of the
3D-bioprinted hydrogel scaffolds were evaluated using
the conventional weighing method. Briefly, the scaffolds
were freeze-dried to obtain their initial dry weight (W0)
and then immersed in 2 mL of PBS. The wet samples
were maintained in a 37°C incubator. At specific time
intervals (100, 200, 300, 400, and 500 min), the scaffolds
were removed, and excess water was blotted with filter
paper. The wet weight (Wt) of each scaffold was recorded.
The percentage of swelling rate and water content was
calculated using Equation I:

Wt—WOo)

Water content (%) = Wo x 100%

@

where WO is the initial dry weight, and Wt is the wet
weight of each sample at a different time point. Each
sample was independently run in triplicate.

The in vitro degradation behavior of the 3D-bioprinted
hydrogel scaffolds was evaluated using a gravimetric
analysis method. Briefly, the scaffolds were freeze-dried,
and their initial dry weight (W0) was recorded. The
scaffolds were immersed in PBS (pH 7.4) containing type
IT collagenase (COL2) and maintained in a shaker at 37°C
with a shaking speed of 40 rpm. At specific time points
(0, 2,4, 6, 8, and 10 h), the samples were removed, dried,
and weighed again (Wt). Each experiment was performed
in triplicate to ensure the reliability of the results. The
degradation rate of the scaffolds was calculated using
Equation II:

(Wo-Wt)
WO

x 100%

Degradation rate (%) = I

where WO is the initial weight, and Wt is the measured
weight at each time period. Each sample was independently
run in triplicate.

2.7. Porosity test

The porosity of the 3D-bioprinted Gel-Alg hydrogel
scaffolds was measured using the ethanol displacement
method. Briefly, the scaffolds were freeze-dried to remove
internal moisture. The dried scaffolds were accurately
weighed (WO0). Subsequently, the dimensions of the freeze-
dried scaffolds were measured using a vernier caliper to
calculate their theoretical volume (V0). The dried scaffolds
were then placed in a test tube pre-filled with ethanol,
ensuring complete immersion of the scaffolds. The tube
was sealed and placed under a vacuum for 2 h to allow
ethanol to fully infiltrate the pores of the scaffolds.*” The
process was monitored continuously until no bubbles
were observed, indicating complete displacement. After
removal, the scaffolds were gently blotted with filter paper
to remove excess ethanol and immediately weighed (W1).
The experiment was repeated three times independently
to ensure data reliability. The porosity of the scaffolds was
calculated using Equation III:

(W1-wo)
p VO

Porosity (%) = x 100% (111

where WO is the initial weight, W1 is the measured
weight at each time period, p is the density of ethanol, and
VO is the scaffold volume.

2.8. Isolation and amplification of

articular chondrocytes

All four-week-old male Sprague-Dawley (SD) rats were
provided by the Department of Laboratory Animals of
the Zhejiang Province Experimental Animal Center. The
study strictly adhered to the guidelines of the Institutional
Animal Care and Use Committee of Hangzhou Institute
of Medicine Chinese Academy of Sciences and was in
accordance with the principles of the Declaration of
Helsinki for the care and use of animals. After anesthesia,
four-week-old male SD rats were euthanized, and the
carcasses were disinfected by immersion in 75% ethanol for
20 min. The skin was removed, and the lumbar spine was
isolated, discarding the tail and ankles while preserving the
hip and knee joints. The joints were then rinsed with 75%
ethanol. Under aseptic conditions, the joint capsule was
opened, and the surrounding muscle tissue was carefully
removed. The meniscus was excised to expose the articular
cartilage. Cartilage from the knee joint and femoral
head was harvested and rinsed with PBS. The tissue was
transferred into a trypsin-EDTA solution (Sigma, USA)
and digested on a shaker at 37°C and 85 rpm for 30 min.
Following digestion, the samples were washed with PBS
and transferred to a centrifuge tube containing 0.2% COL2
(Sigma, USA) for further digestion at 37°C for 4 h under

Volume 11 Issue 4 (2025)

193

doi: 10.36922/1JB025150136


https://doi.org/10.36922/IJB025150136

International Journal of Bioprinting

Bioprinted osteoarthritis scaffolds

agitation.” When visible cartilage fragments were reduced,
an equal volume of Dulbecco’s Modified Eagle Medium
(DMEM) (Gibco, USA), supplemented with 10% fetal
bovine serum (FBS) (Bio Channel, China), was added
to terminate the enzymatic reaction. The mixture was
centrifuged at 1200 rpm for 10 min, the supernatant was
discarded, and the cell pellet was collected. The cells were
seeded in DMEM containing 10% FBS and 1% penicillin—
streptomycin (Gibco, China). AC growth was monitored
under a microscope, and the culture medium was replaced
every 2-3 days. When the primary ACs reached 80-90%
confluence, they were used for subsequent staining
identification and 3D bioprinting of cartilage models.

2.9. Identification of articular chondrocytes

2.9.1. Safranin O staining

The ACs were rinsed three times with PBS to remove
the residual culture medium. Subsequently, 4%
paraformaldehyde (PFA) was added, and the cells were fixed
at room temperature for 20 min. After fixation, the samples
were washed three times with PBS for 5 min each to remove
the fixative. The fixed samples were then immersed in
Safranin O staining solution (Suzhou Haixing Biosciences,
China) and incubated at room temperature for 10 min.
Following staining, the samples were thoroughly rinsed
with distilled water to remove excess dye. Dehydration
was performed using a graded ethanol series (70, 90, and
100%) for 2 min each. Finally, the stained samples were
observed under an optical microscope.

2.9.2. Alcian Blue staining

The ACs were rinsed three times with PBS to remove
the residual culture medium. Subsequently, 4% PFA was
added, and the cells were fixed at room temperature for 20
min. The fixed samples were then immersed in Alcian Blue
staining solution (Suzhou Haixing Biosciences, China)
and incubated at room temperature for 30 min. Following
staining, the samples were thoroughly rinsed with distilled
water to remove excess dye. Dehydration was performed
using a graded ethanol series (70, 90, and 100%) for 2 min
each. Finally, the stained samples were observed under an
optical microscope.

2.9.3. Toluidine Blue staining

The ACs were rinsed three times with PBS to remove the
residual culture medium. Subsequently, the cells were fixed
with 4% PFA at room temperature for 20 min. A 0.1%
Toluidine Blue staining solution (pH 2.5-3.0) (Suzhou
Haixing Biosciences, China) was added to cover the
samples, followed by incubation at room temperature for
10-15 min. The samples were then quickly immersed in
a 0.1% acetic acid solution for 5-10 s for differentiation

and rinsed three times with distilled water for 1 min each.
Dehydration was performed using a graded ethanol series
(70, 90, and 100%) for 2 min each. Finally, the stained
samples were observed under an optical microscope.

2.10. Construction of 3D-bioprinted

cartilage models

The primary ACs of SD rats were selected as seed cells,
and three different concentration ratios of Gel-Alg natural
polymer hydrogels were used as scaffolds to construct
cartilage models using 3D bioprinting technology. Based
on preliminary research, the optimal Gel-Alg ratios
were determined to be 7:3, 8:2, and 9:1. The bioinks were
thoroughly mixed onashaker at 60°C. For each formulation,
500 pL of bioink was transferred to a printing cartridge,
and 50 uL of ACs suspension was immediately added to
the cartridge and mixed with the hydrogel. Printing was
performed on a 4°C 3D printer platform, with the filament
diameter set to 200 um, the number of layers set to four, and
the printing spacing set to 0.22 mm. Printing parameters,
including extrusion pressure (0.25, 0.3, 0.35, and 0.4 Mpa),
printing speed (5, 8, 10, and 12 mm/s), and printing nozzle
temperature (16, 18, and 20°C), were dynamically adjusted
during the process to optimize the printing outcome. After
printing, the cartilage models were crosslinked in a sterile
3% CaCl, solution for 3 min and rinsed with sterile PBS to
remove residual crosslinking agents. The cartilage model
was then transferred to DMEM culture and placed in a cell
culture chamber at 37 °C and 5% CO, to support cartilage
tissue growth.

2.11. Live/dead cell assay

The potential damage to AC viability during the 3D
bioprinting process was assessed using live/dead staining
assay. After printing, the constructs were cultured in 10%
FBS DMEM for 1 day. Prior to the experiment, the culture
medium was removed, and the constructs were rinsed
with sterile PBS. The constructs were then incubated
for 15 min in an assay buffer solution containing 4 uM
calcein AM and 4.5 pM propidium iodide (Biosharp,
China). After staining, the constructs were rinsed again
with sterile PBS. A fluorescent microscope (Nikon, Japan)
was used for observation at a wavelength of 490 + 10 nm.
Cell viability was quantified using Image]J software (Media
Cybernetics, USA).

2.12. Cell counting kit-8 assay

The proliferation activity of ACs within the hydrogel
scaffolds was evaluated using the cell counting kit-8 (CCK-
8) assay. After printing, the constructs were cultured
in 10% FBS DMEM for 1 day. On days 1, 4, and 7, the
medium was replaced with fresh medium containing 10%
CCK-8 (Shenzhen JHHS Biotech, China) and incubated at
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37 °C for 2 h. Subsequently, the absorbance at 450 nm was
measured using a microplate reader (Tecan, Switzerland).
Ten samples from each group were included for
statistical analysis.

2.13. Extracellular matrix secretion assay

The secretion of extracellular matrix (ECM) (proteoglycans
and glycosaminoglycans [GAGs]) by ACs in 3D-bioprinted
cartilage models was detected using Safranin O and
Toluidine Blue staining (Suzhou Haixing Biosciences,
China) to evaluate the formation and function of cartilage
tissue. After printing, the constructs were cultured in
10% FBS DMEM for 5 days. Prior to the experiment, the
3D-bioprinted cartilage models were rinsed with sterile
PBS to remove residual culture medium. Subsequently,
the samples were fixed with 4% PFA at room temperature
for 1 h and washed with sterile PBS to remove the fixative.
The fixed samples were then immersed in Safranin O
and Toluidine Blue staining solutions, respectively, and
incubated at room temperature for 40 min. After staining,
the samples were thoroughly rinsed with distilled water
to remove excess dye. Dehydration was performed using
a graded ethanol series (70, 90, and 100%). Finally, the
stained samples were observed under an optical microscope
(Olympus, Japan).

2.14. Construction of 2D articular chondrocyte
senescence models

The effects of oxidative stress on 2D AC models and 2D AC
senescence models were established using H,O, induction.
A 3% H,0O, stock solution (Biosharp, China) was diluted
with a serum-free medium by volume to prepare H,O,
solutions at concentrations of 0 (control group), 100, 300,
500, and 700 pM. These were used for constructing the 2D
AC senescence models. The optimal H,O, concentration
for constructing the senescence model was determined
through B-galactosidase staining (Biosharp, China), and
this concentration was subsequently used for constructing
the 3D-bioprinted cartilage senescence models. Briefly,
the 3% H,O, stock solution was sequentially diluted to the
control group, 100, 300, 500, and 700 uM using a gradient
dilution method. Subsequently, the 2D AC models were
rinsed with sterile PBS to remove the residual culture
medium on the surface. Finally, the 2D AC models were
cultured with different concentrations of H,O, for 2, 6, and
12 h to determine the optimal concentration and time for
inducing the senescence model. After the induction of the
senescence model was completed, the H,O, diluent was
removed, and the models were rinsed with sterile PBS for
subsequent detection.

2.15. B-galactosidase staining analysis
The (-galactosidase staining was used to determine the
optimal H,O, concentration and induction time for

constructing the 2D AC senescence model, and the optimal
conditions were applied to construct the 3D-bioprinted
cartilage senescence model. Briefly, the H,O, diluent was
removed, and the samples were rinsed with PBS. Then,
1 mL of P-galactosidase staining fixative (Beijing
LABLEAD Inc, China) was added, and the cells were fixed
at room temperature for at least 15 min. Subsequently,
the fixative was removed, and the samples were rinsed
with PBS. Next, 2 mL of working staining solution
containing X-Gal substrate was added, and the samples
were incubated overnight at 37°C. Finally, -galactosidase
activity was observed using a fluorescence microscope, and
quantitative analysis was performed using Image]J software.

2.16. Construction of 3D-bioprinted cartilage
senescence models

We constructed the 3D-bioprinted cartilage senescence
models using the optimal H,O, concentration and
induction time (determined previously in Section 2.15).
Briefly, the complete medium was removed, and the
samples were rinsed with sterile PBS. Subsequently,
500 uM H,O, diluent was added, and the samples were
cultured for 2 h. Finally, the H O, diluent was removed, and
the samples were rinsed with PBS for subsequent detection.

2.17. Cell viability analysis of senescence models

The cell viability of 2D AC senescence models and
3D-bioprinted cartilage senescence models was evaluated
using the CCK-8 assay to compare the proliferation of cells
in both models under senescence conditions. Briefly, the
2D AC senescence models and 3D-bioprinted cartilage
senescence models were transferred into 24-well plates
and cultured in a complete medium. After 24 h of culture,
the complete medium was removed, and the samples were
rinsed with sterile PBS. The medium was then replaced
with fresh medium containing 10% CCK-8 (Biosharp,
China) and incubated at 37°C for 2 h. Subsequently, the
absorbance at 450 nm was measured using a microplate
reader (Tecan, Switzerland). Ten samples from each group
were included for statistical analysis.

2.18. Western blot analysis

The differences in senescence-related protein expression
between 2D AC senescence models and 3D-bioprinted
cartilage senescence models were explored using Western
blot. Briefly, total protein was extracted from the 2D
AC senescence models and 3D-bioprinted cartilage
senescence models using radioimmunoprecipitation lysis
buffer (Thermo Fisher, China) supplemented with 1%
protease inhibitor and phosphatase inhibitor (Thermo
Fisher, China). The protein concentration was determined
using the bicinchoninic acid assay (Thermo Fisher, China).
Equal amounts of protein were electrophoresed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
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transferred to polyvinylidene fluoride (PVDF) blotting
membranes (Millipore, USA). The membranes were
incubated with Fast Blocking Buffer (Epizyme, China)
at room temperature for 15 min and then incubated
overnight at 4°C with primary antibodies against p16
(1:600) (Biosharp, China), p21 (1:800) (Biosharp, China),
and B-actin (1:1000) (Hangzhou UpingBio Technology,
China). The membranes were washed with DAPI
(4,6-Diamidino-2-phenylindole) TBST  (Tris-buffered
saline with Tween 20) (Thermo Fisher, China) and
incubated with horseradish peroxidase-coupled secondary
antibodies (1:2000) (Jackson, USA) at room temperature for
1 h. After washing the PVDF membranes again, the bands
were visualized using an enhanced chemiluminescence
solution (Biosharp, China) and a Gel Analysis System
(Cytiva, USA).

2.19. Immunofluorescence

The expression differences in 2D AC senescence models
and 3D-bioprinted cartilage senescence models were
observed using immunofluorescence staining to evaluate
the molecular characteristics of both models under
senescence conditions. Briefly, the 2D AC senescence
models and 3D-bioprinted cartilage senescence models
were rinsed three times with PBS to remove the residual
culture medium. Subsequently, 4% PFA was added, and the
samples were fixed at room temperature for 20 min. After
fixation, the samples were washed three times with PBS
for 5 min each to remove the fixative. Then, 0.1% Triton
X-100 (Biosharp, China) was added, and the samples were
permeabilized at room temperature for 10 min to enhance
antibody penetration. The samples were rinsed three
times with PBS for 5 min each. Next, a 5% bovine serum
albumin solution (Thermo Fisher, China) was added, and
the samples were blocked at room temperature for 30 min
to reduce non-specific binding. After blocking, the samples
were rinsed once with PBS to remove the blocking solution.
Diluted primary antibodies p16 (1:300) (Biosharp, China),
p21 (1:300) (Biosharp, China), and COL2 (1:300) (Thermo
Fisher, China) were added, and the samples were incubated
overnight at 4°C. The samples were then washed three
times with PBS for 5 min each to remove unbound primary
antibodies. Fluorescently labeled secondary antibodies
Alexa Fluor 488 (1:500) (Thermo Fisher, China) and Alexa
Fluor 594 (1:500) (Thermo Fisher, China) were added, and
the samples were incubated at room temperature in the
dark for 1 h. After incubation, the samples were washed
three times with PBS for 5 min each to remove unbound
secondary antibodies. DAPI solution (1:1000) (Thermo
Fisher, China) was added, and the samples were incubated
at room temperature in the dark for 5 min to stain the
nuclei. The samples were rinsed three times with PBS for
5 min each. Finally, the samples were observed under a

fluorescence microscope, and the fluorescence signals
of pl6, p21, and COL2 were detected using different
excitation wavelengths (488 and 594 nm). Images were
captured and quantitatively analyzed using Image] analysis
software.

2.20. Statistical analysis

All data were processed and analyzed using OriginPro 2022
(OriginLab Corporation, USA). Statistical significance was
determined using one-way or two-way analysis of variance,
followed by Tukey’s post-hoc test for multiple comparisons.
All the experiments were performed in triplicate, and the
results were presented as the mean + standard deviation.
The statistical significance was set as: ns, no significant;
*p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.

3. Results and discussion

3.1. 3D bioprinting and characterization of gelatin
and sodium alginate hydrogel scaffolds

Three different concentration ratios of Gel-Alg were
prepared (Figure 2B). The bioink should exhibit high
viscoelasticity under high shear stress to increase
printability. Optimal viscoelastic properties ensure stable
bioink extrusion through 3D bioprinting nozzles while
maintaining structural integrity.***> Alg is a naturally
occurring block copolymer composed of polymer chains
of B-D-mannuronic acid (M) and a-L-guluronic acid (G).
It is an ideal biomaterial for bioprinting hydrogels, as its
printability can be readily tuned by adjusting the polymer
density and crosslinking with CaCl,.** Alg alone lacks
mammalian cell adhesion ligands, but incorporating Gel
can promote cell adhesion and differentiation, as well as
adjust the viscosity of the hydrogel.”” Thus, this study chose
the Gel-Alg bioink with optimal viscoelastic properties and
printability. At a shear rate of 200 s7', the viscosity of the
7 Gel-3 Algbioink was measured at 5.30 + 0.73 Pa-s, whereas
the viscosities of 8 Gel-2 Alg and 9 Gel-1 Alg bioinks
were 2.27 * 0.30 Pa-s and 1.95 + 0.36 Pa-s, respectively
(Figure 2D). These findings indicate that 7 Gel-3 Alg
exhibited optimal shear-thinning behavior, making it
highly suitable for extrusion-based 3D bioprinting. In the
low strain range (0.01-10%), G’ and G” were relatively
constant. However, 7 Gel-3 Alg demonstrated G of 7830
+ 8.54 Pa and G” of 948 + 0.41 Pa, higher than those of
8 Gel-2 Alg (G = 2113 + 0.61 Pa; G” = 216 * 0.21 Pa)
and 9 Gel-1 Alg (G’ = 1542 £ 0.89 Pa; G” = 66 + 0.86 Pa)
(Figure 2E), indicating superior linear viscoelastic
properties of 7 Gel-3 Alg.

Employing a layer-by-layer 0-90° alternating stacking
strategy, precise Gel-Alg hydrogel scaffolds were
fabricated. After 3D bioprinting, the scaffolds underwent
CaCl, crosslinking to enhance mechanical properties.®*-*
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Figure 2. Construction and characterization of a 3D-bioprinted hydrogel scaffold. (A) Single-layer and multi-layer models of 3D-bioprinted hydrogel
scaffolds. (B) Schematic illustration of natural bioink preparation. (C) Structural profiles of the printed Gel-Alg hydrogel scaffolds; SEM images of non-
crosslinked and crosslinked Gel-Alg hydrogel scaffolds. (D and E) The viscosity (D) and modulus (E) of the natural bioink. (F) Stress—strain curves of
the Gel-Alg hydrogel scaffolds. (G) Statistical Young’s modulus of the Gel-Alg scaffolds. (H and I) Swelling performance (H) and water content (I) of the
Gel-Alg hydrogel scaffolds. (J) In vitro degradation performance of the scaffolds. (K) Porosity of the Gel-Alg hydrogel scaffolds. All statistical data are
represented as mean =+ standard deviation (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). Scale bar: 1 mm (C). Abbreviations: ACs, articular chondrocytes; Alg,
alginate; GAGs, glycosaminoglycans; Gel, gelatin; SEM, scanning electron microscopy; sGAGs, sulfated glycosaminoglycans.
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However, printing smaller models with a diameter of
less than 10 mm was challenging due to the limitations
of extruded 3D printing technology.”® Although laser-
assisted bioprinting has higher precision and can be used
to construct Gel-Alg hydrogel scaffolds, it is challenging to
maintain their bioactivity. This study prioritized physical
crosslinking for improved biocompatibility, avoiding
cytotoxicity associated with UV-initiated chemical
crosslinking.” To eliminate potential mineral deposits
from residual calcium ions on the scaffold surface,
constructs were rinsed with sterile PBS. Figure 2C displays
the structural profiles of Gel-Alg hydrogel scaffolds at three
different concentration ratios. Furthermore, SEM images
reveal microstructures of the scaffolds in both crosslinked
and non-crosslinked states. Figure 2C also indicates that
the 3D-bioprinted Gel-Alg scaffolds maintained a stable
multi-layered grid structure with tightly stacked layers and
an interconnected porous network suitable for AC growth.
The pore sizes of the 7 Gel-3 Alg, 8 Gel-2 Alg, and 9 Gel-1
Alg scaffolds are 5.47 £ 0.87 pum, 2.29 + 0.048 pum, and 1.18
+0.061 pum, respectively. High-magnification observations
revealed dense pore walls formed by Alg crosslinking
intertwined with Gel-derived microfiber structures,
providing rough surfaces that enhance cell adhesion and
increase specific surface area. The uniformity of printed
fiber diameters and seamless interlayer fusion suggest that
structural integrity was maintained through optimized
printing parameters.

The mechanical strength was evaluated to confirm
the stability of the polymer network following physical
crosslinking, and the stress—strain curves were plotted
(Figure 2F). Based on previous research, a higher
concentration of Gel-Alg hydrogels ionic-crosslinked
with CaCl, significantly enhanced the mechanical strength
of the scaffolds.® Therefore, according to Figure 2G,
Young’s modulus of the 7 Gel-3 Alg scaffold is 11.7 +
1.66 kPa, significantly higher than the values for 8 Gel-2
Alg and 9 Gel-1 Alg (8.52 + 6.67 kPa and 5.56 + 2.23
kPa, respectively). This suggests superior stiffness under
load, crucial for maintaining structural integrity and
performance in physiological conditions.

The swelling behavior was assessed to evaluate the
hydrophilicity of the Gel-Alg scaffolds, which is crucial
for maintaining a hydrated microenvironment conducive
to nutrient diffusion, cellular viability, and growth.>® All
scaffolds demonstrated rapid water absorption in the first
120 min, followed by a deceleration in absorption from
120 to 240 min, with equilibrium swelling achieved after
240 min. The equilibrium swelling ratios of 8 Gel-2 Alg
and 9 Gel-1 Alg were 34.4 + 1.48% and 16.8 + 1.48%,

significantly lower than that of 7 Gel-3 Alg (39.2 + 3.22%).
This difference is attributed to the denser structure of
7 Gel-3 Alg, as supported by SEM analysis (Figure 2H).

To further determine the water content of Gel-Alg
hydrogel scaffolds at swelling equilibrium in deionized
water, gravimetric analysis was conducted. The results
revealed similar equilibrium water contents of 7 Gel-3
Alg and 8 Gel-2Alg scaffolds at approximately 30%,
reflecting similar hydrophilic properties (Figure 2I). This
hydrophilicity is likely due to hydrophilic groups (-NH2,
-COOH, and -OH) within the molecular chains of Gel
and Alg components.”” Water absorption and swelling
are critical for retaining structural integrity and cellular
microenvironments. Thus, achieving adequate swelling
capacity is essential for optimal scaffold performance.

The degradation behavior was evaluated in the
COL2 solution to assess scaffold stability. Following
2 h of incubation, 8 Gel-2 Alg and 9 Gel-1 Alg scaffolds
exhibited significant mass loss, with degradation rates of
67.2 +2.90% and 89.2 + 4.76% after 10 h, respectively. This
observation suggests that increased Gel content accelerates
degradation. In contrast, the 7 Gel-3 Alg scaffold exhibited
a degradation rate of 41.4 + 2.86% after 10 h, indicating
that Alg enhances degradation resistance proportionally
with its concentration in the composite (Figure 2J).

The porosity of the scaffolds was further evaluated,
and the porosity of the 7 Gel-3 Alg, 8 Gel-2 Alg, and 9
Gel-1 Alg scaffolds was 88.9 + 3.67%, 77.91 + 4.66%, and
64.63 * 2.48%, respectively. SEM comparisons attributed
the superior porosity of 7 Gel-3 Alg to its structured pore
network with multi-scale pore distribution, fostering
efficient nutrient and fluid transport to create an optimal
environment for cellular adhesion and proliferation
(Figure 2K).

3.2. In vitro biocompatibility and cartilage
extracellular matrix secretion by gelatin and sodium
alginate hydrogel scaffolds

ACs isolated from the knee joints of four-week-old male
SD rats were cultured for integration with 3D-bioprinted
Gel-Alg hydrogel scaffolds (Figure 3A). After isolation
and expansion, primary ACs were stained with Safranin O,
Alcian Blue (pH 1.0), and Toluidine Blue to confirm ECM
synthesis capacity. Studies have demonstrated that the
Gel component provides a scaffold that mimics the ECM
of ACs, while the Alg component imparts mechanical
properties similar to those of cartilage. Gel-Alg promotes
the secretion of AC ECM, manifesting as increased cell
viability, higher levels of collagen II and proteoglycan
expression, and elevated GAG content.’®* Safranin O
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staining indicated a proteoglycan-rich matrix, while
Alcian Blue (under acidic conditions) identified sulfated
glycosaminoglycans (sGAGs) through distinct cyanophilic
interactions. Toluidine Blue confirmed the presence of
anionic GAGs via y-metachromatic purple coloration
(Figure 3B). The morphological assessment revealed cells

adopting rounded or polygonal shapes with pericellular
lacunae formation, establishing a baseline for evaluating
3D hydrogel scaffolds in cartilage ECM homeostasis.

In vitro biocompatibility and cellular viability were
validated through CCK-8 and live/dead assays. Prior studies
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Figure 3. The 3D-bioprinted Gel-Alg hydrogel scaffolds support the survival, proliferation, and extracellular matrix secretion of the embedded cells.
(A and B) The morphology (A) and staining (Safranin O, Alcian Blue, and Toluidine Blue) (B) of primary ACs. (C) Quantitative analysis of the AC
proliferation rate in vitro 2D culture. (D) Cell viability determined by live/dead staining. (E) Quantification analysis of AC viability. (F) Safranin O
and Toluidine Blue staining of 3D-bioprinted cartilage model. (G and H) Quantification analysis of GAGs (G) and sGAGs (H). All statistical data are
represented as mean * standard deviation (n = 5; *p < 0.05, **p < 0.01, **p < 0.001). Scale bars: 100, 200, and 500 um. Abbreviations: ACs, articular
chondrocytes; Alg, alginate; GAGs, glycosaminoglycans; Gel, gelatin; NS, non-significant; OD, optical density; sGAGs, sulfated glycosaminoglycans.
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indicate that decreased cell viability primarily results from
high shear stress at the nozzle tip during printing.®** In
this study, 7 Gel-3 Alg hydrogel scaffolds exhibited the
highest absorbance values compared to 8 Gel-2 Alg and
9 Gel-1 Alg (Figure 3C). These findings confirm that
3D-bioprinted 7 Gel-3 Alg scaffolds significantly enhance
cellular viability and proliferation. Live/dead assays on AC-
laden scaffolds after 1 day displayed cell viabilities of 87.9
+7.60%, 72.4 + 5.03%, and 62.9 + 0.83% for 7 Gel-3 Alg, 8
Gel-2 Alg, and 9 Gel-1 Alg, respectively (Figure 3D and E).
After 7 days, AC-laden Gel-Alg hydrogel scaffolds stained
with Safranin O and Toluidine Blue revealed the spatial
distribution of negatively charged GAGs, proteoglycans,
and sGAGs, enabling quantitative evaluation of tissue
maturation (Figure 3F). The quantitative analysis results
indicate that the 7 Gel-3 Alg scaffolds had higher GAG
and sGAG contents compared to the 8 Gel-2 Alg and 9
Gel-1 Alg scaffolds (Figure 3G and H).

3.3. Development and functional characterization of
a 2D chondrocytes senescence model

Approximately 3 x 10° ACs were exposed to H O, at
concentrations of 0 (control), 100, 300, 500, and 700 M
for 2, 6, and 12 h to simulate oxidative stress-induced
senescence and assessed via SA-B-galactosidase activity
assays (Figure 4A). Previous studies have reported that
during the process of ACs senescence, SA-B-gal activity
was observed, involving senescence-associated markers
(pl6 and p21).°%%* At 2 h, the SA-P-galactosidase-
stained senescent cell rates were 4.67 + 1.52%, 21.0 *
3.61%, 58.0 = 10.15%, 85.0 £ 3.61%, and 57.33 + 6.11%
in the control, 100, 300, 500, and 700 uM H,O, groups,
respectively (Figure 4B and C). Compared to the control
group, the 500 pM H,O, group achieved peak senescence
(p < 0.001), while extensive apoptosis was observed at
700 uM. At 6 h, the SA-B-galactosidase-positive cell rates
were 6.33 + 1.53%, 35.33 = 8.33%, 75.0 + 3.00%, 50.33 +
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7.37%, and 29.67 * 2.52%, respectively (Figure 4D and
E). Compared to the control group, the 300 uM H,O,
group exhibited significant senescence (p < 0.001), with
apoptosis observed at higher concentrations. At 12 h, the
SA-B-galactosidase-positive cell rates were 7.67 + 2.08%,
69.67 + 10.79%, 27.67 * 5.69%, 18.33 £ 2.52%, and 11.0
+ 4.58%, respectively (Figure 4F and G). Compared to
the control group, the 100 pM H,O, group reached peak
senescence (p < 0.001), while apoptosis was evident at
higher concentrations.

Thesefindingssuggest thathigh-concentration oxidative
stress overwhelms cellular regulatory mechanisms, causing
macromolecular lesions and ultimately disrupting redox
homeostasis.®"* The optimal conditions for inducing AC
senescence were identified as a 2-h exposure to 500 pM
H,0,, resulting in 85.0 + 3.61% SA-P-gal-positive cells
without significant apoptosis (p < 0.001 vs. control); and
the 500 pM H,O, concentration was applied to induce
senescence in 3D-bioprinted cartilage models. Prolonged
exposure (6 and 12 h) induced significant apoptosis
(50.33-29.67% viable cells), making these conditions
unsuitable for further studies.

The expression levels of senescence-associated
proteins p21 and pl6 were assessed through Western
blot analysis and immunofluorescence, followed by
semi-quantitative analysis using Image] software.
The senescence phenotype is not limited to cell cycle
arrest; senescent cells are metabolically active and
exhibit changes in protein expression and secretion,
leading to Senescence-Associated Secretory Phenotype
development.®® Results indicated significant H,O,-
induced effects on AC senescence. As illustrated
in Figure 5A, Western blot and semi-quantitative
analysis revealed dose-dependent upregulation of p21
and pl6 in the 500 uM group versus controls (Figure
5B and C). These results were further validated by
immunofluorescence staining, and semi-quantitative
analysis revealed markedly elevated expression levels
of senescence-associated proteins p21 and pl6 in the
500 uM H,O, group compared to the control, with
enhanced green fluorescence intensity indicating robust
protein accumulation (Figure 5D-G). Collectively,
H,O, treatment significantly promotes p21 and pl6
expression in a concentration-dependent manner,
accelerating AC senescence.

3.4. Construction and functional characterization of
a 3D-bioprinted cartilage senescence model

The protocol for inducing AC senescence was optimized
to 500 uM H,O, for 2 h, as previously validated. After
inducing senescence in the 3D-bioprinted cartilage

model enriched with approximately 3 x 10° ACs,
sterile PBS was used to rinse away residual H,O,. The
3D bioprinting technology enabled the construction
of aging models that more accurately simulate the
intracellular environment, increase cell interaction with
biogenic ECM, and improve the stability and accuracy
of senescence phenotype.”” This study assessed p2l
and pl6 expression levels through Western blot and
immunofluorescence staining, with semi-quantitative
evaluation using Image] software. As displayed in
Figure 6A, Western blot and semi-quantitative
analysis revealed dose-dependent upregulation of
p21 and pl6 in the 500 uM group versus controls
(Figure 6B and C). These results were further validated
by immunofluorescence staining, and semi-quantitative
analysis revealed markedly elevated expression levels of
senescence-associated proteins p21 and p16 in the 500
M H,O, group compared to the control, with enhanced
green fluorescence intensity indicating substantial
protein accumulation (Figure 6D-G). These results
suggest that H O, accelerates senescence in cartilage
models through oxidative stress responses.

To further evaluate alterations in COL2 content within
the 3D-bioprinted cartilage models of the control and
500 uM groups, semi-quantitative analysis was performed
using immunofluorescence techniques. As illustrated
in Figure 7A and B, immunofluorescence staining and
semi-quantitative evaluation demonstrated a statistically
significant reduction in COL2 expression in the 500 pM
group compared to the control, indicative of oxidative stress-
induced degradation of the cartilage matrix. Collectively,
the semi-quantitative assessment of COL2 highlights the
dual impact of oxidative stress on both cellular senescence
and ECM disruption in the 3D-bioprinted cartilage model,
thereby advancing our mechanistic understanding of
pathological cartilage aging processes.

4, Conclusion

In this study, three different concentration ratios of
Gel-Alg natural polymer hydrogels (7 Gel-3 Alg, 8
Gel-2 Alg, and 9 Gel-1 Alg) were used as tissue
engineering scaffolds. Primary ACs served as seed cells
and were combined with 3D bioprinting technology
to construct cartilage models. Among the tested
concentrations, the optimal hydrogel concentration ratio
was identified as 7 Gel-3 Alg. Compared to the 8 Gel-2
Alg and 9 Gel-1 Alg hydrogel scaffolds, the 7 Gel-3 Alg
hydrogel scaffold exhibited excellent biocompatibility,
mechanical properties, and biological functions,
such as promoting ECM secretion. Furthermore, 2D
AC senescence models and 3D-bioprinted cartilage
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Figure 5. H,O, promotes the expression of senescence-associated proteins p21 and p16 in a 2D AC senescence model. (A) Western blot analysis of p21
and p16 in the 2D AC senescence model. (B and C) Summary of quantitative data of p21 (B) and p16 (C) in the 2D AC senescence model. (D and E)
Immunofluorescence staining analysis (D) and summary of quantitative data (E) of p21 in the 2D AC senescence model. (F and G) Immunofluorescence
staining analysis (F) and summary of quantitative data (G) of p16 in the 2D AC senescence model. All statistical data are represented as mean * standard
deviation (n = 3; *p < 0.05, **p < 0.01, ***p < 0.001). Scale bars: 20 um (D and F). Abbreviation: AC, articular chondrocyte.
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senescence models were developed, and the optimal
H,0, concentration and induction time for constructing
the senescence models were determined to be 500 uM
and 2 h, respectively. Compared to the 2D AC senescence
models, the 3D-bioprinted cartilage senescence models
more closely resembled the natural aging state of human
cartilage in terms of aging-related molecular expression.
However, this study used SD rat ACs instead of humans
and lacked comprehensive characterization of aging-
related markers, including inflammatory factors and
senescence-related proteins. These limitations reduce
the translational relevance of the model for elucidating
the mechanisms underlying OA development in
humans. Future work should focus on developing more
human-compatible in vitro OA models. Overall, the
3D-bioprinted cartilage senescence model may provide
a valuable new experimental platform for research on
the prevention and treatment of aging-related OA
and the mechanisms underlying its development and
progression.”’”?
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