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Streamlined metal-based hydrogel facilitates
stem cell differentiation, extracellular matrix
homeostasis and cartilage repair in male rats
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Dysregulation of extracellular matrix (ECM) homeostasis plays a pivotal role in
the accelerated degradation of cartilage, presenting a notable challenge for
effective osteoarthritis (OA) treatment and cartilage regeneration. In this
study, we introduced an injectable hydrogel based on streamlined-zinc oxide
(Zn0), which is responsive to matrix metallopeptidase (MMP), for the delivery
of miR-17-5p. This approach aimed to address cartilage damage by regulating
ECM homeostasis. The ZnO/miR-17-5p composite functions by releasing zinc
ions to attract native bone marrow mesenchymal stem cells, thereby fostering
ECM synthesis through the proliferation of new chondrocytes. Concurrently,
sustained delivery of miR-17-5p targets enzymes responsible for matrix
degradation, thereby mitigating the catabolic process. Notably, the unique
structure of the streamlined ZnO nanoparticles is distinct from their conven-
tional spherical counterparts, which not only optimizes the rheological and
mechanical properties of the hydrogels, but also enhances the efficiency of
miR-17-5p transfection. Our male rat model demonstrated that the combina-
tion of streamlined ZnO, MMP-responsive hydrogels, and miRNA-based ther-
apy effectively managed the equilibrium between catabolism and anabolism
within the ECM, presenting a fresh perspective in the realm of OA treatment.

Osteoarthritis (OA), acknowledged as the foremost chronic disabling
ailment worldwide, is the most prevalent form of Arthritis*”. The
principal pathological hallmark revolves around degenerative changes
in the articular cartilage®. The inherently limited self-repair capability
of cartilage, rooted in the absence of vascular and neural networks,
constitutes a fundamental barrier to curing OA**. Current treatment
modalities, such as intra-articular injections and microfracture sur-
gery, fail to ameliorate symptoms and enhance joint functionality
owing to their inability to effectively restore the structure and biolo-
gical function of the articular cartilage®’. The extracellular matrix
(ECM) contributes to approximately 90% of the dry weight of
cartilage®, playing a crucial role in the biomechanical properties of
articular cartilage. Under normal physiological conditions, the ECM
maintains a delicate equilibrium between anabolism and catabolism,

which is crucial for maintaining the stability and structural integrity of
cartilage. However, the progression of OA leads to the prevalence of
catabolism over anabolism’. This imbalance disrupts ECM homeostasis
and accelerates cartilage degeneration. Therefore, modulation of
anabolism and catabolism to restore cartilage ECM homeostasis is a
promising fundamental strategy against OA.

Chondrocytes, the sole cell type present in cartilage, play a vital
role in ECM synthesis and renewal, thereby maintaining matrix balance
and integrity'®. Overcoming progressive cartilage breakdown in OA
necessitates the recruitment of bone marrow mesenchymal stem cells
(BMSCs) and their subsequent differentiation into new
chondrocytes" . Extensive studies have demonstrated the impor-
tance of various growth factors, including transforming growth factor-
B (TGF-B), in regulating stem cell growth, differentiation, and immune
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function'*'®. However, the practical application of these growth fac-
tors is hindered by challenges, such as poor retention at the defect site,
instability, immunogenicity, and high cost”. Remarkably, zinc ions
(Zn*) serve as crucial cofactors for numerous enzymes involved in
DNA synthesis, immune function, and bone metabolism, such as
alkaline phosphatase and collagenase'®?.. Therefore, harnessing metal
ions to promote anabolism is a promising strategy for rebalancing
ECM homeostasis. Zinc oxide (ZnO) nanoparticles, known for their
excellent biocompatibility and antibacterial properties, have been
incorporated into bioceramics, such as tricalcium phosphate (TCP)
and bioglass (BG) to optimize their mechanical properties and pro-
mote osteoblast/bone growth??, However, studies investigating the
effects of ZnO NPs on cartilage regeneration are scarce.

Advances in the understanding of the pathogenesis of OA have
spurred the exploration of therapeutic strategies targeting ECM cata-
bolic processes?. Different strategies aim to combat OA by inhibiting
the ECM components that contribute to cartilage degradation. For
example, ligustilide inhibits the breakdown of ECM components by
downregulating the expression of matrix metalloproteinases and
chondroproteoglycan antibodies”. Contrary to traditional small
molecules and antibody agents, RNA drugs offer unique advantages by
exerting regulatory effects directly at the gene level, enabling targeted
modulation of specific pathogenic genes®®. Among these RNA drugs,
miR-17-5p (miR-17), a member of the mir-17-92 cluster”, has recently
shown promise in combating ECM degradation. This is achieved by
targeting key pathological catabolic factors, such as matrix metallo-
peptidase 13 (MMP13) and aggrecanase-2 (ADAMTSS), while suppres-
sing a diverse range of matrix-degrading enzymes®. Therefore, the
efficient delivery of miR-17 to chondrocytes exerts an inhibitory effect
on ECM catabolism, potentially contributing to the amelioration of OA
progression.

In this work, we propose an approach involving the co-delivery of
miR-17 and streamlined ZnO to cartilage defects to modulate the bal-
ance between anabolism and catabolism for cartilage ECM home-
ostasis (Fig. 1). Our delivery system, GeIMA/str-ZnO@PEI/miR-17 (str-
ZPM Gel), mimics several biological and physical properties of the
natural ECM, promoting cell proliferation, migration, and adhesion,
while demonstrating good biocompatibility and biodegradability.
The distinctive streamlined structure of ZnO enhances the fluidity and
mechanical properties of the GeIMA hydrogel. Upon in situ injection,
the str-ZPM Gel undergoes sustained release through progressive
degradation, subsequently being internalized by the BMSCs and
chondrocytes. Degradation of the str-ZPM Gel leads to the release of
Zn** ions, enhancing activation of the Ihh/PTHrP pathway. This, in turn,
facilitates the recruitment and chondrogenic differentiation of BMSCs
in vivo, resulting in an increased quantity of fresh chondrocytes and
the promotion of ECM anabolism. Simultaneously, sustained delivery
of miR-17 targets pathological catabolic factors, including MMP13 and
ADAMTSS, thereby ameliorating persistent destruction of the cartilage
ECM by inhibiting catabolism. Collectively, our study demonstrates
that str-ZPM Gel effectively restores cartilage ECM homeostasis, pro-
viding protection to the cartilage and reinstating articular function.
This approach offers a promising avenue for the treatment of cartilage
degeneration in patients with OA.

Results

Preparation and characterization of str-ZnO NPs and str-

ZPM Gel

In this study, we synthesized streamlined-ZnO (str-ZnO) nanoparticles
loaded with polyethyleneimine (PEI) and miR-17, which were embed-
ded in methacrylated gelatin (GeIMA) composite hydrogels (Fig. 2a).
Str-ZnO NPs were prepared via non-aqueous ammonolysis using
anhydrous zinc acetate as the raw material (Supplementary Fig. 1a).
The initiation of the epoxide ring on the epichlorohydrin molecule
was facilitated by the branched-PEI 1.2 kDa, leading to the formation of

str-ZnO@PEI (SN, reaction; Supplementary Fig. 1b). Fine-tuning the
molar ratio of str-ZnO to PEl yielded the optimal conditions (10:1),
endowed with positive charges conducive to miRNA loading (Fig. 2b).
Furthermore, Fourier-transform infrared (FTIR) spectroscopy revealed
characteristic absorption bands of the amine group at 1628 cm™
(Supplementary Fig. 1c). To access the loading capacity of str-ZnO@-
PEI for miR-17 payload, gel electrophoresis and zeta potential mea-
surements were performed (Fig. 2c and Supplementary Fig. 1d).
Increasing the mass ratio of str-ZnO@PEI to miR-17 to 5:1 ensured the
complete encapsulation of miR-17. Notably, the absence of miR-17
bands on the str-ZnO@PEI/miR-17 gel, in comparison with PEI/miR-
17(5:1) alone, underscored the potential of str-ZnO as an effective
carrier for PEI/miR-17. The 4 °C stability test showed that the com-
plexes with the mass ratio of 5:1 remained stable for up to 7 days
(Supplementary Fig. 1e).

Upon introducing str-ZnO into the GelMA hydrogels, notable
changes in appearance were observed before and after cross-linking
(Fig. 2d). The GelMA hydrogels gradually became whiter and less
transparent, indicating the incorporation of str-ZnO. The SEM images
of the cross-linked hydrogel (Fig. 2e) revealed a porous structure with
str-ZnO uniformly dispersed on the surface, without causing any visi-
ble disruption to the original network-like porous microstructure. The
successful embedding of str-ZnO within the GelMA hydrogels was
further confirmed by elemental mapping of Zn (Supplementary Fig. 1f).
In addition, the intensity of the str-ZnO diffraction peaks in the com-
posite hydrogel increased with str-ZnO content (Supplementary
Fig. 1g). Characteristic absorption bands at 644 and 548 cm™, corre-
sponding to the stretching vibrations of the Zn-O bond, were also
observed in the FTIR analysis (Fig. 2f). These findings collectively
demonstrated the successful encapsulation of ZnO within the GeIMA
hydrogels matrix.

Subsequently, the MMP-triggered drug release from the str-ZPM
Gel was evaluated in vitro. Figure 2g shows that the presence of col-
lagenase Il solution (simulating MMP overexpression in an OA envir-
onment) triggered the release of str-ZnO@PEI/miR-17 complexes from
the str-ZPM Gel, resulting in a cumulative release of up to 66% over
7 days. This phenomenon can be attributed to the varying rates of
hydrogel degradation under distinct conditions. The release profile of
miR-17 from the str-ZnO@PEI/miR-17 complexes at pH 5, which simu-
lates the intracellular lysosomal environment, showed a cumulative
release of up to 71% miR-17 over 48 h (Supplementary Fig. 1h). In vitro
hydrogel degradation experiments demonstrated that the incorpora-
tion of str-ZnO into the GelMA hydrogels impeded their degradation,
ensuring sustained drug release for therapeutic efficacy. This effect
was attributed to the interaction between the str-ZnO and the hydro-
gel, which led to the breaking of more chemical bonds by the
degrading enzyme (Fig. 2h). Notably, hydrogel degradation was more
pronounced after 21 days when immersed in an aqueous solution of
collagenase Il than immersion in PBS (Fig. 2i). The in vivo retention of
the str-ZPM Gel was monitored using fluorescence imaging at the
indicated time points (Supplementary Fig. 2a). The fluorescence signal
decayed to 12% by day 28, indicating a gradual decrease in str-ZPM Gel
accumulation at the tissue level (Supplementary Fig. 2b). By day 36, no
positive signal was observed, suggesting that almost no residual str-
ZPM Gel was detected at the tissue level.

High-curvature str-ZnO modulates hydrogel rheological
behavior

Oscillatory rheology was used to evaluate the mechanical properties of
the hydrogels. The results showed an increase in the storage modulus
(G’) of the composite hydrogel with an elevated concentration of str-
ZnO. This increase can be attributed to the ability of str-ZnO to form
cross-linked bonds with collagen as well as its inherent rigidity (Sup-
plementary Fig. 3a). However, when the hydrogel was doped with 2%
str-ZnO, the modulus decreased to 4 kPa. This decrease can be
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Fig. 1| ECM homeostasis rebalanced by miRNA-laden streamlined metal for controlling mechanical hydrogel facilitates stem cell differentiation. a Diagram of the
effect of different morphologies of ZnO on the hydrogel. b The mechanism of the str-ZPM Gel for cartilage ECM homeostasis modulation.

attributed to the apparent agglomeration of ZnO at high concentra-
tions, which results in stress concentrations and a subsequent decline
in the mechanical properties of the composite hydrogels**>>, Mean-
while, the G’ of all the cross-linked hydrogels exceeded G”, indicating
the dominance of elastic behavior in the hydrogels (Supplementary
Fig. 3b). Even when subjected to a large strain of 200% multiple times,
which disrupts the gel structure in the nonlinear region, the rheolo-
gical viscoelastic behavior of the sample remained unchanged when a
small strain of 1% (i.e., in the linear region) was applied again. This
observation suggests that the gel exhibited a strong capacity to resist
strain recovery (Supplementary Fig. 3c).

Inspired by the notable impact of nanoparticle shape on drug
delivery and cellular uptake rate**%, our study aimed to investi-
gate the potential of nanoparticle morphology in modulating the
rheological behavior and mechanical properties of hydrogel
materials. A range of nanoparticles (NPs) has been successfully
incorporated into natural polymeric networks, known as nano-
composite hydrogels, for applications in biological environments.
Among them, spherical NPs have received the most attention®.
Considering this, we synthesized hydrogels doped with spherical
ZnO (sph-ZnO) to serve as a baseline for comparison with
hydrogels containing non-spherical str-ZnO. The X-ray diffraction
(XRD) pattern (Supplementary Fig. 3d) exhibited diffraction
peaks corresponding to the wurtzite crystal structure of the str-
ZnO NPs. The sharp and intense diffraction peaks indicated high
crystallinity.

The rheological properties of the initial sol play a crucial role in
the final gel processing. Consequently, we initially conducted a study
to examine the rheological behavior of the sol. As the shear rate
increased, both samples exhibited shear-thinning behavior, as depic-
ted in Fig. 3a. In particular, the viscosity of str-ZnO decreased more
rapidly, indicating a pronounced shear-thinning effect. At equivalent
shear rates, the 0.5% str-ZnO sample exhibited a lower viscosity than
the 0.5% sph-ZnO sample, suggesting that str-ZnO dispersed more
rapidly within the cartilage defect during injection, potentially
enhancing defect area repair (Fig. 3b and Supplementary Fig. 3e).
However, what endowed the str-ZnO-doped hydrogels with excep-
tional fluidity and dispersion during injection? Recent studies by Jiang
et al.® identified that the high curvature of the carrier significantly
reduced the fluid resistance caused by pressure gradients, thereby
accelerating the migration velocity of the carrier during the vascular
extravasation process. These results suggest that non-spherical str-
ZnO may positively enhance hydrogel fluidity. A representative trans-
mission electron microscopy (TEM) image (Fig. 3c) illustrated the
distinctive streamlined morphology of the str-ZnO NPs with average
widths and lengths of approximately 30 nm and 150 nm, respectively.
In addition, the curvature of each point and its variation along the
surface of the NPs were depicted, with the apical endpoint exhibiting a
greater mean curvature for str-ZnO than that for sph-ZnO (Fig. 3d). In
alignment with the findings of Jiang et al., we hypothesized that NPs
with high curvature and streamlined geometries, composed of ZnO,
would also exhibit low fluidic resistance when embedded in hydrogel
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Fig. 2 | Preparation and characterization of str-ZnO NPs and str-ZPM Gel.

a Synthesis of streamlined ZnO NPs and str-ZPM Gel. b Zeta potential of str-ZnO
with PEI at different molar ratios. Data are presented as the mean +SD (n=3 inde-
pendent experiments). ¢ Agarose gel electrophoresis assays for PEI/miR-17 and str-
ZnO@PEI/miR-17 at various mass ratios. The experiments were repeated three times
independently. d The gelling process of GelMA and GelMA/str-ZnO (1%). e SEM
image of str-ZPM Gel (n =3 independent experiments). f FTIR spectra of str-ZnO,

GelMA, GelMA/str-ZnO (0.5%), and GelMA/str-ZnO (1%). g The in vitro MMP-
dependent release profile of the str-ZnO@PEI/miR-17 complex from str-ZPM Gel
over 7 days. Data are presented as the mean + SD (n =3 independent experiments).
h Degradation ratio of different hydrogels in collagenase Il (100 pg/mL) aqueous
solution. Data are presented as the mean + SD (n =3 independent experiments).

i Images of hydrogels degradation when incubated in PBS and collagenase I

(100 pg/mL) aqueous solution. Source data are provided as a Source Data file.

matrices. This reduction in fluidic resistance helps minimize energy
loss, thereby boosting the diffusion rate of the particles. To test this
hypothesis, nanoparticle tracking analysis (NTA) was employed to
characterize the trajectories and quantitatively assess the diffusion
coefficients of ZnO NPs with varying curvatures in the sol. Figure 3e, f
illustrates the comparative behavior of str-ZnO and sph-ZnO in
response to the injection forces. Str-ZnO possessed a superior ability
to maintain a linear trajectory and shows enhanced directionality.

Conversely, sph-ZnO displayed a notable tendency to deviate from this
linear path to a certain degree. Under identical applied forces, str-ZnO
achieved a longer gliding distance and superior motion efficiency.
Figure 3g shows that str-ZnO with high curvature has an elevated
effective diffusion coefficient, reaching a value of 3.2 um?/s. The results
showed that high-curvature str-ZnO had an elevated effective diffusion
coefficient, indicating reduced resistance during fluid movement and
supporting our initial hypothesis. In conclusion, strategic local doping
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Fig. 3 | Rheological behavior and mechanical properties of hydrogel using ZnO
NPs of different morphologies. a Comparison of the viscosity of different
morphologies of ZnO with the shear rate from 0.1 to 100 s™. Inset: Photographs of
the injectability of GeIMA/str-ZnO hydrogel through the needle. b Schematic of the
effect of different morphology of ZnO on the rheological behavior and mechanical
properties of hydrogels. ¢ Left: TEM images; Middle: Scheme of NPs; Right: Cur-
vature distribution. a for the apical endpoint, b for the blunt endpoint. d Apical
mean curvatures of sph-ZnO and str-ZnO. Data were presented as the mean + SD
(n=3independent experiments). e Trajectories of sph-ZnO in hydrogel at a syringe
pump pressure of 100 uL/min. f Trajectories of str-ZnO in hydrogel at a syringe

pump pressure of 100 uL/min. g The diffusion coefficient of sph-ZnO and str-ZnO in
hydrogel. Data were presented as the mean + SD (n=5 independent samples).

h Comparison of strain at the flow point between different morphologies of ZnO.
i Comparison of storage modulus between different morphologies of ZnO. Inset:
Schematic of oscillatory rheological testing. j Comparison of compressive modulus
between different morphologies of ZnO. Data are presented as the mean +SD (n=3
independent experiments). *P < 0.05, **P< 0.01, **P < 0.001, and ***P < 0.0001.
Statistical comparisons were performed using the unpaired two-sided Student’s ¢-
test in d, g, j. Source data are provided as a Source Data file.

with str-ZnO significantly enhanced the fluidity of the sol, leveraging its
fluid dynamics advantages, which is a valuable asset for injectable
hydrogel applications.

In tissue engineering and drug delivery, a comprehensive eva-
luation of the rheological and mechanical properties of hydrogels is
essential to ensure material suitability during critical application
stages, such as injection, filling, tissue integration, and structural

support provision. Through oscillatory rheology analysis, we observed
an enhanced strain at the flow point (the crossover point of G’ and G”)
for str-ZnO hydrogels, allowing them to endure shear strains of
~243.3% at the point of failure, compared to ~94.8% for sph-ZnO
hydrogels (Fig. 3h). This finding indicates that str-ZnO hydrogels
exhibit greater resistance to shear-induced instability, withstanding
2.6 times higher shear strains than their spherical counterparts.
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Furthermore, the incorporation of 0.5% str-ZnO into GelMA hydrogels
resulted in a 1.6-fold increase in the G’ compared to that of 0.5% sph-
ZnO hydrogels (Fig. 3i). This significant enhancement in G’ could have
a profound impact on the overall macroscopic mechanical strength of
the composite hydrogel. Additionally, the compression experiments
demonstrated that the hydrogels containing 0.5% str-ZnO exhibited
superior compressive modulus (=0.76 MPa) compared to those con-
taining 0.5% sph-ZnO (=0.41 MPa) (Fig. 3j). Furthermore, the cross-
point strain exhibited a significant change with varying concentrations
of str-ZnO, which was not observed for sph-ZnO (Supplementary
Fig. 3f, g). This behavior can be ascribed to the stronger interaction
between str-ZnO and the hydrogel network, resulting in an enhanced
mechanical resistance to shear forces. These findings further support
the crucial role of the nanoparticle morphology in determining the
mechanical properties of hydrogels. Hydrogel reinforcement is com-
monly understood to occur through the interaction of nanoparticles,
which serve as reversible crosslinkers spanning multiple polymer
chains. This mechanism efficiently disperses stress across the network
and dissipates it by disrupting nanoparticle-polymer crosslinks®. For
example, cellulose nanofibers, with their significant specific surface
areas, can form sacrificial hydrogen bonds that aid in stress dissipate*’.
By increasing the aspect ratio of str-ZnO to approximately 4.0, a
marked expansion in the surface area was achieved during the for-
mation of ZnO (Supplementary Fig. 3h). The enhanced mechanical
properties of the str-ZnO-embedded hydrogels were attributed to the
high specific surface area of str-ZnO, which enabled the formation of
more sacrificial hydrogen bonds with neighboring polymer chains.
These bonds can absorb and dissipate applied stress upon breakage
(Supplementary Fig. 3i).

Str-ZPM Gel facilitates gene transfection in vitro and extends the
effect in vivo

The biocompatibility and potential cytotoxic effects of implanted
biomaterials are crucial factors that require meticulous assessments to
ensure the safety and efficacy of their clinical applications. In this study,
various hydrogels were co-cultured with chondrocytes and BMSCs for
1, 3, and 5 days using a Transwell system (Fig. 4a). Live/dead staining
results demonstrated a predominance of viable cells in both groups,
indicating that the hydrogels were not significantly cytotoxic (Sup-
plementary Fig. 4a-d). Quantitative analysis of cell viability using the
CCK-8 assay revealed an increased proliferative activity in chon-
drocytes and BMSCs treated with 0.5% str-ZnO, whereas 1% str-ZnO
showed no significant effect (Supplementary Fig. 4e, ). Furthermore,
CCK-8 demonstrated favorable cytocompatibility for both the sph-
ZPM Gel and str-ZPM Gel (Fig. 4b). Subsequently, we accessed the cell
adhesion and growth morphology on the hydrogels with different
concentrations of str-ZnO. After 2 days of culture, the cytoskeleton was
stained with Phalloidin-TRITC. The results demonstrated that both
chondrocytes and BMSCs exhibited good adhesion and spreading on
the surface of the 0.5% str-ZnO hydrogels, with clear actin filament
stretching, indicating a minimal impact of the hydrogel on cell mor-
phology. However, an increased contraction of cell morphology was
observed when the concentration of str-ZnO was increased to 1%
(Supplementary Fig. 5a). In addition, quantitative analysis of the images
revealed a larger cell spreading area on the surface of 0.5% str-ZnO for
both cell types. In particular, the diffusion area of BMSCs on the
hydrogel was 1.2 times larger than that of the control group, illustrating
the stronger affinity of BMSCs for the 0.5% str-ZnO hydrogel (Supple-
mentary Fig. 5b, ¢). In conclusion, a composite hydrogel with a low
concentration of str-ZnO (0.5%) exhibited excellent biocompatibility
and could be used for further experimental investigations. To evaluate
the uptake of str-ZnO@PEI/miR-17 by BMSC and chondrocytes, FITC-
labeled str-ZnO was used for cell culture. A distinct green fluorescent
signal was observed upon co-localization with confocal laser scanning
microscopy (CLSM), indicating that the str-ZnO@PEI/miR-17 complex

was internalized by cells via the endocytic pathway (Supplementary
Fig. 5d). Immunofluorescence observations revealed that the str-ZPM
Gel facilitated the expression of SOX9, indicating the differentiation of
BMSCs into chondrocytes (Fig. 4c, Supplementary Fig. 5e). These
results demonstrated that the str-ZPM Gel could provide an ECM-
mimicking structure and release str-ZnO@PEI/miR-17, which can be
taken up by cells without cytotoxicity.

Based on previous studies on the effect of nanoparticle shape
on cellular phagocytosis, a comparison was made between sph-
ZnO- and str-ZnO- transfected miR-17 (Fig. 4d). The transfection
efficiency of sph-ZnO and str-ZnO on chondrocytes was first
evaluated by comparing the fluorescence intensity using CLSM at
24 h (Fig. 4e). The expression level of miR-17 in str-ZnO-treated
cells exhibited a significant increase (-3.5 folds higher than that in
sph-ZnO-treated cells), which was further confirmed by qRT-PCR
(Table S1 and Fig. 4f, g). To gain a deeper insight into the
mechanism underlying the increased transfection efficiency of
str-ZnO, we assessed the cellular uptake and endosomal escape
efficiency of different forms of ZnO (Fig. 4h and Supplementary
Fig. 5f, g). Our findings indicated that str-ZnO exhibits enhanced
internalization and more efficient escape from endosomes within
the same timeframe (Supplementary Fig. 5h, i), potentially con-
tributing to its superior transfection efficiency. We hypothesized
that the streamlined morphology of str-ZnO enables easier
penetration through the cell membrane, thereby promoting the
enhanced endocytosis of gene vectors. To investigate the in vivo
effects of released miR-17 on OA, we surgically implanted both
sph-ZPM Gel and str-ZPM Gel into rat knee joints. After 4 weeks,
fluorescence in situ hybridization (FISH) analysis of the harvested
joints revealed a higher miR-17 expression level in the str-ZPM Gel
group than that in the sph-ZPM Gel group, suggesting that the
release of miR-17 from the str-ZPM Gel might have a prolonged
effect on attenuating OA (Fig. 4i and Supplementary Fig. 5j).
When rat chondrocytes were exposed to the proinflammatory
factor IL-1P in culture, a notable upregulation of catabolic factors
(MMP13 and ADAMTSS) was observed, a response partially miti-
gated by transfection of miR-17 (Fig. 4j). Notably, the str-ZPM Gel
demonstrated higher efficiency in transferring miR-17 into chon-
drocytes than the sph-ZPM Gel, resulting in reduced catabolic
factor production (Fig. 4k). Collectively, these findings indicated
that str-ZnO can serve as an efficient vector for enhanced gene
transfection.

To investigate the ability of the zinc ions released from the str-
ZPM Gel to recruit BMSCs in vitro, a Transwell system was employed
(Supplementary Fig. 5k). Staining and cell counting analysis performed
on the trans-pore membrane indicated a substantial increase in the
number of migrating cells in the str-ZPM Gel group compared to that in
the control and GelMA groups, which was attributed to enhanced cell
motility” (Supplementary Fig. 51, m). These findings confirm that the
release of Zn** during str-ZPM Gel degradation acts as a positive factor
for BMSCs homing*.

str-ZPM Gel maintains ECM homeostasis by promoting BMSCs
chondrogenic differentiation and suppressing catabolism

The chondrogenic differentiation-inducing capability of the str-ZPM
Gel on BMSCs was evaluated in vitro using QRT-PCR after 7 and 21 days
of culture in cartilage conditioned medium. The results revealed a
significant increase in the mMRNA levels of chondrogenic
differentiation-related genes, such as SOX9, COL2Al, and Aggrecan,
during the differentiation of BMSCs into chondrocytes. The mRNA
expression of MMPI3 and ADAMTSS, which are associated with ECM
degradation, was inhibited by the str-ZPM Gel (Fig. 5a). To mimic the
chronic inflammatory environment in vivo, normal cells were treated
with IL-1B (10 ng/mL). This stimulation resulted in a notable increase in
the protein levels of MMP13 and ADAMTSS in IL-1B-treated BMSCs
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Fig. 4 | Str-ZPM Gel facilitates gene transfection in vitro and extended
effect in vivo. a Schematic of chondrocytes or BMSCs in noncontact coculture
with hydrogels in a 12-well transwell plate. b CCK-8 assay at 5 days.

¢ Immunofluorescence staining of SOX9 of rat BMSCs and chondrocytes cultured
with str-ZPM Gel for 5 days (n =3 independent experiments). d Schematic com-
parison of the transfection process of sph-ZnO and str-ZnO. e Assessment of the
in vitro gene transfection efficacy of sph-ZnO and str-ZnO on chondrocytes.

f Quantitative analysis of mean fluorescence intensity. g Quantitative analysis of
miR-17 expression at 24 h. h BMSCs were incubated with FITC-labeled streamlined
and spherical ZnO for 15 min, and cellular uptake was analyzed (n =3 independent
experiments). Cell nuclei and cellular membranes were stained with DAPI (blue)

and wheat germ agglutinin (red), respectively. i FISH analysis of miR-17 in rat knee
cartilage at 4 weeks after surgery (n =3 independent experiments). j Rat articular
chondrocytes were incubated with sph-ZPM Gel or str-ZPM Gel and treated with or
without IL-1B (10 ng/mL) for 24 h. The protein levels of catabolic factors were
determined by Western blot. Blots are representative of three independent
experiments. k Related quantitative analysis of protein expression levels. Data were
presented as the mean + SD (n =3 independent experiments). *P< 0.05, **P<0.01,
and **P < 0.001. Statistical comparisons were performed using the unpaired two-
sided Student’s t-test in f, g and one-way ANOVA with Tukey’s test in (b, k). Source
data are provided as a Source Data file.

(Fig. 5b, c). Upon treatment with str-ZPM Gel, alterations in MMP13 and
ADAMTSS were reversed. However, the effect of the str-ZP Gel (GelMA/
str-ZnO@PEI/miR-NC) on the expression of MMP13 and ADAMTSS was
not significant. To confirm the pivotal role of miR-17 in maintaining
ECM homeostasis, we introduced an miR-17 inhibitor concurrently. No
substantial changes in MMP13 and ADAMTSS protein expression were
observed following treatment with the miR-17 inhibitor, indicating that
miR-17 plays a role in mitigating ECM catabolism. Additionally, western
blot analysis demonstrated that the intensity of SOX9, COL2A1, and
Aggrecan protein bands (markers of anabolism) was significantly
higher in both the str-ZP Gel and str-ZPM Gel groups. This suggests
that str-ZnO possesses the ability to promote the differentiation of
BMSC into chondrogenic cells. However, the precise role of Zn* in cell
differentiation remains unclear. Cell uptake experiments showed that
str-ZnO was effectively internalized by BMSC in vitro, providing a basis
for the promotion of chondrogenic differentiation through intracel-
lular Zn*". Previous studies have highlighted the importance of the Ihh/
PTHrP signaling pathway as a crucial regulator of chondrocyte

differentiation and maturation*>**, Inh and PTHrP regulate each other
and play collaborative roles in controlling the differentiation and
proliferation of human chondrocytes in vivo. Cyclopamine acts as a
specific inhibitor of the Hh signaling pathway (Fig. 5d). Binding to the
membrane receptor Smo within the signaling cascade effectively
impedes the downstream signal response®. In this study, we used this
inhibitory compound to block Hh signaling and evaluated its effect on
the chondrogenic differentiation of BMSCs. Comparative analysis
revealed a significant increase in the gray values of the Ihh and PTHrP
protein bands within the str-ZPM Gel group compared to those in the
control group (Fig. Se, f). The expression of PTHrP, a recognized target
gene of Ihh signaling*®, is downregulated upon cyclopamine treat-
ment. In cultured rat BMSCs exposed to cyclopamine (5 pM) for 24 h,
the expression of chondrogenic differentiation-related proteins
(SOX9, Aggrecan, and COL2A1) was suppressed despite the increased
concentration of Zn* (Fig. 5g, h). These results strongly suggest that
the Ihh/PTHrP pathway likely plays a pivotal role in regulating chon-
drogenic differentiation, which is potentially mediated by str-ZPM Gel.

Nature Communications | (2025)16:4344


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59725-y

Relative protein level

P=0.0058
5 "P=00017
P =0.008 0084 "P=0.0010
4 = " P=0.0022+
‘P= nn1z7F "00:::74 P 0.0009 P=00137
3 rone D00001 " p To 0135
P <0000t gy
P=0.0023
2
0
1 1 1 1

a | —— — b IL1g - + + + + + o+
s I — — |
soxe 4 str-ZzPGel - - + - - + -
3
Agg'f;:;’ 2 str-ZPM Gel -+t + - -
MMP13 1 miR-17 inhibitor - -t t +
ADAMTS5 E——— == kDa
MMP13 [ S e e w——— 60
ADAMTS5 — — — —— | 73
-
Group ime SOxg [0 " W e e e | 56
Control E 7 days Aggrecan [F55 == e s wwe s =] 250
o 21
str-ZP Gel days cola [T T ] 11
str-ZPM Gel

B-tubulin [ S - ———— ] 55

MMP13 ADAMTS5 SOX9 Aggrecan COL2A1

e f
Z° " P=0.0043 "P=0.0147
! i - - [ —_—
Cyclopamine + + + z 4 * P=0.0067 o 00003
str-ZnO (0.5%) - - + + - < *P=0.0254 . —
str-znO (1%) - - - - + 237 ‘poooses . P00
kDa s 2 P=10.0003
PTHP [ S == =] 20 3 *P=00036 *P=0.0388
thh 45 51
p— S — — - 3
B-tubulin [ W S - - 55 [ H ﬁ H n
1 0
Anabolism Anabolism Ih PTHrP
g h *P=0.0197
Cyclopamine - + - + + ° 10 *P=0.0172 ™ P=0.0037 c .
> +p=0.01 ‘p= ontrol
strZnO (0.5%) - - + + - K P=00141  *Pp=00033 ]
o (1% £ *P=0.0127 **P=0.0008 Cyclopamine
str-ZnO (1 - = - + e —_—
(%) kDa 3 5 «p=00008  *P=00387 str-ZnO (0.5%)
o *P=0.0499 .
SOX9 IEI 56 s 04 Cyclopamine+str-ZnO (0.5%)
Aggrecan [ mm =] 2 .
99 250 K Cyclopamine+str-ZnO (1%)
CoL2A1 141 K I I Il
" x 0
B-tubulin (S e e w] 55 T T T
SOX9 Aggrecan COL2A1
i Differential expressed genes i
miR vs Control str-ZPM Gel vs Control -—s: Z score
. E— W2
Up-regulated Down-regulated 664 4181 1438 ]
11 0
53% 55% 44 81 4
v 5 =1
str-ZPM Gel E—
—
Total 5219 Total 5592 str-ZPM Gel vs miR
str-ZPM Gel miR
k Percent of Genes(%) I
b ' IIuIIar pr?cessﬁ
ti
Do acnta: Dreanos IL-17 signaling pathway
to stimuli
m ic p Cytoki ytokine receptor il
proce TNF signaling pathway {
positive of bi process o Viral protein interaction with cytokine and
" ol cytokine receptor
negative i -
cellular gomponent or amzanon or blopenesls ———— ] Osteoclast differentiation-
esla Ilshment of localization -—— Q . ) Pvalue
mune System process jm— o MAPK signaling pathway - 0.15
o ° JAK-STAT signaling path
reproduction -m— Qo signaling pathway 0.10
reproductive process -j— a c and i .
growih o @
biological ad he:v'ﬁ;: — 2 NOD-like receptor signaling pathway 0.05
rhythmic ‘)rolc?s; .- Chemokine signaling pathway
cell aggrega(lon "
_detoxification. Axon guidance
e i y ion and Signi Num
cell —— | action™
C @1 | |2 PI3K-Akt signaling pathway e 4
oart "Growth hormone synthesis, secretion and ® 8
regi _ action" @ 12
extracellular region :ag-_ i ECM-receptor interaction . 16
proteil inin T I E Neuroactive ligand-receptor interaction {
‘extracellular matrix- 3 Signaling pathways regulating pluripotency
cell junction - 3 of stem cells
L e 3 Focal adhesion {
supramo{ecul iberjm 'S " . :
extracellular matrix componer:; = H Toll-like receptor signaling pathway
virion pa
other organlsm garl =4 TGF-beta signaling pathway {
other organism-
VI'”O("‘ 0.025 0.050_ 0.075 0.100 0.125
nucleol Rich factor

To gain deeper insight into the impact of the str-ZPM Gel on
BMSCs recruitment and differentiation, mRNA sequencing analysis
was conducted on BMSCs from the different groups after 7 days. Str-
ZPM Gel treatment resulted in a considerable number of differentially
expressed genes (DEGs) compared to the control group (Supplemen-
tary Fig. 6a). To elucidate the individual contributions of the

components within the str-ZPM Gel, the effects of miR-17-5p (miR) and
Zn** on cell behavior were evaluated separately (Fig. 5j). A total of
10,811 differentially DEGs were identified in both the miR and str-ZPM
Gel groups, with 5219 upregulated and 5592 downregulated genes. In
addition, the Venn diagram showed that 1438 DEGs specific to the str-
ZPM Gel group, and 664 DEGs were specific to the miR group
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Fig. 5 | str-ZPM Gel maintains ECM homeostasis by promoting BMSCs chon-
drogenic differentiation and suppressing catabolism. a qRT-PCR analysis of gene
expression of SOX9, COL2A1, Aggrecan, MMP13, and ADAMTSS for 7 days and

21 days. b WB analysis of protein levels of MMP13, ADAMTSS5, SOX9, Aggrecan, and
COL2A1 in normal and IL-1B-treated BMSCs cultured with hydrogels for 7 days.

c Related quantitative analysis of protein expression levels. d Diagram of the
mechanism of chondrogenic differentiation of BMSCs. e WB analysis of protein levels
of Ihh and PTHrP in normal and cyclopamine-treated BMSCs cultured with hydrogels
for 7 days. f Related quantitative analysis of Ihh and PTHrP expression levels. g WB
analysis of anabolic-related protein levels in normal and cyclopamine-treated BMSCs

cultured with hydrogels for 7 days. h Quantitative analysis of the expression levels of
anabolic-related proteins. i Differentially expressed mRNA in miR, and str-ZPM Gel
groups (Q values <0.05, |log,(fold change)| >2). j Heatmap showing the hierarchical
clustering of the differentially expressed genes in miR and str-ZPM Gel groups. k GO
enrichment bar plots of str-ZPM Gel and miR groups. | KEGG pathway enrichment
analysis of the identified DEGs of the str-ZPM Gel groups vs the miR groups. Blots are
representative of three independent experiments in b, e, and g. Data were presented
as the mean + SD (n =3 independent experiments). *P < 0.05, *P<0.01, and

P < (0.001. Statistical comparisons were performed using the unpaired two-sided
Student’s t-test in ¢, f, and h. Source data are provided as a Source Data file.

compared to the control group (Fig. 5i). Gene ontology (GO) analysis
across the three groups indicated a strong correlation of DEGs with the
extracellular matrix component/region as well as cell adhesion, pro-
liferation, and migration (Fig. Sk and Supplementary Fig. 6b). Addi-
tionally, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis demonstrated the enrichment of functional annotations rela-
ted to cell adhesion, ECM-receptor interactions, and signaling path-
ways regulating the pluripotency of stem cells, which are involved in
cartilage repair (Supplementary Fig. 6c). Notably, the str-ZPM Gel
group exhibited enrichment of parathyroid hormone synthesis,
secretion, and action compared to the miR group, indicating effective
stimulation of BMSCs by Zn*" (Fig. 5I).

str-ZPM Gel induces BMSCs recruitment and rescues OA carti-
lage degeneration in rats

Building on the in vitro observations, we conducted further assess-
ments to explore the effects of str-ZPM Gel on the recruitment of
BMSCs in vivo. At 7- or 14-days post hydrogel implantation, the joints
were stained with CD90 and CD44 (critical markers of BMSCs) (Fig. 6a).
The results demonstrated that BMSCs in the str-ZPM Gel group were
distributed in clusters or layers*’ around the defect area and exhibited
infiltration into the cartilage surface by day 14, indicating their
potential to differentiate into chondrocytes (Fig. 6b). Additionally,
after 4 weeks, the average concentration of Zn®" in cartilage tissues
from the sham-operated group averaged 2.2 pmol/gp rot, whereas in
cartilage tissue implanted with str-ZPM Gel, this concentration notably
increased to 2.9 pmol/gprot (Supplementary Fig. 7). This indicates that
the zinc-based hydrogels effectively release zinc ions, potentially
promoting cartilage repair and regeneration. By the 8-week mark, the
concentration of Zn*" significantly decreased, indicating the potential
absorption and metabolism of recently released metal ions by local
tissues. An OA rat model was established using a cylindrical cartilage
defect (Supplementary Fig. 8) to assess the in vivo therapeutic efficacy
of the str-ZPM Gel based on the treatment protocol (Fig. 6¢). To
examine the impact of the str-ZPM Gel on ECM homeostasis regulation
in rats, the expression of relevant proteins in cartilage tissues was
measured after 2 weeks of treatment (Fig. 6d). Quantitative analysis
revealed an increase in the expression of anabolism-related proteins
(COL2A1 and Aggrecan) and a decrease in the expression of
catabolism-related proteins (MMPI3 and ADAMTSS) (Fig. 6e). Fur-
thermore, key proteins involved in the Ihh/PTHrP signaling pathway
were also upregulated in the str-ZPM Gel treatment group, consistent
with the in vitro findings, thus demonstrating the effective regulatory
effect of str-ZPM Gel in vivo. The macroscopic morphology of the
regenerated cartilage was observed at 4 and 8 weeks postoperatively
to evaluate the efficacy of the str-ZPM Gel in cartilage regeneration
(Fig. 6f). At 4 weeks, the OCD group exhibited a distinct cavity with a
clear border of surrounding normal tissue. In the str-ZP Gel group, a
small amount of new tissue was observed in the defect area, accom-
panied by surface roughness. Conversely, the defect area in the str-
ZPM Gel group was covered with a relatively large amount of regen-
erated tissue, albeit with a slight surface crack. At 8 weeks, the OCD
group exhibited the most severe cartilage defects among all the
groups, whereas the new tissue surface in the gel group was completely

smooth and well-integrated with the surrounding tissue. According to
the International Cartilage Repair Score (ICRS) standard (Table S2)*, the
macroscopic scoring results clearly demonstrated that regeneration in
the str-ZPM Gel group surpassed that in the other groups (Fig. 6g, h).
Subsequently, we conducted micro-computed tomography (micro-CT)
to assess the osteophyte volume within the knee joint (Fig. 6i). The
reconstructed micro-CT images clearly illustrated a notable decrease in
osteophyte formation within the str-ZP Gel and str-ZPM Gel groups
(marked in red). Conversely, untreated rats with knee cartilage injury
exhibited a significant increase in osteophyte formation post-surgery
(Fig. 6j). Furthermore, compared with those in the OCD group, the bone
microstructure parameters (BMD, BV/TV, Tb. N, and Tb. Th) improved
with str-ZP Gel treatment, and these parameters were further enhanced
in the str-ZPM Gel group (Fig. 6k-n). In addition, the str-ZPM Gel led to a
reduction in Tb. Sp, which showed minimal changes after str-ZP Gel
treatment (Fig. 60). Based on the aforementioned findings, we conclude
that the str-ZPM Gel has the potential to alleviate OA by reducing
osteophytes in the subchondral bone.

Evaluation of str-ZPM Gel regeneration efficacy in vivo

The BioScience atomic force microscope was utilized to perform a
biomechanical analysis of the repaired cartilage area at 8 weeks post-
surgery, as illustrated in Fig. 7a. The findings showcased a significantly
increased elastic modulus value (0.40+0.11GPa) in the cartilage
repaired with str-ZPM Gel when compared to both the OCD
(0.08 +£0.02 GPa) and str-ZP Gel groups (0.16 + 0.03 GPa) (Fig. 7b).
Furthermore, the surface repairs of the articular region in the OCD and
str-ZP Gel groups exhibited roughness in contrast to the smoother
surface observed in the sham-operated cartilage. Notably, the inte-
gration and smoothness of the cartilage surface regenerated with the
str-ZPM Gel closely mirrored those of the sham-operated group. The
CatWalk gait analysis system was used to detect subtle alterations in
the rat motor performance. Intuitively, rats from the str-ZPM Gel
group demonstrated a more coordinated gait, while those in the OCD
group did not exhibit restoration of hind limb support (Supplementary
Fig. 9). Additionally, the left hind limb injected with the hydrogel was
analyzed independently. Analysis of the data revealed no statistically
significant differences in gait indices, including stand, print area, and
mean intensity, between the str-ZPM Gel and the sham-operated
groups. To examine the microstructure following recovery, we per-
formed H&E, toluidine blue, and Safranin O-Fast Green staining of the
local tissue (Fig. 7c and Supplementary Fig. 10). By week 8, newly
formed cartilage tissues were evident in the defects treated with the
str-ZP Gel and str-ZPM Gel. Contrarily, the regenerated tissue in the
OCD group consisted mainly of fibrous tissue without the typical
layered structure of cartilage formation, suggesting an insufficient self-
healing capacity to repair cartilage at the defect site. Histological
scores demonstrated a significant improvement in the morphology of
the neo-formed surface tissue, thickness of the neo-formed cartilage,
and regularity of the joint surface in the str-ZPM Gel group (Table S3
and Fig. 7d). Moreover, the histological score increased at 8 weeks
compared to that at 4 weeks in the str-ZP Gel and str-ZPM Gel group,
indicating a persistently improved cartilage repair effect. Conversely,
the scores remained relatively constant in the OCD group (Fig. 7e).
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Fig. 6 | str-ZPM Gel induces BMSCs recruitment and rescues OA cartilage
degeneration in rats. a Experimental design time flowchart and the illustration of
the recruitment process of BMSCs during cartilage repair. b Immunofluorescent
staining of CD44 and CD90 at 7 or 14 days. ¢ Experimental design time flowchart.
d WB analysis of protein levels of COL2A1, Aggrecan, MMP13, ADAMTSS, Ihh, and
PTHrP in rats. Blots are representative of three independent experiments.

e Quantitative analysis of WB. Data were presented as the mean + SD (n =3 inde-
pendent experiments). *P < 0.05, **P < 0.01, and **P < 0.001. Statistical compar-
isons were performed using the unpaired two-sided Student’s ¢-test. f Macroscopic
observation of cartilage defect at 4- and 8-weeks post-surgery. g Heatmap of vari-
ables of macroscopic scoring at 4 and 8 weeks. h ICRS macroscopic scores of

different groups. Data were presented as the mean + SD (n =4 independent
experiments). *P < 0.05, **P< 0.01, and **P < 0.001. Statistical comparisons were
performed using one-way ANOVA with Tukey’s test. i Representative three-
dimensional (3D) images of the rat knee joint, 2D images in the coronal and sagittal
planes were reconstructed by micro-CT. (3D images of subchondral bone were
obtained by reconstructing the green areas in 2D images using processing soft-
ware). j Quantitative analysis of osteophyte volume. k-0 BMD, BV/TV, Tb. N, Tb. Th,
and Tb. Sp were quantified by micro-CT. Data were presented as the mean + SD
(n=4 independent experiments). *P < 0.05, *P < 0.01, **P< 0.001, and

**p < (0.0001. Statistical comparisons were performed using one-way ANOVA with
Tukey’s test in j-o0 Source data are provided as a Source Data file.

Subsequently, we investigated the chondrogenic differentiation
and ECM homeostasis in the cartilage using immunohistochemical
staining. In the str-ZPM Gel group, the stained region was strongly
positive (dark brown) for Aggrecan, COL2A1, Ihh, and PTHrP, indicat-
ing that the str-ZPM Gel facilitated chondrogenic differentiation in vivo
by regulating IThh/PTHrP expression (Fig. 7f and Supplementary
Fig. 11a-c). A contrasting trend (pale yellow) was observed for MMP13
expression. Quantitative assessment revealed an increase in Aggrecan
and COL2Al-positive cells, along with a significant reduction in
MMP13-positive cells within the str-ZPM Gel group at the 8-week mark
(Fig. 7g-i). These changes were comparable to those observed in the
sham group, indicating an increase in anabolism a and decrease in
catabolism. Collectively, these results suggest that str-ZPM Gel exhi-
bits a more favorable ability to repair OA by inducing BMSCs recruit-
ment and promoting cartilage regeneration. We also harvested rats’
hearts, livers, spleens, lungs, and kidneys 2 months after material
implantation and performed H&E staining (Supplementary Fig. 12).

The results showed no obvious organ damage or inflammation in the
experimental groups, demonstrating their efficacy and long-term
biosafety for clinical applications.

Discussion

Current pharmacological approaches for treating OA primarily focus
on providing symptomatic relief and short-term improvement in joint
function*’. However, in the early stages of OA, pathological changes
occur in the cartilage ECM, leading to abnormal signaling in chon-
drocytes and triggering aberrant remodeling. This results in a vicious
cycle that ultimately leads to disease*®. Abnormal hypertrophic dif-
ferentiation of chondrocytes and secretion of matrix-destroying
enzymes, particularly MMP13 and ADAMTSS5, directly degrade the
ECM and disrupt catabolic process® . Additionally, aging gradually
reduces the number of chondrocytes, resulting in a diminished matrix
anabolic capacity***. Although most studies have focused on inflam-
matory responses and component changes, the correlation between
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cartilage ECM changes and OA development has not been extensively
explored>*®*, In light of these observations, we aimed to address
homeostatic abnormalities in the ECM and treat OA by rebalancing
homeostasis through simultaneous enhancement of anabolism and
suppression of catabolism. Due to the limited proliferative and
regenerative capacities of senescent chondrocytes in OA, improving

anabolism is challenging. Therefore, the BMSCs differentiation strat-
egy is an excellent alternative cell source for generating new chon-
drocytes and promoting cartilage regeneration®®. In this context, Ha
et al. developed a GFOGER-modified hydrogel incorporating exogen-
ous BMSCs, which significantly enhanced osteochondral defect
regeneration in rats by activating integrin-mediated adhesion and
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Fig. 7 | Evaluation of str-ZPM Gel regeneration efficacy in vivo. a Microscopic
geomorphology at 8 weeks. b Young’s modulus of different newborn cartilage
tissues. Data were presented as the mean + SD (n =3 independent experiments).
*P<0.05,*P<0.01, and **P < 0.001. Statistical comparisons were performed using
one-way ANOVA with Tukey’s test. ¢ Representative H&E, Toluidine blue and
Safranin O/fast green staining at 8 weeks. Rectangular boxes on the left and right
indicate new tissues and defect edges, respectively. d Heatmap of variables of
histological scoring at 4 and 8 weeks. e Histological scores of different groups. Data

were presented as the mean + SD (n =4 independent experiments). *P < 0.05,

**P < 0.01, and **P < 0.001. Statistical comparisons were performed using one-way
ANOVA with Tukey’s test. f Representative immunohistochemistry images showing
the protein expression level of Aggrecan, COL2A1 and MMP13 at 4 and 8 weeks.
g-i Quantitative analysis of immunohistochemical staining. Data were presented as
the mean £ SD (n =4 independent experiments). *P < 0.05, **P< 0.01, and

***P < 0.001. Statistical comparisons were performed using one-way ANOVA with
Tukey’s test. Source data are provided as a Source Data file.

signaling pathways®. However, the use of exogenous BMSCs has been
hindered by ethical concerns and issues related to immune rejection®.
Our study addressed this issue by leveraging endogenous BMSCs
recruitment through str-ZPM Gel. We observed that the cells encap-
sulated in the 0.5% ZnO-doped GelMA hydrogel showed increased
production of aggrecan and type Il collagen, along with upregulated
expression of cartilage markers. These findings suggest that the
release of Zn** contributes to the chondrogenic differentiation of stem
cells. Zn*" is widely present in the bone matrix and promotes bone
metabolism and regeneration®®, although the underlying molecular
mechanisms of its biological activities remain unclear. The str-ZPM
Gel used in this study not only facilitated the sustained release of Zn**,
but also provided a natural cartilage-like microenvironment, which
further enhanced the induction of BMSCs differentiation.

Efficient delivery and sustained action of miR-17 at joint sites are
crucial for inhibiting catabolism and enhancing therapeutic outcomes.
Leveraging electrostatic interactions between a cationic delivery car-
rier and cartilage to enhance carrier retention has proven advanta-
geous because of the abundance of negatively charged substances,
such as proteoglycans, in cartilage tissue®*®. PEl is a well-studied
cationic polymer for gene delivery, attributed to its robust DNA con-
densation and endosomolytic properties®®’. Although high molecular
weight PEI (25 kDa) offers superior transfection efficiency owing to its
dense cationic charge, it poses cytotoxicity concerns. Conversely, low
molecular weight PEI (1.8 kDa) is less toxic, however, exhibits low
transfection efficiency®®. To optimize the performance, we loaded PEI
(1.2 kDa) onto str-ZnO, capitalizing on cellular nanoparticle uptake to
deliver nucleic acids into living cells effectively®. The rationale behind
this lies in the notably heightened levels of transfection activity
observed, demonstrating significantly enhanced efficiency with str-
ZnO loaded with PEI/miR-17 compared to PEl/miR-17 alone. Overall,
our study strongly suggests that the streamlined nanoparticles hold
immense promise as potent enhancers of effective gene delivery.

Numerous studies have demonstrated that doping metal oxides
into scaffolds can confer superior mechanical properties, making this
an interesting area of exploration for ideal bone scaffolds’®”>. For
instance, Zhou et al. fabricated Fe,O3 nanoparticle-cross-linked GelMA
hydrogels, revealing that increased Fe,O3; concentrations elevated
hydrogel stiffness and augmented mitochondrial oxidative phos-
phorylation in chondrocytes, thereby boosting ATP production and
cartilage regeneration’. Although their study highlights the potential
of metal oxides to promote tissue repair via metabolic regulation, the
use of a spherical nanoparticle morphology leaves the investigation of
morphology-dependent dynamic material properties (e.g., shear-
thinning behavior, injectability) open for further exploration. In con-
trast, our study systematically investigated how ZnO nanoparticle
architecture governs hydrogel functionality. By comparing the
morphologies of sph-ZnO and str-ZnO, we demonstrated that nano-
particle geometry critically determines both rheological behavior and
gene delivery efficiency. Specifically, high-curvature str-ZnO exhibited
a heightened tendency for rapid diffusion under the injection force,
resulting in the formation of hydrogels with exceptional mechanical
properties. We hypothesized that the distinctive streamlined config-
uration of str-ZnO contributed to the diminished resistance during
injection, while affording a larger surface area for augmented inter-
action with the polymer chains within the hydrogel”. Viewed through a

microscopic lens, the doped str-ZnO particles demonstrated the ability
to form hydrogen bonds with neighboring polymer chains, fostering
the establishment of a physically cross-linked network within the
hydrogel system. These hydrogen bonds possess the capacity to
absorb and dissipate external stress upon disruption. Notably, the
superior specific surface area of str-ZnO compared to its spherical
counterparts enables str-ZnO-loaded hydrogels to form a greater
number of sacrificial hydrogen bonds, which can absorb elevated
energy levels when subjected to external stimuli, thereby fortifying
resistance against external shear damage. Throughout the injection
process, the tailored str-ZnO exhibited low viscosity characteristics,
which proved advantageous for improving the injectability and
accommodating irregular tissue defects. Once the injection was com-
pleted, the hydrogel underwent an increase in in situ hardness, effec-
tively preventing loss from the lesion site and establishing snug
contact with the surrounding tissue. Importantly, the streamlined
morphology of str-ZnO facilitated efficient penetration of the cell
surface, meeting the requirements for achieving high gene transfec-
tion efficiency. This promising paradigm holds significant potential for
future applications and advancements in gene therapy.

In summary, we developed a gene delivery system comprising three
key components: an MMP-responsive hydrogel matrix, str-ZnO, and
miR-17-5p. The responsive hydrogel served as a matrix to achieve a
highly localized, sustained drug release triggered by MMPs. Str-ZnO
acted as a gene transfection vector and facilitated chondrogenic dif-
ferentiation of BMSCs by promoting the Ihh/PTHrP signaling pathway.
MiR-17-5p counteracts ECM catabolism by targeting multiple catabolic
factors, such as ADAMTS5, thereby inhibiting matrix-degrading
enzymes. The synergistic effect of these three components balances
ECM homeostasis by promoting anabolism and suppressing catabolism.
This approach holds significant implications in the treatment of OA
cartilage defects. Despite remarkable progress in cartilage tissue engi-
neering, the creation of scaffolds or hydrogels with properties that can
authentically emulate natural cartilage, facilitate cartilage regeneration,
and bolster load-bearing capabilities, remains a persistent challenge. An
extensive exploration of how stiffness influences cellular proliferation,
differentiation, ECM production, and migration is imperative. Future
investigations will concentrate on refining the formulation and cross-
linking techniques of hydrogels to augment their overall efficacy and
align them more closely with the characteristics of natural cartilage.
Furthermore, relatively few ongoing clinical trials focus on injectable
materials for cartilage repair. Furthermore, in vivo studies on the
properties of hydrogels (e.g., controlled release and degradability) are
urgently needed to improve their efficacy in large animal models and
bring them closer to clinical therapeutic applications.

Methods

Materials

Anhydrous zinc acetate (Zn(OAc), was obtained from Heowns Bio-
Technology Co., Ltd. (Tianjin, China). PEI (1.2kDa), benzyl
ether((C¢HsCH,),0), benzylamine (C¢HsCH,NH,), and collagenase Il
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Triton X-
100, 1% BSA, and crystal violet were obtained from Yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Gelatins, methacrylic anhy-
dride (MA), and lithium phenyl-2,4,6 trimethylbenzoylphosphinate
(LAP) were purchased from Aladdin Biochemical Technology Co., Ltd.
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(Shanghai, China). DAPI was obtained from Solarbio Life Science and
Technology Ltd. (Beijing, China). The Calcein/PI Cell Viability/Cyto-
toxicity Assay Kit and Immunol staining blocking buffer were obtained
from Beyotime Biotechnology (Jiangsu, China). Primers used for q-PCR
were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). MiR-
17-5p mimic, FAM-labeled MiR-17-5p mimic, MiR-17-5p inhibitor, Bulge-
Loop™ miRNA gRT-PCR Primer, and riboFECT™CP Transfection were
bought from RiboBio Co., Ltd. (Guangzhou, China). Cy3-labeled locked
nucleic acid miR-17-5p probes were designed and synthesized by
BersinBio-Technology Co., Ltd. (Guangzhou, China). The All-in-One
First-Strand cDNA synthesis kit and Perfect Start Green q-PCR kit were
obtained from Transgene Biotech, Inc. (Beijing, China). Rat IL-1B pro-
tein was bought from Abbkine Biotechnology Co., Ltd. (Wuhan, China).
Rhodamine-WGA and TRITC-Phalloidin were purchased from Shanghai
Maokang Biotechnology Co., Ltd. (Shanghai, China). Anti-collagen II,
anti-ADAMTSS, anti-SOX9, and anti-lhh antibodies were obtained from
Abcam (Cambridge, UK). CD44 Polyclonal, CD90 Monoclonal, MMP13
polyclonal, aggrecan polyclonal, and PTHLH polyclonal antibodies
were purchased from Proteintech Group, Inc. Cyclopamine was pur-
chased from MedChemExpress (Shanghai, China). The zinc assay kit
was bought from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). All reagents used in this study were of the highest grade
commercially available.

Preparation of str-ZnO

Str-ZnO was synthesized based on previous studies with slight
modifications’®. Briefly, anhydrous Zn(OAc), (1.83g, 10 mmol) was
dissolved in dibenzyl ether (100 mL) at a temperature of 210 °C. Sub-
sequently, benzylamine (10.7 g, 100 mmol) was added to the reaction
mixture, which underwent reflux for 5 h. After the completion of the
reaction, the solution was cooled to room temperature, centrifuged
and washed using acetone to obtain a white precipitate.

Preparation of str-ZnO@PEI/miR-17 complexes

A suspension of 75 mg of str-ZnO in 15 mL of NaOH (0.1 M) solution was
prepared under constant stirring for 5min at room temperature.
Subsequently, 7.5 mL of epichlorohydrin and 0.75 mL of NaOH (2 M)
were added to the suspension, which was stirred at room temperature
for 8 h. After this period, the reaction mixture was washed using
deionized water (two or three times) and centrifuged at 7040 xg for
5 min to obtain epichlorohydrin-coated str-ZnO. Subsequently, a molar
ratio of 10:1 epichlorohydrin-coated str-ZnO with PEI was stirred at
room temperature for 24 h. Branched-PEI 1.2 kDa initiated the opening
of the epoxide ring on the epichlorohydrin molecule, resulting in the
formation of str-ZnO@PEI (SN, reaction) (Supplementary Fig. 1b)”".
Next, the reaction mixture was washed two or three times with deio-
nised water and centrifuged at 1126xg for 10 min to obtain str-
ZnO@PEL. The str-ZnO@PEI/miR-17 complexes were induced by add-
ing miR-17-5p mimic solution to the str-ZnO@PEI solution at a mass
ratio of 1:5 and incubating the combination at 4 °C for 30 min. All the
complexes were freshly prepared before use.

Synthesis of GelMA/str-ZnO composite hydrogels and str-

ZPM Gel

In this procedure, 10% GelMA was synthesized by adding gelatin and
MA. Briefly, 10 g of gelatin was completely dissolved in PBS at a mass
fraction of 10% in a water bath set at 50 °C. Subsequently, 5 mL of MA
was slowly added to the solution with vigorous stirring for 2 h. Fol-
lowing completion of the reaction, the solution was filtered and
transferred into a dialysis bag with a molecular weight of 3500. The
solution was then dialyzed for 5 days at 40° to eliminate unreacted MA.
Upon the completion of the dialysis process, the GelMA precursor,
which appeared as a white foam, was obtained by freeze-drying. The
pre-gel solution was prepared by dissolving 10% GelMA, 0.3% LAP, and
various ZnO mass fractions in deionized water with sufficient stirring.

Finally, this solution was exposed to 405 nm UV light for 60 s to gen-
erate GelMA/str-ZnO composite hydrogels. In the formation of str-ZPM
Gel, 0.5 mg miR-17 was preloaded onto str-ZnO@PEI at a mass ratio of
1:5 to form str-ZnO@PEI/miR-17 complexes. The complexes were then
dispersed in 0.5 mL of PBS buffer solution (pH 7.4) containing 50 mg/
0.5mL of GelMA and 1.5mg/0.5mL of LAP. The mixture was then
incubated at room temperature for 10 min and cross-linked using UV
radiation for 60s.

Agarose gel assay for the formation of str-ZnO@PEI/miR-17
complexes

str-ZnO@PEl/miR-17 complexes were prepared at different weight
ratios (0, 1, 5, 10, and 15) and subsequently diluted with water to a final
volume of 20 pL. The complexes were vortexed and incubated at room
temperature for 30 min. Following incubation, the supernatants were
subjected to electrophoresis on a 0.8% (w/v) agarose gel at 100V for
30 min. RNA bands were visualized and captured using an Image-
master VDS thermal imaging system (Bio-Rad, Hercules, CA, USA).

In vivo hydrogel degradation analysis

The str-ZPM Gel was transplanted into the site of cartilage defects in
rats. Photographs were taken on days 1, 28, and 36 after surgery
(AniView100, China) using a cy5 channel (excitation: 605 nm, emission:
680 nm). The total radiance (p/s/cm?/sr) of the samples was obtained
using live imaging software to analyze the biodegradation trend curve
of the str-ZPM Gel.

Viscosity and injectable properties characterization

The rheological characterization and stress recovery analysis of the
composite hydrogels were performed using a rheometer (DHR-2,
Waters™ TA Instruments, USA). The shear stresses of the hydrogel
samples, varying with the ZnO content (0, 0.5, 1, and 2%), were mea-
sured at room temperature with a shear rate range of 0.1-100s™. For
the stress recovery test, the composite hydrogels were subjected to
consecutive high- (200%, 60s) and low-strain (1%, 60s) cycles at a
frequency of 1Hz. This allowed the determination of the storage
modulus (G’) and loss modulus (G”) of the composite hydrogels. The
injectability of the composite hydrogels was assessed using a needle
syringe at room temperature.

Locomotion experiments

To assess the movement of nanoparticles in solutions containing
GelMA, we analyzed the trajectories of individual nanoparticles by NTA
using a Nanosight NS300 device (Malvern, UK). Samples were diluted
in PBS buffer and introduced into the Nanosight chamber at 25 °C with
a syringe pump pressure of 100 uL/min. The motion of the nano-
particles was recorded as videos for 60s at a speed of 25 frames s™.
NTA 3.4 software was used to track the x and y trajectories of the
nanoparticles, and their mean square displacement (MSD) was
calculated’.

Mechanical tests

Cylindrical hydrogel samples, 30 mm in diameter and 4 mm in height,
were fabricated through UV light cross-linking. Compression testing of
the samples was performed at a rate of 1 mm/min at a temperature of
25 °C using an electronic universal testing machine (AGS-X, Shimadzu,
Japan) until the instrument loading limit was stopped. The first 0-10%
linear region of the stress-strain curve was calculated to obtain the
elastic modulus of the sample.

In vitro hydrogel degradation

To evaluate the degradation behavior of hydrogels with varying ZnO
contents (0, 0.5, 1, and 2%), the samples (30 mm in diameter and 4 mm
in height) were immersed in an aqueous solution of collagenase Il
(100 pg/mL) at 37 °C. The enzyme-containing solution was replaced
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every 3 days to ensure the presence of active collagenase. At specific
time intervals (days 1, 3, 5, 7, 10, 14, 21, 28, 35, and 42), the mass of the
hydrogel was measured after removal of the surface supernatant. The
primary mass of the gel was denoted as Wy, whereas the hydrogel mass
at a specific time point was recorded as W, Degradation rate
(%) = Wy/Wy x100%.

str-ZnO@PEI/miR-17 complex release detection

The hydrogel was formed as described above, with the only difference
being the use of using FITC-labeled str-ZnO@PEI/miR-17 instead of
pure str-ZnO@PEI/miR-17. Briefly, the hydrogel formed in the upper
layer of the transwell was immersed in a 12-well plate filled with 1 mL of
PBS or collagenase Il (100 pg/mL) solution at 37 °C, respectively. At
predetermined time intervals, the suspension was removed and
replaced with fresh, prewarmed PBS or collagenase II. The suspensions
were measured using a microplate reader (FlexStation 3, USA) to
determine the release of the str-ZnO@PEI/miR-17 complex from the
hydrogel into the buffer solution.

miR-17-5p release detection
The release profile of miR-17 from the str-ZnO@PEI/miR-17 complexes
was examined in 0.1 M PBS at two different pH values (pH 7.4, pH 5.0).
The concentration of miR-17 in the solution after incubation at 37 °C
for various time points was measured using Nanodrop (Thermo Fisher
Scientific, Waltham, MA, USA).

Cell viability and proliferation assay

The proliferation of BMSCs (Procell, CP-R131) and chondrocytes (Pro-
cell, CP-R087) stimulated by the hydrogel was detected using a Cal-
cein/PI Cell Viability/Cytotoxicity Assay Kit. Briefly, cells were seeded in
12-well transwell plates at a density of 2x10° cells per well. After
incubation with the str-ZPM Gel for 1, 3, and 5 days, the upper chamber
was removed, and the cells were washed twice with PBS. According to
the manufacturer’s protocol, 500 pL of the prepared live/dead cell
staining solution was added to each well to stain the cells. Subse-
quently, cells were incubated for 30 min at 37 °C protected from light
before washing with PBS and visualized by laser confocal microscopy
(Leica SP 8, Germany).

For the toxicity assay, aseptically processed gels with a total
volume of 50 ul were prepared in 96-well plates and seeded with 1 x 10*
cells. After 1, 3, and 5 days of coculture, the original medium was
discarded, and medium containing 10% CCK-8 was added and incu-
bated for 1h. The 100 pl supernatant from each well was then trans-
ferred to a new 96-well plate and read at 450 nm using a microplate
reader (FlexStation 3, USA).

In vitro cell uptake of sph-ZnO and str-ZnO

FITC-labeled streamlined and spherical ZnO was incubated with the
BMSCs for 15 min at 37 °C. After incubation, the samples were washed
with PBS, fixed with 4% paraformaldehyde for 10 min, and washed
again with PBS. Cellular membranes were stained with Rhodamine-
WGA (5 pg/mL) at room temperature for 10 min. The nuclei were then
stained with DAPI and observed using a confocal laser scanning
microscope (Leica SP 8, Germany).

Cytoskeleton staining

To investigate the biocompatibility of the composite hydrogel,
cytoskeletal staining was performed to observe the adhesion behavior
of the cells on the hydrogel after culturing rat chondrocytes and
BMSCs for 2 days. The medium was removed, the cells were gently
washed three times with PBS, and fixed with 4% paraformaldehyde for
10 min. After washing, the cells were permeabilized with 0.1% Triton
X-100 in PBS for 5 min and subsequently blocked with 1% BSA for 5 min.
After removing the liquid, cells were stained with freshly prepared
TRITC-phalloidin for 30 min at room temperature and then washed

with PBS. The nuclei were stained with DAPI and observed using a
confocal laser scanning microscope (Leica SP 8, Germany). The cell
spreading area was quantified using the ImageJ software (National
Institute of Health, USA).

RNA fluorescent in situ hybridization (FISH)

Cy3-labeled locked nucleic acid miR-17-5p probes were designed and
synthesized by BersinBio-Technology Co., Ltd. (Guangzhou, China).
Probe signals were detected using a fluorescent in situ hybridization
kit (BersinBio), according to the manufacturer’s instructions. For
in vivo FISH, tissue sections were deparaffinized, dehydrated, and
permeabilized using proteinase K treatment (37 °C for 15 min) before
hybridization. The cells were then stained with DAPI for 10 min,
washed with PBS, and observed using an automatic slide scanning
system.

Immunofluorescence (IF)

The chondrocytes and BMSCs were fixed with 4% paraformaldehyde
for 10 min and permeabilized with 0.1% Triton X-100 for 5min, fol-
lowed by blocking with Immunol staining blocking buffer for 1h at
25°C. The cells were then incubated overnight at 4 °C with anti-SOX9
(1:250, ab185966, Abcam). Then, the cells were incubated with TRITC-
phalloidin for 30 min and goat anti-rabbit IgG H&L (Alexa Fluor 488,
1:200, ab150081, Abcam) for 1h at 25°C. Nuclei were stained with
DAPI, and the cells were imaged using laser confocal microscopy (Leica
SP 8, Germany).

Migration of BMSCs in vitro

In this study, 200 uL of BMSCs suspension (1x10° cells/mL) was
inoculated into the upper layer of the Transwell in a 24-well plate.
Then, 0.5 mL of a-MEM medium (containing 10% fetal bovine serum)
was added to the lower chamber and incubated for 12 h. Subsequently,
composite hydrogel samples were loaded in the lower chamber for
12 h incubation and the medium were replaced with serum-free med-
ium. The chambers were removed to absorb excess liquid and washed
three times with PBS. The cells were fixed in 4% paraformaldehyde for
20 min, washed with PBS, and stained with 0.1% crystal violet for
10 min. After gentle rinsing with PBS, migrated cells were photo-
graphed using a light microscope and counted.

Chondrogenic differentiation induction in BMSC

Rat BMSCs were seeded in the lower chamber of a 6-well plate at a
density of 1x10° / well, while the hydrogel was placed in the upper
chamber. The induction medium was replaced after 24 h (material-free
medium system served as the control group). After 7 or 21 days of
culture in the hydrogel, the expression of typical chondrogenic (SOX9,
COL2A1, and Aggrecan) and catabolic genes (MMPI3 and ADAMTS5)
was detected using RT-PCR. The primer sequences are listed in
Table SI.

Western blotting analysis

Proteins from the cell lysates were separated by 4-10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
a polyvinylidene fluoride membrane. The membranes were blocked
with 5% dry milk-TBST for 1h and incubated with anti-B-tubulin
(1:2000, TA-10, ZSGB-BIO), anti-PTHLH (1:500, 10817-1-AP, Pro-
teintech), anti-lhh (1:5000, ab52919, Abcam), anti-MMP13 (1:500;
18165-1-AP, Proteintech), anti-ADAMTSS (1:250, ab41037, Abcam), anti-
Aggrecan (1:1000, 13880-1-AP, Proteintech), anti-SOX9 (1:5000,
ab185966, Abcam), and anti- Collagen II antibodies (1:4000, ab34712,
Abcam) at 4 °C overnight, respectively. The membranes were washed
thoroughly with TBST and incubated for 1 h at room temperature with
horse radish peroxidase (HRP)-conjugated Goat Anti-Rabbit IgG
(1:5000, ZB-2301, ZSGB-BIO) and HRP-conjugated Goat Anti-Mouse
IgG (1:5000, ZB-2305, ZSGB-BIO). Antibody reactivity was visualized
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using a fully automated chemiluminescence/gel imaging system
(Champchemi 610 Plus, China) and quantified using ImageJ software.

Transcriptomic analysis

In this study, 5 x 10%/well BMSCs were cultured with the Control, PEl/
miR-17, and str-ZPM Gel groups for 7 days. Three biological replicates
were collected from each experimental group and snap-frozen in
liquid nitrogen. The RNA was sequenced by Sangon Biotech Co., Ltd.
(Shanghai, China).

Rat model of OA

Male Sprague Dawley rats (7 weeks old) were obtained from HFK
Bio-Technology Co., Ltd. (Beijing, China) and housed in a con-
trolled environment with regulated temperature and humidity for
1 week of acclimation. Rats were housed under the ambient
temperature of 25+2°C, circulating air, constant humidity of
60 +10%, and a 12 h:12 h light/dark cycle. All animal procedures
were performed according to the guidelines for the Care and Use
of Laboratory Animal Experience of Tianjin University and
approved by the Animal Ethics Committee of Tianjin University
(license number: SYXK (Jin) 2019-0002). Male rats were selected
because the estrogen levels in female rats influence the devel-
opment of OA. To establish a typical OA cartilage defect, an
incision was made on the lateral side of the patella to expose the
articular cartilage of the distal femur on the face of the kneecap.
Subsequently, a cylindrical defect ~2 mm in diameter and 1.5 mm
in depth was operated with a manual drill to construct a defect
model involving the entire cartilage layer. The SD rats were ran-
domly divided into four groups: (1) sham, (2) OCD (modeling
group), (3) str-ZP Gel (GelMA/str-ZnO@PEI/miR-NC), and (4) str-
ZPM Gel. For Groups 3 and 4, cartilage defects were created to
implant the experimental hydrogels into the defect, followed by
layer-by-layer suturing after flushing the incision with normal
saline. The experimental animals were kept in cages and allowed
to move freely.

Micro-computed tomography (Micro-CT)

Four weeks after surgery, the rats were euthanized, and knee joint
samples were subjected to micro-CT imaging (Quantum FX, Perki-
nElmer, USA). Briefly, an X-ray energy of 90kV and a 4.5 min expo-
sure time were used to image the knee articular cartilage, distal
femur, and proximal tibia. According to the results of the micro-CT
scanning and reconstruction, BMD, BV/TV, Tb. N, Tb. Th, and Tb. Sp
were analyzed.

Tissue zinc ion content assessment

The tissue samples were weighed and homogenates were prepared in
an ice-water bath according to a ratio of 40 mg tissue to 360 pL of
PBS. The homogenate was centrifuged at 1500 x g for 10 min at 4 °C,
and the supernatant was collected for testing. The absorbance at
630 nm was recorded using a microplate spectrophotometer to cal-
culate the concentration of Zn according to the manufacturer’s
instructions.

Biomechanical assessment

Eight weeks post-surgery, a biomechanical assessment of the repaired
cartilage area was conducted utilizing a NanoWizard4 BioScience
atomic force microscope (JPK, Germany) on samples of frozen sections
with a thickness of 10 um. The elastic modulus and cartilage mor-
phology were quantified using a tesp-v2 probe with a 7 nm radius of
curvature.

Histological and immunohistochemical analysis
Knee cartilage specimens from rats at the 4th and 8th week after
execution were fixed, decalcified with 4% paraformaldehyde, and

embedded in paraffin. The specimens were cut into 4-pm-thick sec-
tions (HistoCore MULTICUT, China) to respectively perform safranin
o/fast green, toluidine blue, hematoxylin-eosin (H&E), and immuno-
histochemical staining after deparaffinization and hydration. The
sections were imaged using a pathological panoramic scanner
(3DHISTECH P250 FLASH, China).

Score system to evaluate the degree of cartilage regeneration
Independent professionals with knowledge and experience in cartilage
histology independently performed the morphological evaluations of
cartilage regeneration. The evaluation was based on the ICRS macro-
scopic evaluation of the cartilage and the ICRS visual histological
assessment scale*s,

Statistical analysis

Statistical significance between two groups was assessed using an
unpaired two-sided Student’s t-test. One-way analysis of variance
(ANOVA) was used for multigroup comparisons. All data in this study
were statistically analyzed by GraphPad Prism software (version 9.0,
GraphPad Software Inc., USA) and shown as mean + standard deviation
(SD). P<0.05 was considered statistically significant. No statistical
methods were used to predetermine the sample size. No data were
excluded from the analyses. The experiments were randomized. The
investigators were blinded to the allocation during the experiments
and outcome assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data were available in the main text or the supplementary materials.
The RNA sequencing data generated in this study were deposited in
the NCBI Sequence Read Archive database under the accession num-
ber PRJNA1242216. Source data are provided with this paper.
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