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A B S T R A C T   

Osteoarthritis (OA) is a prevalent joint disease primarily induced by overstrain, leading to disability and 
significantly impacting patients’ quality of life. However, current OA studies lack an ideal in vitro model, which 
can recapitulate the high peripheral strain of the joint and precisely model the disease onset process. In this 
paper, we propose a novel cartilage-on-a-chip platform that incorporates a biohybrid hydrogel comprising 
Neodymium (NdFeB)/Poly-GelMA-HAMA remote magneto-control hydrogel film. This platform facilitates 
chondrocyte culture and stress loading, enabling the investigation of chondrocytes under various stress stimuli. 
The Neodymium (NdFeB)/Poly-GelMA-HAMA hydrogel film exhibits magneto-responsive shape-transition 
behavior, further dragging the chondrocytes cultured in hydrogels under magnetic stimulation. It was investi
gated that inflammation-related genes and proteins in chondrocytes are changed with mechanical stress stim
ulation in the cartilage-on-a-chip. Especially, MMP-13 and the proportion of collagen secretion are upregulated, 
showing a phenotype similar to that of real human osteoarthritis. Therefore, we believed that this cartilage-on-a- 
chip platform provides a desired in vitro model for osteoarthritis, which is of great significance in disease research 
and drug development.   

1. Introduction 

Osteoarthritis (OA) is a degenerative joint disease and stands as the 
most prevalent cause of physical disability. The primary factor 
contributing to most OA cases is prolonged and excessive mechanical 
stress on the knee joint [1,2]. However, in the field of basic OA research, 
the commonly employed modeling method revolves around stimulating 
cells with inflammatory factors like IL-1β, while stress-related changes 
are often overlooked as influencing factors [3–5]. Consequently, there is 
an urgent need to develop a simulation model that places emphasis on 
stress changes within the articular cartilage microenvironment. Benefit 
from the rapid advancements a micro and nano manufacturing tech
nology, a plethora of bionic 3D cultures, such as organ chips or orga
noids, have emerged [6–8]. Numerous experiments have demonstrated 
the significant potential of these techniques in recreating disease 

characteristics [9–13]. Nevertheless, most studies remain confined to 
static models, failing to adequately capture the dynamic evolution 
process of OA [13]. Therefore, a new dynamic 3D model that can ach
ieve a more realistic simulation of the actual pathological process of OA 
needs to be developed. 

In this study, inspired by the reciprocating motion of the human joint 
site, we have developed a novel biomimetic cartilage-on-a-chip system 
by incorporating magnetic response hydrogel into a microfluidic setup, 
as depicted in Fig. 1. The Organ chip (OC) system allows for the repli
cation of organ microfluidic conditions in vitro, encompassing complex 
tissue interfaces, mechanical stress, fluid shear forces, and concentration 
gradients within the cell microenvironment [10,12,14–20]. However, 
the integration of periodic mechanical stress into organ chips for 
studying osteoarthritis (OA) is limited by existing material and struc
tural constraints. Nowadays, magnetic hydrogels have emerged as an 
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ideal platform for mechanical simulation, as they can be remotely driven 
by externally applied magnetic fields. Their excellent 
magnetically-responsive deformation properties have found wide 
application in robot manufacturing, tissue engineering, and drug de
livery [21–25]. Therefore, the integration of magnetic hydrogels and 
organ chips holds the promising potential to faithfully replicate motion 
patterns observed in OA pathogenesis. 

Herein, we present a novel cartilage-on-a-chip integrated with 
magnetic hydrogel, offering a controllable and periodic stress regulation 
feature to simulate OA (Fig. 1a) [26]. To achieve this, we incorporated 
NdFeB powder with strong magnetism into GelMA-HAMA hydrogels to 
generate the magnetic hydrogel, which was engineered into perichon
dral layers at a physiological scale [27]. By introducing a circulating 
magnetic field, human chondrocytes cultured on the surface of the 
magnetic hydrogel experience cyclic stress. This traction process in
cludes deformation in various directions during each cycle, closely 
mimicking the complex environment of the cartilage layer during joint 
movement. It was demonstrated that chondrocytes produce abnormal 
matrix remodeling under hyper-physiological mechanical stress, 
including secreting inflammatory factors such as MMP-13 and 
ADMTS-5, and the secretion of heterogeneous collagen with the 
decrease of collagen II and the increase of collagen I and collagen X 
[28–30]. Cell apoptosis was also observed [1,2,5]. Thus, this 
cartilage-on-a-chip featured magneto-mechanical transformation holds 

great promise as an ideal OA model for disease research and drug 
development. 

2. Results and discussion 

In a standard experimental setup, we integrated the GelMA-HAMA 
remote magneto-control hydrogel film to establish the cartilage-on-a- 
chip made by polydimethylsiloxane (PDMS) using microengineering 
technology. The microfluidics used bifurcated injection channels to 
convey culture medium, drugs or stimulation factors like cytokines. The 
magnetic hydrogel is first prepared into a dumbbell shape and then in
tegrated into a flexible PDMS-based layered microchannel chip. In this 
cartilage chip, microfluidics involves layered perfusion channels, 
allowing for uniform perfusion of chondrocytes and culture medium. 
Thanks to the flexibility of the magnetic hydrogel, the layered chon
drocytes exhibit anisotropic movement under a changing magnetic field. 
The changing magnetic field allows the magnetic hydrogel film to move 
controllably. We can control the desired mechanical loading on the film 
and the chondrocytes on it by controlling the magnetic field. As ex
pected, the magnetic stimulation led to the movement of the NdFeB side 
of hydrogel, pulling the whole film. Meanwhile, the cells on the hydrogel 
films were also stretched, and this process is presented using fluorescent 
staining of phalloidin (Fig. 1b). By controlling the magnetic source, the 
mechanical loading can be adjusted to proper frequency, intensity, and 

Fig. 1. (a) Schematic diagram of inflammatory changes in the knee joint under hyper-physiological stress; (b) Processes of chip assembly and cell perfusion.  
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duration. Thus, the platform was established. 
We first confirmed the composition of the hydrogel. Gelatin meth

acryloyl (GelMA) and hyaluronic acid methacryloyl (HAMA) are both 
derived from chemically modified macromolecules widely distributed in 
organisms and have been extensively reported for bone tissue-related 
research. Previous studies have demonstrated that mixing GelMA and 
HAMA can simulate the mechanical strength and biocompatibility 
required for cartilage tissue [31–38]. Therefore, we introduce this 
combination to mimic cartilage tissue. Methacrylic anhydride was 
added to gelatin and hyaluronic acid solution drop by drop and dialysis 
was performed to obtain GelMA and HAMA. The curing can be 
completed in about 10 s with the addition of the photo-initiator LAP 
under 365 nm UV light (Fig. 2a) [39]. We have set different 
GelMA-HAMA concentration ratios to explore the optimal ratio, 
including 10:1, 10:2, and 10:3. After testing, the 10:2 hybrid hydrogel 
conveys appropriate elasticity and strength, and shows excellent 
biocompatibility. We verified the photocuring performance of the 
hydrogel and observed that it solidifies after 10 s of UV irradiation. 
Furthermore, the addition of high-density NdFeB powder does not affect 
the curing performance (Fig. S1). By combining different mask patterns, 
we can achieve the desired pattern (Fig. 2b). After UV curing, we pre
pared the magnetic hydrogel into the shape of a dragonfly, with densely 
stacked magnetic powder in its wings. The wings of the dragonfly can 
flap when exposed to a magnetic field generated by a magnet (Fig. 2c). 
Furthermore, to investigate the 3D microstructure of the hydrogels, 
scanning electron microscopy (SEM) was applied to show the 
freeze-dried GelMA-HAMA hydrogel and the NdFeB/GelMA-HAMA 
hydrogel (Fig. 2d). When the hydrogel is integrated into the chip, an 
appropriate shape is necessary. In order to fix the hydrogel in the tank, 
the dumbbell shape was chosen, where the protrusion at both ends of the 
hydrogel is restricted to move in the radial and normal directions, thus 
showing only elongation and no movement in the magnetic field. The 
system is prepared for integrated into the cartilage-on-a-chip. 

The GelMA and HAMA hydrogel were preliminarily characterized by 
FTIR and 1Hnmr (Fig. 3a, b, S2). We then conducted mechanical per
formance tests on the magnetic hydrogel [40]. The experimental results 
indicated that as the concentration of HAMA increased, the hydrogel’s 

Young’s modulus increased, but the strain at the fracture limit decreased 
(Fig. 3c and f). When the GelMA-HAMA concentration ratio was 5:1, the 
hydrogel was subjected to different levels of tensile strain and ten cycles 
of stretching. The stress-strain curves showed a consistent trend, indi
cating that the hydrogel has stable fatigue resistance properties (Fig. 3d 
and e). The swelling ratio of each combination is also tested using 
weighing method (Fig. 3g). Also, the degradation test proves that the 
addition of HAMA helps resist the degradation by matrix-degrading 
enzyme (Fig. 3h) [22]. The results illustrate that a low HAMA concen
tration provides inadequate mechanical strength and anti-degradation, 
while the high concentration of HAMA shows weak magnetic response 
and a high swelling ratio. Therefore, the GelMA hydrogel with 5 % 
concentration and the HAMA hydrogel with 1 % concentration (GelMA: 
HAMA = 5:1) were proper for further experiment. 

To validate the biocompatibility of the GelMA-HAMA hydrogel, we 
cultured the human chondrocyte cell line C28/I2 on it [41,42]. Benefit 
from the low toxicity, biological interaction, and biodegradability of the 
hydrogel, it presented a great affinity to the cells, shown by the fluo
rescent staining of phalloidin, dead/live staining and cck-8 test on day 1, 
day 3 and day 7 (Fig. 4a and b). As shown, the results of live/dead 
staining demonstrate that cells proliferate well when cultured on the 
hydrogel, similar to the results of culturing in a cell culture dish. The 
phalloidin staining shows that cells cultured on the hydrogel have fewer 
pseudopodia and exhibit a morphology more similar to that of chon
drocytes in the body. Also, same test and cck-8 test have been performed 
to validate the biocompatibility of NdFeB-hybrid hydrogel (Fig. 4a and 
b, S3.) and the results showed no difference between the 
magneto-hydrogel and the pure hydrogel, indicating that the 
NdFeB-hybrid hydrogel has no or only a small amount of biological 
toxicity. 

Furthermore, we tested the secretion-promoting ability of the 
hydrogel [43,44]. C28/I2 cells were cultured on the same area of cell 
culture plate (CCP) and hydrogel surface for 7 days, and immunofluo
rescence staining and quantitative analysis were carried out. The results 
showed that the cells growing on the hydrogel expressed more type I and 
type II collagen, and secreted a certain amount of matrix, and the sub
sequent immunofluorescence quantitative analysis visually displayed 

Fig. 2. (a) The GelMA-HAMA hydrogel is cured in 10s under 365 nm UV light. (b) Various kinds of shapes of the NdFeB-hybrid GelMA-HAMA hydrogel. (c) The 
wings of the dragonfly-like-hydrogel can flap when exposed to a magnetic field. (d) The SEM image of the pure hydrogel and the NdFeB-hybrid hydrogel. Scale bar, 
50 μm. 
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the results (Fig. 5a, b, 5c). The corresponding qPCR detection also 
showed that the hydrogel can promote the collagen secretion function of 
chondrocytes. (Fig. 5d and e). 

To further confirm the establishment of the chip and the effective
ness of the OA model, we simulated the cartilage system. The magnetic 
hydrogel undergoes deformation of a certain intensity and frequency 
under the action of an external alternating magnetic field. First, the 
chondrocytes underwent 5 days of mechanical stimulation with 
different hydrogel deformation from 0 % to 30 %. The hydrogel was 
stimulated 4 h a day, with different groups including a control group, 10 

% deformation group 20 % deformation group, and a 30 % deformation 
group. The frequency of dynamic magnetic fields is 0.5 Hz. After 5 days 
of stimulation, the chondrocytes were detected for qPCR assay (Fig. 6b). 
The results showed that the hyper-physiological mechanical loading 
could contribute the osteoarthritis of chondrocytes. When the defor
mation is limited under 10 %, the chondrocytes show no different from 
those cultured with no deformation. When the deformation is increased 
to 20 %–30 %, the chondrocytes showed increased osteoarthritis 
phenotype. Then, experiments based on different stimulation frequency 
from 0 Hz to 1 Hz were completed. Similar to before, chondrocytes 

Fig. 3. (a,b) FTIR test of the GelMA and HAMA hydrogels. (c) The strain-stress image of the fracture limit of the hydrogel with different HAMA concentration. (d) The 
strain-stress image of different deformation of the hydrogel. (e) The strain-stress image of the hydrogel in 10 consecutive stretch cycling. (f) The Young modulus of 
the hydrogel with different HAMA concentration. n = 5. (g) The swelling ratio of the hydrogel with different HAMA concentration. n = 5. (h) The degradation rate of 
different hydrogels. n = 5. 

Fig. 4. (a) The dead-live image of cells cultured on the CCP, GelMA-HAMA hydrogel and NdFeB-GelMA-HAMA hydrogel for 1, 3, and 7 days. (b) The phalloidin 
staining of cells cultured on the CCP, GelMA-HAMA hydrogel and NdFeB-GelMA-HAMA hydrogel for 1, 3, and 7 days. Scale bar, 100 μm. 
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represent obvious osteoarthritis phenotype as the increase of stimulation 
frequency (Fig. 6c and d). And the immunofluorescence staining is 
applied for localization and quantitative analysis of osteoarthritis 
related proteins. The results of cellular immunofluorescence showed 
that the expression level of matrix degrading protease MMP-13 secreted 
by chondrocytes increases under increasing frequency stimuli. The re
sults of cellular immunofluorescence showed the expression level of 
matrix degrading protease MMP-13 produced by C28/I2 cells under 
different frequency stimuli (Fig. 6a). These results reveal that under 
specific stimulation intensity and frequency, chondrocytes cultured in 

the cartilage-on-a-chip undergo changes similar to osteoarthritis, 
accompanied by increased production of matrix-degrading enzymes and 
abnormal collagen secretion. In order to further verify the superiority of 
this method over traditional methods, C28/I2 cells were cultured on 
hydrogels of the same shape and subjected to cytokine stimulation and 
mechanical stimulation (20 % deformation, 1 Hz) respectively. qPCR 
results showed that mechanically stimulated chondrocytes produced 
more inflammatory factors than those stimulated by cytokines (Fig. S4). 
With TUNEL assay, we detected the apoptosis level of the chondrocytes 
(Fig. S5). The qPCR experiments were repeated three times for each 

Fig. 5. (a, b) Fluorescence microscopy images of the cells stained for nuclei (blue), Collagen I (green) and Collagen II (purple). (c) The fluorescence quantitative 
analysis of the fluorescence microscopy images. (d) Relative expression of Col1A1 and Col2A1 of cells cultured on the culture dish and the hydrogel. n = 3. (e) 
Col2A1/Col1A1 expression ratio of cells cultured on the culture dish and the hydrogel. n = 3. *, p < 0.05, **, p < 0.01. Scale bar, 100 μm. 

Fig. 6. (a) Fluorescence microscopy images of the cells stained for nuclei (blue) and MMP-13 (red) under different stimulate frequency. (b) Relative inflammation 
related genes expression of cells under increasing stimulation intensity. n = 3. (c,d) Relative inflammation related gene expression of cells under increasing stim
ulation frequency. n = 3. (e) Relative collagen related genes expression of cells under increasing stimulation frequency. n = 3. *, p < 0.05, **, p < 0.01. Scale bar, 
100 μm. 
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group. The gene primers that were used are listed in Table 1. 

3. Conclusion 

In summary, we developed a microfluidic platform which can exert 
mechanical loading on chondrocytes by magneto-responsive shape- 
transition hydrogel. This innovative magnetic hydrogel undergoes 
transformation with magneto-stimulation, leading to displacement and 
effectively pulling the chondrocytes cultured on the hydrogel. In addi
tion, we seamlessly integrated the hydrogel into the cartilage-on-a-chip 
system with microfluidics. This allowed us to precisely simulate the 
microenvironment experienced by articular cartilage under pressure, 
effectively accelerating the degeneration of chondrocytes and the pro
gression of osteoarthritis. Notably, unlike other organ-on-a-chip, this 
chip platform enables easy control of the mechanical pressure, with 
adjustable intensity and frequency using an electromagnet. This 
cartilage-on-a-chip platform offers an exceptional mechanical loading 
method which can be remotely controlled, which is of great significance 
in osteoarthritis research and in vitro drug development. Therefore, we 
believe that the cartilage-on-a-chip platform based on magneto- 
responsive shape-transition NdFeB/GelMA-HAMA hydrogel holds 
immense potential for extensive application in the field of biomedical 
engineering. 

4. Experimental section 

Materials: GelMA, HAMA were self-prepared. TrypLE and DMEM 
were purchased from Gibco. PBS (phosphate-buffered saline) and DAPI 
(4′,6-diamidino-2-phenylindole) were obtained from Beyotime 
Biotechnology. Phalloidin stain and all antibodies were acquired from 
Abcolonal. Live/Dead kit were obtained from keygen biotech corpora
tion. PDMS (SYLGARD 184) and its curing agent were acquired from 
Dow Corning Corporation. C28/I2 cell line was purchased from BLUE
FBIO. All reagents were used as received. 

Preparation of the GelMA and HAMA hydrogel: 10 g of gelatin was 
added to 100 ml of PBS and stir at 50 ◦C for 3 h. After the gelatin is 
completely dissolved, adjust the pH of the solution to between 7 and 8, 
add 6 ml of MA drop by drop to the bottle, and stir at 50 ◦C for 3 h. The 
reacted solution is centrifuged and the unreacted MA is removed. The 
supernatant was diluted and poured into the dialysis bag, and dialysis 
was carried out in heated ddH2O for 7 days. After dialysis, freeze-drying 
was performed to obtain GelMA. And HAMA was made by a similar 
method. 

Preparation of the magnetic hydrogel: The GelMA and HAMA (the mass 
ratio of monomer GelMA and HAMA was 5:1) were mixed and dissolved 
in PBS as solution A. Then, the NdFeB (80 % w/v) was dispersed in the 
same solution as solution A, named solution B. The solution B was first 
exposed to UV light (365 nm, 10s) with a photo-initiator LAP (0.5 %, v/ 
v) being added to form the magneto-hydrogel and these hydrogels were 
then cut into small fibro-like pieces for further utilization. The pregel 
solution A was composed of GelMA (5 wt%) and HAMA (1 wt%), a 
photo-initiator LAP (0.5 %, v/v) was added into the above suspensions. 
After extensive mixing, the pregel solution A was poured into the 
microfluidic channel with NdFeB hybrid films putting on the middle 
after which is exposed to UV light (365 nm, 10s). Finally, the 

magnetically responsive hydrogel was prepared in dumbbell shape, 1 
mm wide and 10 mm long, and the two ends of the hydrogel protrated as 
equilateral triangles with 3 mm side length. 

Magneto-responsive behavior: The magnetic responsive phase transi
tion of the GelMA-HAMA composite hydrogel was first investigated. By 
using a mask with a designed pattern, a dumbbell-shaped hydrogel 
membrane was fabricated after UV-induced polymerization of the 
GelMA-HAMA mixture solution. The membrane was then placed next to 
an electromagnet. After the stretching, the electromagnet was switched 
off to let the membrane return to the former shape under natural state. In 
order to regulate the interval, we add a pulse generator into the circuit. 

Assembling Process of Microfluidic Chip: The microfluidic chip com
prises an upper and lower part. Initially, PDMS was mixed with 1 % 
sylgard, stirred, and poured into the template. Subsequently, the tem
plate was subjected to vacuum treatment in a vato vacuum machine 
until no bubbles were observed in the liquid PDMS. Following this step, 
the template was placed in an oven for 8 h to allow complete solidifi
cation of the PDMS. Once solidified, the PDMS was separated from the 
template to obtain the upper half of the chip. The lower half consisted of 
dumbbell-shaped PDMS that matched the size of its counterpart above 
with the inner diameter of 1 mm wide and 10 mm long to hold the 
hydrogel made above. Finally, bonding occurred by pressing and 
assembling together both halves. 

Characterization of swelling rate: Different composition of hydrogel 
was cured as several small pieces with same volumn. After light curing, 
the hydrogel was immediately weighed with the result being recorded as 
W0. Then the hydrogel was put into PBS buffer for 24 h, and was 
weighed per 1 h as W, the swelling ratio is calculated according to the 
formula ESR= W− W0

W0 . 
Characterization of mechanical properties: The hydrogel solutions of 

different components are poured into the dumbbell shaped mold. The 
thinner part is 20 mm long, 2 mm wide and 1 mm high, respectively. The 
thicker part at both ends is fixed by the fixture of the biomechanical 
instrument, and their mechanical properties such as fracture limit and 
fatigue resistance are tested respectively. We determined the Young’s 
modulus of GelMA-HAMA hydrogels with varying ratios by assessing 
their elastic stretch under external tensile stress and subsequently 
computed it using the formula: E = σ/ε, where E denotes Young’s 
modulus, σ represents stress, and ε signifies elastic deformation. 

Characterization of the degradation: First, several hydrogel cubes of 
the same size are made under 365 nm UV light, 10s, which are respec
tively composed of GelMA, HAMA and GelMA-HAMA. They were 
immersed in a solution containing type II collagenase and hyaluroni
dase, incubated at 37 ◦C for 28 days, freeze-dried and weighed every 
seven days. The enzyme activity of type II collagenase is 4u/ml, hyal
uronidase concentration is 20 u/ml, the solution was changed every 3 
days. 

Cell Culture: After the hydrogel formation, it was illuminated with 
ultraviolet light for 3 h and washed three times with PBS. After inte
gration into the PDMS chip, C28/I2 cells were added. The cell-laden 
NdFeB/GelMA-HAMA hydrogel was cultured statically in DMEM me
dium containing 10 % FBS and 1 % penicillin-streptomycin (37 ◦C, CO2, 
5 %) for 7 days for subsequent experiments. 

Biocompatibility Assessment: The cell-laden hydrogels were cultured 

Table 1 
Primers for real-time PCR.  

Gene Forward primer (5′-3′) Reverse primer (5′-3′) 

GAPDH CAATGACCCCTTCATTGACC TTGATTTTGGAGGGATCTCG 
Mmp-13 TTGAGCTGGACTCATTGTCG GGAGCCTCTCAGTCATGGAG 
ADAMTS-5 GGCCTCCATCGCCAATAGG GGATAGCTGCATCGTAGTGCT 
Col1a1 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC 
Col2a1 GCTCCTCTTAGGGGCCACT CCACGTCTCACCATTGGGG 
Col10a1 TTCTGCTGCTAATGTTCTTGACC GGGATGAAGTATTGTGTCTTGGG 
IL-1β ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA  
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for 1, 3, and 7 days, followed by incubation with a live/dead staining 
reagent for 40 min. Subsequently, the samples were observed using 
fluorescence microscopy to acquire images. Similarly, the cell-laden 
hydrogels cultured for 1, 3, and 7 days were fixed in a solution of 
paraformaldehyde-PBS (4 % v/v) for 30 min and then permeabilized 
with Triton X-100-PBS (0.3 % v/v) for an additional 30 min. To visualize 
F-actin and cell nuclei, Alexa Fluor 488 Phalloidin (diluted at a ratio of 
1:400) and DAPI (diluted at a ratio of 1:1000), respectively, were used to 
obtain fluorescence images of the samples. 

Chondrogenic Function Evaluation: The hydrogels cultured for 7 days 
were retrieved and fixed in 4 % (v/v) paraformaldehyde-PBS solution 
for 30 min, followed by permeabilization with 0.3 % (v/v) Triton X-100- 
PBS solution for 30 min. Subsequently, the samples were incubated with 
primary antibodies against Collagen I and Collagen II for a duration of 
10 h, followed by three washes with PBS. Following this, the samples 
were subjected to incubation with fluorescent secondary antibodies for 
an hour and visualized under a fluorescence microscope. Additionally, 
RNA was extracted from the cells cultured for 7 days post-digestion, and 
gene expression analysis was performed using qPCR. 

Osteoarthritis Induction Assessment: When the cells reached approxi
mately full confluency, cyclic stretching (0.5 or 1 Hz) was applied to the 
microdevice for 4 h per day over a period of 7 days. Subsequently, the 
stress-induced hydrogels were extracted and fixed in 4 % (v/v) 
paraformaldehyde-PBS for 30 min, followed by permeabilization with 
0.3 % (v/v) Triton X-100-PBS for another 30 min. The samples were then 
subjected to a primary antibody incubation against MMP-13 for a 
duration of 10 h, followed by incubation with fluorescent secondary 
antibodies for an hour. Finally, fluorescence microscopy was employed 
to observe the samples. Additionally, qPCR analysis was conducted to 
assess matrix degradation ability and changes in collagen secretion types 
of inflammatory chondrocytes. 

Apoptosis Detection: The stress-induced hydrogels were removed from 
culture and fixed in 4 % (v/v) paraformaldehyde-PBS solution for half an 
hour before being permeabilized using a solution containing 0.3 % (v/v) 
Triton X-100-PBS for another 30 min. TUNEL detection solution was 
added to the samples which were then incubated at a temperature of 
37 ◦C in darkness for 60 min prior to microscopic examination aimed at 
detecting apoptotic cells. 

Statistical analysis: The data were shown as mean ± standard devia
tion. Each independent test was repeated at least 3 times with parallel 
tests to ensure validity. Statistical analysis was performed using IBM 
SPSS Statistics 22. The statistical significance was set as *p < 0.05 and 
**p < 0.01. 
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