
Advanced Functional Materials

www.afm-journal.de

RESEARCH ARTICLE

Synergistic Piezoelectricity and Lubrication in an Injectable
Hydrogel for Osteochondral Regeneration
Dengjie Yu1,2,3,4 Longfei Li3,5,6 Xi Cui2 Binbin Yang1 Boyang Pei7 Jiaxuan Li3,6 Ruizeng Luo2
Yadong Zhang1,7 Yusheng Li8 Zhou Li2,5 Yantao Zhao1,9

1Department of Orthopedics, the Fourth Medical Center of PLA General Hospital, Beijing, P. R. China 2Vita Tech Innovation Center, School of Clinical
Medicine, Tsinghua Changgung Hospital, Tsinghua University, Beijing, P. R. China 3Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of
Sciences, Beijing, P. R. China 4Medical School of Chinese PLA, Beijing, P. R. China 5School of Biomedical Engineering, Tsinghua University, Beijing, P. R.
China 6School of Nanoscience and Engineering, University of Chinese Academy of Sciences, Beijing, P. R. China 7Department of Orthopedics, the Fifth
Medical Center of PLA General Hospital, Beijing, P. R. China 8Department of Orthopedics, Xiangya Hospital, Central South University, Changsha, P. R.
China 9Beijing Engineering Research Center of Orthopedics Implants, Beijing, P. R. China

Correspondence: Yadong Zhang (drzyd@126.com) Yusheng Li (liyusheng@csu.edu.cn) Zhou Li (li_zhou@tsinghua.edu.cn) Yantao Zhao
(biodoctor1981@163.com)

Received: 10 January 2026 Revised: 4 April 2026 Accepted: 15 April 2026

Keywords: lubrication | osteochondral regeneration | piezoelectric stimulation | tissue engineering

ABSTRACT
The repair of osteochondral defects remains a challenge due to the limited self-repair capability of cartilage tissue. We present
an injectable, biodegradable hydrogel scaffold integrating piezoelectricity with surface lubrication to mimic the native joint
microenvironment. The scaffold comprises a methacrylated gelatin (GelMA) matrix reinforced with piezoelectric poly(L-lactic
acid) (PLLA) fibers, fabricated via in situ photocuring. A poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC) lubricating
layer is subsequently grafted using residual photoinitiators, creating a stable dual-functional system (G-P-M). Mechanistically,
the PMPC coating dissipates harmful shear stress, while the internal piezoelectric network converts physiological mechanical
loads into electrical signals. This synergistic biophysical modulation significantly enhances the osteogenic and chondrogenic
differentiation of bone marrow mesenchymal stem cells (BMSCs) and attenuates chondrocyte senescence in vitro. In a rat full-
thickness osteochondral defect model, the G-P-M scaffold demonstrated superior regeneration efficacy driven by the combined
effects of lubrication and piezoelectric stimulation. This study offers a bioinspired strategy integrating stress dissipation and
electrophysiological cues for osteochondral tissue engineering.

1

A
d
t
s
c
d

D

©

A
h

Introduction

rticular cartilage is a critical load-bearing tissue prone to
amage from overuse, injury, and abnormal loading [1]. Due
o its avascular, aneural nature and low cellularity, the intrin-
ic regenerative capacity of cartilage is limited [2, 3]. While
linical interventions like microfracture and autologous chon-
rocyte implantation offer temporary relief, these conventional
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treatments often fail to restore hyaline cartilage, resulting in fibro-
cartilage formation and eventual tissue degeneration [4, 5]. More-
over, while tissue engineering strategies relying on biochemical
factors or stem cells have shown promise, such approaches are
hindered by the rapid depletion of exogenous regenerative signals
and the inability to adequately recapitulate the native biophysical
microenvironment governing cartilage homeostasis [6, 7]. Con-
sequently, reinstating the native biophysical microenvironment
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pecifically by mimicking endogenous signaling has emerged
s a pivotal alternative paradigm to overcome these therapeutic
imitations [8].

otably, natural bone and cartilage are intrinsically piezoelectric,
onverting physiological loads into endogenous electrical signals
hat regulate cell fate and tissuemaintenance [9, 10]. Piezoelectric
aterials, activated by movement or ultrasound, can mimic this
ioelectricity to potentate osteochondral regeneration [11–13].
owever, the harsh mechanical environment within the knee
oint poses a significant challenge to the clinical translation of
iezoelectric scaffolds. The knee joint, particularly load-bearing
egions like the femoral condyle, endures extreme compressive
tresses [14]. In healthy, the cartilage surface acts as a near-
rictionless interface. Conversely, injury disrupts this lubrication,
rastically increasing the coefficient of friction and interfacial
hear stress [15]. This presents a fundamental dilemma for piezo-
lectric applications: while physiological compression is essential
o activate piezoelectricity, the excessive shear forces inherent
o injured joints not only compromise the structural integrity of
he scaffold but also severely undermine the therapeutic efficacy
f the piezoelectric stimulation [16, 17]. Consequently, effective
urface lubrication is indispensable to preserve piezoelectric
fficacy, necessitating a synergistic strategy that decouples these
orces by dissipating harmful shear while harvesting beneficial
ompression [18].

erein, we developed an injectable, biodegradable hydrogel
ystem that synergistically integrates piezoelectricity and surface
ubrication to reconstruct the osteochondral microenvironment.
e fabricated a scaffold comprising a gelatin methacryloyl
GelMA) matrix reinforced with piezoelectric poly(L-lactic acid)
PLLA) fibers through a streamlined in situ photocuring process.
rucially, utilizing a shared photoinitiator strategy, a biomimetic
oly (2-methacryloyloxyethyl phosphorylcholine) (PMPC) lubri-
ating layer is grafted onto the scaffold surface during the same
V curing window. (Figure 1a) [19]. This design establishes a
unctional mechanical interface: following minimally invasive
njection (Figure 1b), the PMPC coating acts as a sacrificial
arrier to dissipate excessive shear stress, thereby shielding the
ascent tissue. Concurrently, the internal network transmits
hysiological compressive loads to the PLLA fibers, activating in
itu piezoelectric stimulation. (Figure 1c) [20]. This dual-action
echanism enhances osteochondral regeneration and attenuates
hondrocyte senescence by restoring a favorable electromechan-
cal niche, offering a robust bioinspired strategy for effective
steochondral defect repair.

Results and Discussions

.1 Fabrication and Characterization of the
iezoelectric Hydrogel

or osteochondral defect repair, a scaffold with good biocompati-
ility and mechanical support is essential [21]. GelMA hydrogel
as selected as the base material due to its inherent biocom-
atibility and tunable mechanical properties [22]. To introduce
hotocrosslinkable sites, gelatin was chemically modified via
ethacrylation to synthesize GelMA. The successful synthesis
f GelMA was confirmed by 1H NMR spectroscopy (Figure 2a),
of 16
which revealed two characteristic new peaks at 5.32 ppm and
5.56 ppm [23]. The GelMA hydrogel prepared at 10 wt.% can
be molded after 1 min of 365 nm UV exposure (Figure S1).
Characterization of the resultant hydrogel further confirmed its
favorable porousmorphology and uniform elemental distribution
(Figure 2b).

To impart piezoelectric properties, PLLA was incorporated into
the GelMA. PLLA is a well-established biodegradable and
biocompatible polymer known for its intrinsic piezoelectricity
[24, 25]. Specifically, the oriented PLLA nanofibers (Figure S2)
were prepared via electrospinning. These nanofiber membranes
were then cryogenically sectioned into uniform short fibers
approximately 30 µm in length (Figure 2c) to facilitate their
homogeneous dispersion within the hydrogel matrix. When
PLLA short fibers were incorporated into the GelMA hydrogel
at a concentration of 5 mg/mL, Figure 2d and Figure S3 reveal
their morphology, with PLLA short fibers uniformly distributed
within the pores of the GelMA matrix. Moreover, the GelMA-
PLLA hydrogel exhibits excellent injectability, enabling smooth
writing of the “NBL” logo, and complete crosslinking within 1
min of UV exposure (Figure 2e).

2.2 Integrating Lubrication Properties Onto the
Piezoelectric Hydrogel

Given the critical importance of lubrication properties for articu-
lar cartilage repair, we developed a strategy for fabricating PMPC
lubrication coatings onto the hydrogel surface. PMPC is well-
recognized for its outstanding biocompatibility and excellent
lubrication performance, primarily attributed to its zwitterionic
nature and ability to form a highly hydrated layer, making it
widely applied in cartilage repair and surface functionalization
[26, 27]. Upon immersing the partially photocrosslinked GelMA
hydrogel in an MPC monomer solution, the residual I2959
effectively triggered the free radical polymerization of MPC
preferentially on the hydrogel surface (Figure 2f). Figure 2g
displays the surface morphology and elemental distribution of
the hydrogel, revealing uniform phosphorus distribution. In
stark contrast, the interior of the hydrogel contains virtually
no phosphorus (Figure S4). The elemental distribution on the
surface and cross-section of G-PMPC further indicates that
PMPC is primarily located on the top surface of the hydrogel
(Figure S5). This occurs because during immersion in the MPC
solution, the partially formed hydrogel structure impedes the
deep polymerization ofMPC, thus leavingmost of it polymerizing
on the surface. Figure 2h and Figure S6 further demonstrate the
effective modification of PMPC, as evidenced by the presence
of the phosphorus element exclusively in the modified GelMA-
PMPC hydrogel (G-PMPC) compared to the unmodified GelMA
hydrogel (G).

More importantly, the successful grafting of PMPC endows the
hydrogel scaffoldwith excellent lubricating properties (Figure 2i).
As shown in Figure 2j, the coefficient of friction (COF) decreased
from 0.0842 in the GelMA hydrogel itself to 0.0083. The COF of
the G-PMPC hydrogel remained stable at 0.0089 after 18 000 s
of wear (Figure S7), and the characteristic element (P) was still
uniformly present in the hydrogel’s wear zone, indicating the
long-term stability of the PMPC surface coating (Figure S8). This
Advanced Functional Materials, 2026
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FIGURE 1 Schematic diagram of the injectable and biodegradable lubricating piezoelectric hydrogel scaffold for synergistic osteochondral
regeneration. (a) Synthesis mechanism of PMPC coating graft onto the GelMA surface through a shared photoinitiator strategy: the residual
photoinitiator (I2959) on the cured GelMA surface serves as the active site to initiate the grafting of PMPC coating under UV irradiation. (b) Schematic
of the fabrication process: under the same photocured condition, the GelMA-PLLA composite precursor is injected and photocured, followed by the
in situ surface polymerization of the PMPC lubricating coating, forming the GelMA-PLLA-PMPC integrated scaffold. (c) Therapeutic mechanism in
vivo: the injectable scaffold fills the cartilage defect. During daily joint movement, the surface PMPC layer provides lubrication to dissipate shear
stress. Concurrently, the piezoelectric signals under compressive load synergistically prevent chondrocyte senescence and enhance cell proliferation
and differentiation for osteochondral recovery.
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emarkable reduction in COF is attributed to the unique molec-
lar structure of PMPC, which contains a phosphatidylcholine
roup that forms a stable and ordered hydration layer with water
olecules on the surface of the hydrogel. It effectively reduces
he COF through the mechanism of hydration lubrication [28],
hich is crucial for mitigating wear and creating a protective
nvironment essential for subsequent cartilage regeneration.

.3 Swelling and Degradation Properties

o evaluate the in vivo stability and biological relevance, the
welling and degradation behaviors of the three hydrogel for-
ulations: GelMA (G), GelMA-PLLA (G-P), and GelMA-PLLA-
MPC (G-P-M) were comprehensively investigated. In an in
itro enzymatic degradation assay using a 1 mg/mL collagenase
olution, the three hydrogel groups exhibited similar degradation
rofiles. After 21 days, each scaffold showed a weight loss rate
pproaching 75% (Figure 3a,b). At 37◦C in phosphate-buffered
aline (PBS), all three scaffolds retained approximately 30% of
heir mass after 49 days (Figure 3c; Figure S9).

egarding swelling characteristics, all three hydrogels exhibited
omparable behavior, reaching swelling equilibrium within 8 h
Figure 3d) while maintaining a stable form and good struc-
ural integrity throughout the process (Figure S10). Overall,
dvanced Functional Materials, 2026
all three hydrogels demonstrate prolonged in vivo retention,
accommodating the entire course of cartilage repair prior to their
biodegradation. This eliminates concerns regarding secondary
surgical removal procedures.

2.4 Rheological andMechanical Properties

The mechanical properties of the hydrogels were systematically
assessed via rheological and compression tests. Based on the
rheological test results in Figure 3e,f, the storage modulus (G′)
exceeds the loss modulus (G″), indicating that all three hydrogels
exhibit predominantly elastic behavior and possess a certain
degree of stability. Significantly, the incorporation of PLLA short
fibers slightly increases the G′ value of the GelMA hydrogel,
resulting in more advantageous mechanical properties. However,
this also enhances the GelMA hydrogel’s energy dissipation
capacity, likely due to PLLA short fibers affecting the slip and
recovery of the crosslinked network.

Furthermore, the prepared lubricating piezoelectric hydrogel
exhibits excellent mechanical stability and deformation charac-
teristics suitable for cartilage biomimicry (Figure 3g). Notably,
the G-P-M hydrogel scaffold withstands 10 compression cycles
without significant deformation or stress reduction (Figure 3h).
This robust mechanical performance suggests the scaffold’s
3 of 16
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FIGURE 2 Fabrication and characterization of the lubricating piezoelectric hydrogel. (a) 1H NMR of the GelMA hydrogel prepared from gelatin.
(b) The SEM image and element distribution of theGelMAhydrogel. SEM images of (c) PLLA short fibers and (d)GelMA-PLLAhydrogel. (e) Photographs
of injectable GelMA-PLLAhydrogel duringUV crosslinking and after crosslinking. (f) Schematic diagramof PMPC coating preparation onGelMA-PLLA
hydrogel. (g) The SEM image and element distribution on the surface of the lubricating hydrogel. (h) Analysis of P Element in XPS Spectra of Hydrogels
Before and After PMPCModification. (i) Diagram of friction and wear on the lubricated hydrogel: When silicon nitride (SiN) spheres undergo rotational
motion on the G-PMPC hydrogel, the phosphatidylcholine groups of the PMPC form a hydration layer that reduces friction. (j) COF curves of the GelMA
hydrogel before and after PMPC modification.
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bility to maintain its structural integrity and functional efficacy
nder dynamic loading conditions, crucial for enduring the
hysiological movements post-implantation.

.5 Electric Properties of Lubricating Hydrogels

he PLLA short fibers in the hydrogel serve as the piezoelectric
omponent, with their piezoelectric properties originating from
he electrospun PLLA fibers. We first characterized the intrin-
ic piezoelectric performance of the electrospun PLLA fibers,
hich served as the precursor for the short fibers. As shown in
of 16
Figure S11, these PLLA nanofiber membranes could generate an
open-circuit voltage of 1.45 V. Subsequently, different concen-
trations of short fibers (0, 1, 2, 5, and 10 mg/mL) were added
to the GelMA hydrogel to sequentially prepare G-0, G-1, G-2,
G-5, and G-10. To evaluate their piezoelectric response, these
hydrogels were precisely fabricated into disc-shaped piezoelectric
sensors with a diameter of 1 cm. The piezoelectric output was
measured using vacuum-dried hydrogels to eliminate the short-
circuiting effect caused by mobile ions in the hydrated state,
which is a necessary and standard approach for accurately
characterizing the intrinsic piezoelectricity of hydrogel networks
[24]. Upon mechanical compression, the piezoelectric output
Advanced Functional Materials, 2026
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FIGURE 3 Physical and chemical properties of the lubricating piezoelectric hydrogel. (a) Digital photographs and (b) Degradation curves of each
hydrogel group degraded by collagenase at 1 mg/mL. (c) Degradation curves of each hydrogel group in 37◦C PBS. (d) Swelling curves of each hydrogel
group during 36 h. (e) Frequency sweep tests and (f) Time sweep tests of different hydrogels. (g) The cyclic compression stress–strain curves and (h) The
stress in each cycle of the G-P-M hydrogel. (i) Piezoelectric output of GelMA hydrogels doped with different concentrations of PLLA short fibers. (j) The
voltage output, (k) Current, and (l) Charge of the GelMA hydrogel doped with 5 mg/mL PLLA short fibers.
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voltage, current, and charge) from these devices was systemat-
cally measured. Figure 3i and Figure S12 indicate that the device
utput increases with the addition of PLLA short fibers, reaching
maximum value (approximately 1 V, 4.37 nA, and 0.25 nC) at
mg/mL (Figure 3j–l).
dvanced Functional Materials, 2026
However, as the PLLA short fiber concentration further
increased, the voltage at 10 mg/mL decreased to 0.7 V. This may
be attributed to the high fiber density increasing the hydrogel
mass, causing the charges generated by the fibers to cancel
each other out and thereby reducing the piezoelectric output
5 of 16
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24]. Notably, the optimal PLLA concentration (5 mg/mL)
as selected by maximizing the physical piezoelectric output.
ecause the inherently mild nature of localized piezoelectric
ues is well below the typical thresholds of traditional
xternal electrical stimulation [29, 30], our strategy prioritized
aximizing the electrical output to ensure effective activation of
ellular mechanotransduction pathways. After comprehensive
onsideration, a G-P hydrogel concentration of 5 mg/mL was
ltimately selected for subsequent experiments. Furthermore, it
as crucial to confirm that the subsequent grafting of the PMPC
ubricating coating did not impair the established piezoelectric
unctionality. Indeed, the PMPC-modified G-P-M hydrogel
emonstrated a comparable voltage output to the G-P hydrogel
Figure S13).

.6 Assessment of the Biocompatibility and Cell
roliferation

he biocompatibility of the hydrogels was evaluated using the
aterial extractmethod. As shown in Figure S14, the CCK-8 assay
evealed no statistically significant differences in the relative cell
iability of chondrocytes among all groups. These results indicate
hat the constituent components of the scaffold exhibit excellent
iocompatibility.

o investigate the synergistic bioactivity stemming frommechan-
cal load and load-activated piezoelectricity, a custom dynamic
yclic compression device (Figure 4a) was employed to precisely
imic physiological loading conditions [31]. The experimental
roups were designated as follows: Control, GelMA (G), GelMA-
LLA (G-P), GelMA with force (G+F), GelMA-PLLA with force
G−P+F).

oth chondrocytes and BMSCs were employed to assess the
roliferation response of piezoelectric stimulation. For BMSCs,
ccelerated proliferation was observed in the G+F and G−P+F
roups compared to the unloaded control groups (Figure 4b).
urthermore, the proliferation rate in the G−P+F group was
ignificantly higher than that in the G+F group. The results
learly validate a synergistic effect between mechanical and
lectrical signals: the enhanced proliferation in the G+F group
s attributed to cell activation via mechanotransduction pathways
32, 33], whereas the superior performance of the G−P+F group
s due to the additional upregulation of cellular activity driven by
he piezoelectric signals [34]. Similar trends were also observed
or chondrocytes (Figure S15). Overall, these proliferation assays
emonstrate the fundamental regulatory role of mechanical
timulation. More importantly, they reveal that under identical
oading conditions, the synergistic integration of mechanical and
lectrical signals significantly amplifies the proliferative potential
f cells, underscoring the distinct advantage of the piezoelectric
caffold.

.7 Evaluation of the Effect of Piezoelectric
timulation on Cell Differentiation

he regeneration of bone and cartilage tissue is pivotal to success-
ul osteochondral repair. The active recruitment of endogenous
SC is crucial for the effectiveness of the scaffold. Recent
of 16

a

studies have reported that localized electrical cues generated
by piezoelectric hydrogels under mechanical stimulation can
actively recruit autologous stem cells [35, 36]. Therefore, we
systematically evaluated the efficacy of mechanically activated
piezoelectric stimulation in driving the osteogenic and chondro-
genic differentiation of BMSCs.

For osteogenic differentiation, we initially assessed the expres-
sion of alkaline phosphatase (ALP), an early osteogenic marker
[37]. ALP staining and activity assays (Figure 4c,d) revealed
no significant differences among the G, G-P, and the control
groups. Notably, ALP expression was significantly upregulated
in the G+F group, while the G−P+F group exhibited the
highest expression levels. This trend was further verified by
the deposition of mineralized nodules, a late-stage marker of
osteogenesis (Figure 4c,e), where the degree of mineralization
in the G−P+F group was markedly superior to that of all other
groups, demonstrating the synergistic effect of mechanical and
piezoelectric cues.

For chondrogenic differentiation, Alcian Blue staining was
employed to assess the deposition of glycosaminoglycan (GAG),
a key component of cartilage extracellular matrix (Figure 4c).
Results indicated that GAG accumulation was most robust
in the G−P+F group, demonstrating its superior capacity for
chondrogenic induction compared to all other conditions.

To elucidate the underlying pro-differentiation mechanisms, we
further investigated the pro-differentiation mechanism at the
molecular level. Immunofluorescence staining revealed that the
relative fluorescence intensities of the chondrogenic transcription
factor SOX9 and the osteogenic transcription factor RUNX2 were
significantly higher in the G−P+F group compared to the G+F
group (Figure 4f,g). This trend was confirmed by qPCR analysis,
which showed maximal expression levels of chondrogenic genes
(ACAN, Col2A1) and osteogenic genes (OPN, RUNX2) in the
G−P+F group (Figure 4h). The osteogenic and chondrogenic dif-
ferentiation of BMSCs is driven by a multifaceted mechanotrans-
duction mechanism. First, piezoelectric stimulation can induce
the autocrine secretion of endogenous transforming growth
factors (e.g., TGF-β) to initiate differentiation [38]. Second, these
piezoelectricity triggers the opening of specific membrane ion
channels, notably voltage-gated calcium channels (VGCCs) and
Piezo1, facilitating a rapid intracellular calcium influx. This
calcium transient serves as a crucial second messenger that
activates downstream signaling cascades, ultimately directing the
differentiation of BMSCs [39, 40].

Collectively, these findings demonstrate that while moderate
mechanical loading provides a basal stimulus formaintaining cell
homeostasis, the combined and synergistic action of mechanical
and load-activated piezoelectric stimulation profoundly pro-
motes the lineage-specific differentiation of BMSCs toward both
osteogenic and chondrogenic phenotypes.

2.8 Piezoelectric Stimulation Inhibits
Chondrocyte Senescence In Vitro

Chondrocyte senescence is a critical pathological process, con-
tributing not only to cartilage repair failure but also serving
Advanced Functional Materials, 2026
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FIGURE 4 In vitro evaluation of cytocompatibility and differentiation. (a) Schematic diagramof themechanism of the simulation of load-activated
piezoelectricity. (b) Cell viability of MSC assessed by CCK-8 assay at days 3, 5, and 7. (c) Representative images of ALP staining (day 7), ARS staining (day
14), and Alcian Blue staining (day 7) across different groups. (d) Quantitative analysis of ALP activity. (e) Quantitative analysis of calcium nodule area
based on ARS staining. (f) Representative immunofluorescence images of SOX9 and RUNX2. (green: SOX-9 or RUNX2; blue: DAPI). (g) Quantitative
analysis of relative mean fluorescence intensity (MFI) h) Relative gene expression of chondrogenic (ACAN, Col2A1) and osteogenic (OPN, RUNX2)
markers. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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s a pivotal trigger of osteoarthritis (OA) [41]. Mechanical
oading plays a paradoxical role in cartilage homeostasis. While
ppropriate physiological loading is a crucial physical signal
or maintaining cartilage homeostasis, excessive mechanical
timulation—particularly when local stress concentration occurs
ue to damaged articular interfaces—is a significant inducer of
ell senescence [42]. Although improving interface lubrication
an effectively dissipate excessive shear stress to mitigate phys-
cal damage [43], we hypothesize that harnessing physiological
oading to activate endogenous piezoelectric signals offers a
ore proactive and profound therapeutic potential for actively
nhibiting senescence (Figure 5a).

o this end, we established a chondrocyte senescence model in
itro and applied cyclic compression to verify the senescence-
lleviating efficacy of piezoelectric stimulation [44]. SA-β-Gal
ctivity is widely recognized as a specific biomarker for iden-
ifying senescent cells. The staining results indicated that the
+F groupmoderately inhibited chondrocyte senescence to some
xtent, while the G−P+F group exhibited the most significant
nti-senescent effect, minimizing the number of senescent cells
Figure 5b,c). To further investigate the molecular mechanisms,
e examined key characteristics of chondrocyte senescence:
rreversible cell cycle arrest and the expression of senescence-
ssociated secretory phenotype (SASP) factors, which collec-
ively lead to ECM catabolism and disrupt tissue homeostasis
16]. We performed immunofluorescence characterization of
ell cycle arrest markers (p16, p21) and a critical SASP factor
MMP13) (Figure 5b,d). Mean fluorescence intensity (MFI) anal-
sis revealed that while the G+F group exhibited a moderate
nhibitory effect on the senescence phenotype, the expression
evels of those markers were significantly further downregulated
n the G−P+F group.

ollectively, these findings strongly suggest that while mechan-
cal lubrication helps mitigate physical damage, the active elec-
romechanical stimulation provided by our piezoelectric hydrogel
ffectively attenuates the progression of microenvironmental
eterioration and actively inhibits the pathological senescence
f chondrocytes. This active inhibition of senescence is likely
ediated by the suppression of the NF-κB signaling pathway. The
ctivation of the NF-κB pathway is recognized as a primary driver
f chondrocyte senescence [45]. Importantly, electrical stimula-
ion has been demonstrated to inhibit NF-κB nuclear transloca-
ion [46]. This biophysical suppression effectively downregulates
he downstream cellular senescence cascade. Furthermore, the
ctivation of the TGF-β/Smad 2/3 signaling pathway may also
ontribute to the overall anti-senescent and chondroprotective
ffects [34].

.9 In Vivo Synergistic Enhancement of
steochondral Regeneration

ased on the previous findings, we used the G-P-M hydrogel
caffold to evaluate the in vivo synergistic efficacy of lubrica-
ion and piezoelectricity. The G-P-M scaffold integrates passive
echanical shielding with active piezoelectric stimulation. As
biomimetic boundary, the superficial PMPC layer utilizes

uperlubricity to dictate selective stress transfer. By attenuat-
ng pathological shear stress, it prevents localized mechanical
of 16
overload.On the one hand, the lubrication layer establishes a low-
stressmicroenvironment to preserve the nascent cartilagematrix.
On the other hand, it maintains the structural integrity of the
bulkGelMAhydrogel, preventing premature scaffold degradation
and ensuring the long-term stability of the embedded PLLA
fibers in situ. Consequently, the intact network continuously
transduces physiological compressive loads into piezoelectric
signals, providing sustained electrical stimuli for tissue regenera-
tion. To validate the efficacy, a rat full-thickness osteochondral
defect model was established, and animals were divided into
five experimental groups: Defect, GelMA (G), GelMA-PMPC
(G-M), GelMA-PLLA (G-P), and GelMA-PLLA-PMPC (G-P-M).
Corresponding scaffolds were implanted, and repair outcomes
were assessed at 4 and 8 weeks post-surgery (Figure 6a).

Macroscopic observation at both time points (Figure 6b) revealed
negligible repair in the untreated Defect group, with the lesion
remaining clearly concave. The G group exhibited partial tissue
filling; the regenerated surface appeared rough and irregular.
The G-M and G-P groups showed enhanced filling and smoother
surfaces compared to the G group, but no significant differences
were observed between these two groups regarding macroscopic
cartilage surface repair. In contrast, the G-P-M group achieved
optimal repair, regenerating a smooth articular surface that
integrated seamlessly with the surrounding host tissue, yielding
the highest International Cartilage Repair Society (ICRS) scores
(Figure 6b,e).

Micro-computed tomography (Micro-CT) analysis further cor-
roborated these findings, demonstrating that the G-P-M group
exhibited superior subchondral bone regeneration and the
highest bone volume fraction (BV/TV) (Figure 6b,d). Notably,
although the G-M and G-P groups displayed comparable out-
comes in cartilage surface repair, the G-P group had better repair
than the G-M group in terms of subchondral bone formation.
This result indicated the specific capacity of piezoelectric stim-
ulation to actively promote the regeneration of deep subchondral
bone [47].

2.10 Histological Evaluation of Tissue
Regeneration

Histological analysis was performed to thoroughly evaluate
tissue regeneration within the osteochondral defects. Initial
hematoxylin and eosin (H&E) staining (Figure 6c) revealed no
significant inflammatory response across any of the experimental
groups. The Defect group was predominantly occupied by fibrous
tissue, whereas the G group, despite showing marginal improve-
ment over the Defect group, still exhibited significant concave
depressions. While the G-M and G-P groups showed tissue
filling, cellular arrangement remained disorganized, and the
integration interface with the host tissue was distinct, indicating
incomplete integration. In contrast, the G-P-M group achieved
complete regeneration and full integration of the defect area by
week 8.

Further analysis with Toluidine Blue and SO/FG staining
(Figure 6f), which highlights proteoglycan content, indicated that
the G-P-M group exhibited the most robust GAG accumulation.
Modified O’Driscoll scoring confirmed that the G-P-M group
Advanced Functional Materials, 2026
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FIGURE 5 Piezoelectric stimulation inhibits chondrocyte senescence in vitro. (a) Schematic diagramof themechanismof piezoelectric stimulation
in chondrocyte senescence. (b) Images of SA-β-Gal staining and immunofluorescence staining for MMP13, p16, and p21. (green: MMP-13, p16 or p21;
blue: DAPI). (c) Quantification of the percentage of SA-β-Gal positive cells. (d) Quantitative analysis of the relative MFI for MMP13, p16, and p21. Data
are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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ielded the highest scores (Figure 6g). Notably, the G-P group
cored significantly higher than the G-M group. These results
uggest that although piezoelectric stimulation can promote
steochondral regeneration, a poorly lubricated cartilage surface
s susceptible to shear-induced damage. The PMPC coating
ffectively dissipated harmful frictional forces to create a low-
tressmicroenvironment, thereby protecting the nascent cartilage
atrix induced by piezoelectric signals [48]. Although breach-
ng the subchondral bone recruits endogenous BMSCs via a
icrofracture-like mechanism, in situ photocuring retains these
dvanced Functional Materials, 2026
cells within the hydrogel [49]. However, microfracture alone
typically yields fibrocartilage; functional restoration demands
active lineage guidance. By providing synergistic surface lubri-
cation and load-activated piezoelectric stimulation, the scaffold
guides these endogenous BMSCs toward distinct osteochondral
lineages, ultimately translating spontaneous cell recruitment into
functional joint restoration.

Further examination using Sirius Red staining under polarized
light revealed that the collagen fiber arrangement of the G-P-M
9 of 16
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FIGURE 6 In vivo evaluation of osteochondral regeneration in a rat model. (a) Diagram of the experimental design. (b) Macroscopic observations
of the femoral condyle and representative Micro-CT 3D reconstructions and 2D cross-sectional images at 4 and 8 weeks post-surgery. (c) Representative
H&E, Toluidine Blue (TB), and Safranin O-Fast Green (SO/FG) staining images of regenerated tissues at 4 and 8 weeks (N: newly generated tissue).
(d) Quantitative analysis of the BV/TV. (e) ICRS score of the regenerated tissue. (f) Quantitative analysis of metachromasia of the FG-SO. (g) Histological
evaluation using the Modified O’Driscoll score. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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roup exhibited a structure similar to native cartilage (Figure 7a).
he superficial layer displayed horizontal alignment, facilitating
oad buffering and lubrication, while the deep layer showed
ertical alignment, enhancing the transition to subchondral bone
nd providing load-bearing support [50]. To determine the spatial
pecificity of the regenerated tissue, we characterized the expres-
ion of type II alpha 1 (Col2A1) and osteocalcin (OCN) (Figure 7b).
oth markers were significantly upregulated in the G-P-M group,
ut the distribution showed distinct spatial patterns. Col2A1
as extensively distributed throughout the upper regenerated
0 of 16
cartilage matrix, indicating the formation of hyaline-like carti-
lage, while the osteogenic marker OCN was primarily enriched
in the lower subchondral bone region. This indicates that the
native in vivo microenvironment acts as the primary driver for
spatial lineage commitment. Rather than simply forcing a single
lineage, piezoelectric stimulation functions as a biophysical
amplifier that magnifies these distinct endogenous cues, thereby
activating spatially appropriate osteochondral regeneration [51].
Statistical analysis (Figure 7d) confirmed that the percentage
of OCN-positive area in the G-P-M group was significantly
Advanced Functional Materials, 2026
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FIGURE 7 Histological and immunofluorescence analysis of tissue integration. (a) Representative Sirius Red staining, (b) Immunofluorescence
staining for cartilage-bone interface markers (green: Col2A1; red: OCN; blue: DAPI), (c) Senescence-associated markers (green: MMP13, p16, p21; blue:
DAPI) in the defect regions at 8 weeks. (d) Statistical analysis of OCN-positive area percentage in cartilage-bone interface. (e) Heatmap quantifying the
percentage of cells positive for MMP-13, p16, and p21. Data are presented as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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igher than in other groups. This indicates that the scaffold
ffectively induced subchondral bone remodeling concurrently
ith cartilage regeneration, achieving stable integration at the
steochondral interface.

inally, given the inhibitory role of the senescent microen-
ironment in osteochondral regeneration, we examined the
xpression of senescence-associated markers: MMP13, p16, and
21. Immunofluorescence results (Figure 7c) revealed elevated
xpression of these markers in the Defect and G groups, indi-
ating severe chondrocyte senescence. Conversely, quantitative
dvanced Functional Materials, 2026
heatmap analysis (Figure 7e) demonstrated a marked reduction
in the proportion of positive cells in the G-P-M group. These
results suggest that the G-P-M scaffold effectively modulates
the local microenvironment, inhibiting cellular senescence and
catabolism to provide favorable physiological conditions for
long-term, stable cartilage regeneration. The scaffold prevents
mechanically-induced senescence through a synergy of passive
lubrication and active piezoelectricity. While pathological over-
load drives chondrocyte senescence, the superficial PMPC layer
effectively dissipates these destructive forces [52]. The preserved
physiological loads are subsequently transduced by the PLLA
11 of 16
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nto electrical signals, preventing the senescent cascade and
romoting cartilage repair.

Conclusions

n conclusion, we have successfully developed a novel biodegrad-
ble and injectable hydrogel scaffold (G-P-M) that precisely
ntegrates synergistic piezoelectric stimulation and surface lubri-
ation for osteochondral defect repair. Leveraging a streamlined
wo-step in situ photocuring process, this scaffold offers conve-
ient, minimally invasive implantation.

he innovative design of the G-P-M scaffold addresses a critical
hallenge in joint tissue engineering by achieving a distinct
echanical synergy. Its superficial PMPC lubricating coating
unctions as an intelligent mechanical filter, effectively dissi-
ating detrimental shear stress to safeguard cells from friction-
nduced damage. Simultaneously, this targeted stress dissipation
nsures the selective transmission of beneficial physiological
ompressive loads to the internal PLLA piezoelectric network,
hereby generating localized, in situ electrical signals crucial for
issue regeneration.

omprehensive in vitro assessments demonstrated the scaf-
old’s excellent biocompatibility and highlighted its multifaceted
ioactivity. Specifically, mechanically activated piezoelectric
timulation significantly enhanced the osteogenic and chon-
rogenic differentiation of BMSCs. Furthermore, the G-P-M
caffold uniquely prevents chondrocyte senescence through a
ual anti-senescence mechanism: a passive inhibition via shear
eduction (lubrication) and an active inhibition via piezoelec-
ric regulation of cellular pathways (cell cycle and phenotype
odulation).

rucially, in vivo evaluations using a rat full-thickness osteo-
hondral defect model corroborated these in vitro findings, val-
dating that the synergistic effect of lubrication and piezoelectric
timulation not only promoted robust osteochondral regenera-
ion but also profoundly attenuated cartilage senescence. This
ultifunctional scaffold thus achieves superior and sustained
epair efficacy by simultaneously optimizing the mechanical and
lectrophysiological microenvironments. Our study, therefore,
ffers a bioinspired strategy for developing advanced regenerative
herapies, presenting a promising avenue for clinical cartilage
egeneration and joint preservation.

Experimental Section

.1 Preparation and Characterization of GelMA
ydrogel

elMA hydrogel precursor solution was prepared by react-
ng gelatin (Sigma, USA) and methacrylic anhydride (Aladdin,
hina). The synthesis procedure follows: Briefly, 5 g of gelatin
as dissolved in 50 mL of phosphate-buffered saline (PBS)
Solarbio, China) to prepare a 10% (w/v) gel precursor solu-
ion. After thorough dissolution in a 50◦C water bath, slowly
dd 8 mL of methacrylic anhydride and continue stirring for
h under light-protected conditions. The reaction was termi-
2 of 16
nated with excess PBS, followed by sequential dialysis and
freeze-drying. The synthesis of GelMA hydrogel was verified
by hydrogen nuclear magnetic resonance (NMR) spectroscopy.
The product was dissolved in PBS to prepare a 10% GelMA
solution. Subsequently, 0.1 wt.% I2959 (Aladdin, China) was
added as an initiator. Under UV irradiation at 365 nm, the
solution underwent curing and cross-linking to form a GelMA
hydrogel. The morphologies and element distribution of the pre-
pared GelMA hydrogel were characterized by scanning electron
microscopy (SEM) (SU8020, Hitachi) and elemental mapping,
respectively.

4.2 Preparation and Characterization of PLLA
Short Fibers

First, PLLA (Esunmed, China) was dissolved in Hexafluoroiso-
propanol (HFP) (Aladdin, China) to prepare a 10% (w/v) spinning
precursor solution. Electrospinning was performed at an applied
voltage of 15 kV and a flow rate of 1 mL/h, maintaining a 15 cm
gap between the needle tip and the collector. A rotating drum
collector operating at 2,000 rpm is used to obtain the aligned
PLLA nanofiber membrane. Subsequently, the PLLA membrane
was annealed in a 150◦C oven for 12 h, yielding the final piezo-
electric PLLA membrane. The annealed PLLA membrane was
embedded using a cryoembedding agent (4583, SAKURA, Japan)
and cut into short fibers (30 µm) using a freezing microtome
(CM3050S, Leica). After washing with deionized water, these
products underwent freeze-drying to obtain PLLA short fibers.
The morphology and size of the PLLA short fibers were observed
using SEM.

To verify that PLLA short fibers can be effectively mixed with
the prepared GelMA (G-P) hydrogel, the morphologies of the G-
P hydrogel were characterized by SEM, and the injectability was
verified.

4.3 Preparation and Characterization of the
Lubricating Piezoelectric Hydrogel

The residual photoinitiator of 2-hydroxy-4′-(2-hydroxyethoxy)-
2-methylpropiophenone (I2959) (Macklin, China) within the
GelMA hydrogel can induce the surface radical polymerization of
2-(methacryloyloxy)ethyl 2-(trimethylammonio)ethyl phosphate
(MPC) (Macklin, China). Briefly, a 10 wt.% MPC solution (dis-
solved in PBS) was poured onto the surface of the G-P hydrogel.
Subsequently, the hydrogel was further UV-irradiated under
365 nmUV light for 10 min to obtain the lubricating piezoelectric
hydrogel (G-P-M). The surface morphology and elemental distri-
bution of the G-P-M hydrogel were evaluated by SEM and EDS
mapping, respectively. The successful polymerization of PMPC
on the hydrogel surface was confirmed by X-ray photoelectron
spectroscopy (XPS; ESCALAB 250Xi, Thermo Fisher Scientific)
and Fourier-transform infrared spectroscopy (FTIR; Nicolet 8700,
Thermo Fisher Scientific)

The presence of PMPC also confers lubricating properties to
the G-P-M hydrogel. A friction and wear tester (UMT TriboLab,
Bruker) is used to assess the lubricating effect of PMPC coating
on hydrogels.
Advanced Functional Materials, 2026

tive C
om

m
ons L

icense



4

T
1
i
g
s
i
s
3
b
c
g

4
P

A
d
t
c
t
f
r

T
a
d
r
c
h

4
P

F
m
i
t
c
a
a
d
(
c
a
p
c

4

P
[
D
t
3
t
m

A

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.75561 by Y
antao Z

hao - C
entral South U

niversity , W
iley O

nline L
ibrary on [23/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
rea
.4 Swelling and Degradation Assays

o evaluate the swelling ratio, hydrogels were prepared into
cm diameter lyophilized discs (weighed as W0) and immersed
n sterile PBS at 37◦C. After 48 h, the samples were removed,
ently wiped to remove surface water (weighed as Wt). The
welling ratio was calculated as (Wt−W0)/W0 × 100%. To evaluate
n vitro degradation, samples with a diameter of 1 cm were
ubmerged in PBS and maintained at 37◦C in an incubator for
weeks. Accelerated enzymatic degradation was also evaluated
y incubating samples in PBS containing 1 mg/mL type II
ollagenase (Sigma, USA). The mass changes of each hydrogel
roup throughout the entire degradation process were recorded.

.5 Rheological Behaviors andMechanical
roperties

n MCR 302 rheometer (Anton-Paar, Austria) was used to
etermine the rheological behaviors at 25◦C, with the gap set
o 1 mm. Frequency scan testing was conducted at a 1% strain
ondition within the frequency range of 0.1–100 Hz. Time scan
ests were performed at a constant frequency of 1 Hz and 1% strain
or 300 s. The storage modulus (G′) and loss modulus (G″) were
ecorded.

he compressive properties of hydrogels were evaluated using
n ESM301/Mark-10 tensile testing system. The hydrogel with a
iameter of 1 cm were subjected to cyclic compression tests at a
ate of 5 mm min−1, with 10 repeated compression experiments
onducted within the 0%–30% strain range to evaluate the
ydrogel’s mechanical strength and fatigue resistance.

.6 Piezoelectric Properties of the Lubricating
iezoelectric Hydrogel

irst, the piezoelectric properties of the annealed PLLA fiber
embrane were evaluated. The PLLA fiber membrane was cut
nto 1.5× 1.5 cm rectangles and coatedwith conductive aluminum
ape on both sides to serve as electrodes. Copper wires were
onnected to the electrodes on opposite sides, and the entire
ssembly was sealed with polyimide (PI, DuPont) tape to form
piezoelectric sensor. The output electrical signal was measured
irectly using an electrometer (Keithley 6517) and an oscilloscope
HDO 6104). Similarly, the piezoelectric properties of hydrogels
ontaining PLLA short fibers at different concentrations were
lso tested. After drying, each group of samples (Ø = 1 cm) was
repared and encapsulated, and then the piezoelectric tests were
onducted following the same protocol as described above.

.7 Cell Isolation and Culture

rimary rat chondrocytes were isolated as previously described
53]. Briefly, knee cartilage was harvested from neonatal Sprague-
awley (SD) rats. The cartilage tissue was digested with 0.25%
rypsin (Solarbio, China) with 37◦C, 5% CO2 incubation for
0min to remove excessive soft tissue. Subsequently, the cartilage
issue was cut into small pieces and incubated overnight in a
edium containing 0.2 mg/mL collagenase. After centrifugation,
dvanced Functional Materials, 2026
the isolated chondrocytes were cultured in chondrocyte growth
medium, which was low-glucose DMEM (Solarbio, China) con-
taining 10% fetal bovine serum (FBS) (Moni, China), and 1%
penicillin-streptomycin (Solarbio, China). Chondrocytes between
passages 1 (P1) and 3 (P3) were used for subsequent experiments.

Mesenchymal stem cells (MSCs) were isolated from the calvaria
of neonatal SD rats [54]. The tissue was minced and digested
with 0.1 mg/mL type II collagenase for 30 min at 37◦C. The cell
suspension was centrifuged and co-cultured with bone fragments
until 90% confluency with MSC culture medium, which was
α-MEM (Solarbio, China) containing 10% FBS, and 1% penicillin-
streptomycin. For MSC differentiation, Chondrogenic differen-
tiation medium was prepared by supplementing MSC culture
medium with 1 mm sodium pyruvate (Sigma, USA), 10 ng/mL
TGF-β3 (MedChemExpress, USA), 0.1 µm dexamethasone (Solar-
bio, China), 1% ITS cell culture supplement (Oricellbio, China),
1 µm2-Phospho-L-ascorbic acid (Solarbio, China). The osteogenic
induction medium was formulated by adding 0.5 mm ascorbic
acid, 10 µmdexamethasone, and 10mm β-glycerophosphate to the
basal MSC medium.

To apply mechanical stimulation, cell-laden gels were placed
between the silicone elastomer bottoms of BioFlex culture plates
(Flexcell, USA) and a stationary platen. An air pump was used to
cyclically deflect the membrane at a frequency of 1 Hz for 20 min
per day.

4.8 Cell Viability and Proliferation Assessment

Cell viability and proliferation were determined using a Cell
Counting Kit-8 (CCK-8) assay. At the Days 3 and 7, the culture
mediumwas replacedwith 10%CCK-8 solution (Solarbio, China).
Absorbance at 450 nm was recorded using a microplate reader
(Varioskan, Thermo Fisher) after the samples were incubated in
the dark at 37◦C for 15 min. Data were normalized to the control
group to determine cell viability and proliferation.

4.9 Alkaline Phosphatase (ALP) Activity
Assessment

After 7 days of osteogenic induction, the ALP activity of theMSCs
was evaluated. ALP activity was assessed using ALP Assay Kit
(Beyotime, China) according to the manufacturer’s instruction.
The absorbance was measured at the wavelength of 405 nm
(n = 3).

4.10 ALP, Alizarin Red S (ARS), Alcian Blue
Staining

ALP and Alizarin Red S (ARS) staining were used to evaluate
osteogenic differentiation, while Alcian Blue staining was used
to assess chondrogenic differentiation. ALP and Alcian Blue
staining were performed on day 7, and ARS staining was per-
formed onday 14. Briefly, after fixationwith 4%paraformaldehyde
(PFA) (Beyotime, China) for 20 min, cells were respectively
stained with the ALP Stain Kit (Solarbio, China), ARS solution
(Solarbio, China), andAlcianBlue StainingKit (Beyotime, China)
13 of 16
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ccording to the manufacturer’s instructions. The quantitative
nalysis of the ARS staining area was performed using ImageJ
oftware (n = 3).

.11 Cell Immunofluorescence Staining

n brief, the cells were subjected to fixation using 4% PFA
or 20 min, followed by permeabilization with 0.3% Triton X-
00 for 5 min. Subsequently, blocking was performed using
% BSA in PBS for 1 h at room temperature. Cells were then
ncubated overnight at 4◦C with primary antibodies against:
OX9 (1:500,Abcam,USA; chondrogenicmarker), RUNX2 (1:400,
ell Signaling Technology, USA; osteogenic marker), p16INK4a
1:100, Invitrogen, USA; senescence marker), p21 (1:50, Invitro-
en, USA; senescence marker), and MMP13 (1:200, Invitrogen,
SA; SASP component). Subsequently, cells were incubated with
lexa Fluor 488-conjugated goat anti-rabbit IgG (1:1000, Abcam,
SA) for 1 h at room temperature in the dark. Nuclei were
ounterstained with DAPI (1:200, Solarbio, China) for 5 min.
mages were captured using a confocal microscope (Leica SP8),
nd the mean fluorescence intensity (MFI) was quantified using
mageJ software (n = 4).

.12 Real-Time Quantitative PCR

otal RNAwas extracted from cultured cells using TRIzol reagent
Beyotime, China) according to the manufacturer’s instructions.
he concentration and purity of the RNA were quantified using
NanoDrop (Thermo Fisher). cDNA was synthesized from total
NA using the HiScript II Q RT SuperMix (Vazyme, China).
he resulting cDNA was then amplified using Taq Pro Universal
YBR qPCR Master Mix (Vazyme, China) and specific primers
Synthesized by Tsingke Biotechnology; sequences listed in Table
1). Quantitative real-time PCR (qPCR) was subsequently per-
ormedusing a real-timePCRdetection system (QuantGene 9600,
ioer Technology). The relative mRNA expression levels were
ormalized by the expression of β-actin and calculated using
−ΔΔCt method (n = 3).

.13 Chondrocyte Senescence Induction

o induce senescence, P3 chondrocytes were treated with
0 ng/mL IL-1β (MedChemExpress, USA) and 50 µM H2O2
Aladdin, China) for 48 h [37]. Senescence-associated β-
alactosidase (SA-β-Gal) staining was performed using an
A-β-Gal Staining Kit (Beyotime, China) according to the
anufacturer’s instructions. Images were captured using a
ight microscope. The percentage of SA-β-Gal positive cells was
uantified using ImageJ (n = 4).

.14 Animal Experiment

ight-week-old male Sprague-Dawley (SD) rats were purchased
rom SPF Biotechnology Co., Ltd. (Beijing, China). All animal
rocedures were approved by the Committee on Ethics of Small
nimal Experimental Platform of National Key Laboratory (No.
024005LZ). A full-thickness cylindrical osteochondral defect
4 of 16
(1.5 mm in diameter and 1.5 mm in depth) was created in the
femoral medial condyle of the knee joint. All animals were
randomly divided into five groups: defect, G, G-M, G-P, G-P-M
(n = 4). For the treatment groups, the hydrogels were implanted.
All animals were allowed free activity. Animals were euthanized
at 4 and 8 weeks post-surgery, and the knee joints were harvested
for subsequent analysis. ICRS macroscopic cartilage repair score
was used to assess the macroscopic cartilage repair (Table S2).

4.15 Micro-Computed Tomography (Micro-CT)
Evaluation

To evaluate subchondral bone regeneration, the harvested
femoral tissues were scanned using micro-CT system (PE Quan-
tum GX, Perkin Elmer) at 25 µm voxel size, 90 kV voltage, and
88 µA current. The tissues were reconstructed, and the bone
volume (BV)/ tissue volume (TV) was quantified using Analyze
11.0 (Perkin Elmer, USA).

4.16 Histological Analysis

The femoral condyle tissues were fixed in 4% PFA, followed
by decalcification, dehydration, and embedded in paraffin and
sectioned into slices. Histological evaluation of cartilage regener-
ationwas performed usingH&E, SafraninO/Fast Green (SO/FG),
Toluidine Blue (TB), and Sirius Red (SR) stains. Modified
O’Driscoll Score was applied for the evaluation of histologi-
cal regeneration (Table S3). For immunofluorescence staining,
sections were incubated with primary antibodies including
p16INK4a, p21, andMMP13 and secondary antibody. Immunoflu-
orescence images were captured using a confocal microscope.

4.17 Statistical Analysis

All data are presented as the means ± standard error of the
means (SEM.). Statistical analysiswas performedusingGraphPad
Prism 9.0 (GraphPad Software, USA). Differences among mul-
tiple groups were assessed using One-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test. A p-value <0.05 was
considered statistically significant (* for p < 0.05, ** for p < 0.01,
*** for p < 0.001).
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