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Abstract

Background: Knee osteoarthritis (KOA) involves pathological subchondral bone remodeling and aberrant bone—cartilage crosstalk.
This study investigated Runt-related transcription factor 2 (Runx2) upregulation in osteoarthritis (OA) osteoblasts and evaluated an
artemisinin-loaded hyaluronic acid methacryloyl (HAMA-ART) hydrogel for localized modulation of the subchondral bone microen-
vironment. Methods: HAMA-ART was characterized for morphology, chemical composition, ART release, degradation, mechanical
properties, and biocompatibility. Its effects on osteoblast—chondrocyte paracrine communication were assessed in vitro using condi-
tioned medium-based experiments. Therapeutic efficacy was evaluated by in sifu implantation into the subchondral bone of a rat OA
model induced by destabilization of the medial meniscus. Results: HAMA-ART exhibited a porous network, sustained ART release,
gradual degradation, and acceptable biocompatibility. It attenuated aberrant Runx2 upregulation in OA osteoblasts and reduced their
pathological paracrine effects on chondrocytes, as indicated by decreased Matrix Metalloproteinase 13 (MMP13) and Type X Collagen
(COLX) expression and preserved Type 11 Collagen Alpha 1 (COL2A1) expression. In vivo, HAMA-ART ameliorated OA-associated
subchondral bone microstructural deterioration. Histological analysis showed lower Mankin scores, preserved cartilage thickness, and
improved cartilage matrix homeostasis compared with untreated OA controls. Conclusions: HAMA-ART attenuated Runx2 upregu-
lation in OA osteoblasts and alleviated subchondral bone remodeling and cartilage degeneration. Localized subchondral delivery may
provide a potential strategy for OA treatment.
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Introduction

Knee osteoarthritis (KOA) is a prevalent degenera-
tive joint disease characterized by chronic pain and func-
tional impairment, imposing a substantial socioeconomic
burden worldwide [1]. Traditionally, KOA was predomi-
nantly viewed as a disease of articular cartilage degener-
ation. However, recent advances have redefined KOA as
a “whole-joint” disease involving the cartilage, subchon-
dral bone (SCB), synovium, and other joint tissues [2,3].
Among these components, abnormal remodeling of the
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SCB has emerged not only as a consequence of cartilage de-
generation but also as an active contributor to osteoarthri-
tis (OA) progression [4,5]. Accumulating evidence indi-
cates that metabolic dysregulation within the SCB microen-
vironment can promote catabolic activity and hypertrophic
degeneration in overlying chondrocytes through pathologi-
cal bone—cartilage crosstalk, ultimately contributing to joint
degeneration [6,7]. Therefore, elucidating the regulatory
role of the SCB microenvironment and identifying effective
intervention strategies are important for the development of
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disease-modifying osteoarthritis drugs (DMOADs).

Despite the growing recognition of the SCB as an im-
portant therapeutic target in OA, current clinical interven-
tions remain limited [8]. Routine conservative treatments,
such as nonsteroidal anti-inflammatory drugs (NSAIDs),
mainly provide symptomatic relief but do not reverse the
underlying structural degeneration [9]. Although intra-
articular injections can increase local drug concentrations,
their efficacy is limited by rapid synovial fluid clear-
ance, resulting in transient drug retention and insufficient
bioavailability [10,11]. Moreover, the dense anatomical ar-
chitecture of the SCB may restrict drug penetration into
deeper pathological microenvironments [12]. Therefore,
developing an in situ delivery system capable of local reten-
tion, lesion filling, and sustained biochemical modulation
within the SCB is a promising strategy for OA treatment
[13,14].

To address these challenges in localized delivery,
in situ crosslinkable biopolymer hydrogels offer distinct
therapeutic advantages. Hyaluronic acid (HA), a nat-
ural extracellular matrix component of articular carti-
lage and synovial fluid, exhibits excellent biocompatibil-
ity [15]. Through methacrylation, the resulting hyaluronic
acid methacrylate (HAMA) hydrogel retains the intrinsic
bioactivity of HA while acquiring injectability and photo-
crosslinking capability. This in situ gelation property al-
lows the hydrogel to fill irregular micro-defects within the
SCB and form a stable three-dimensional network after
photo-irradiation. Therefore, HAMA hydrogel may pro-
vide local retention and structural filling at the lesion site
[16,17].

For biochemical modulation of the SCB microenvi-
ronment, artemisinin (ART), a natural small-molecule drug,
has recently attracted attention for its therapeutic potential
in osteoarticular diseases. Previous studies have suggested
that ART may exert anti-inflammatory effects and regulate
OA-related pathological changes [18,19]. Based on these
findings, we hypothesized that integrating the localized de-
livery capacity of HAMA hydrogel with the biological ac-
tivity of ART could provide a dual-function system com-
bining physical defect filling with microenvironment mod-
ulation. By enabling sustained local release of ART within
SCB lesions, this composite system was designed to modu-
late the aberrant osteoblast phenotype and attenuate patho-
logical osteoblast—chondrocyte communication [20].

To this end, the present study developed an ART-
loaded, in situ photo-crosslinkable HAMA hydrogel
(HAMA-ART) for localized intervention in the SCB. Af-
ter validating the physicochemical properties and biocom-
patibility of the hydrogel, in vitro co-culture experiments
demonstrated that HAMA-ART attenuated aberrant Runt-
related transcription factor 2 (Runx2) upregulation in OA
osteoblasts under non-cytotoxic conditions. This effect
was associated with reduced pathological paracrine effects
on chondrocytes and improved cartilage matrix metabolic
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homeostasis. Furthermore, in sifu implantation in a rat OA
model showed that the HAMA-ART system alleviated SCB
microstructural deterioration and protected the overlying
articular cartilage.

Materials and Methods

Materials

HAMA (100-200 kDa, degree of substitution 60%—
70%) was purchased from Shenzhen Shenning Biotech-
nology Co., Ltd. (Shenzhen, China). The photoinitiator
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
EFL-12959) was obtained from Engineering for Life
(Suzhou, China). ART (A8340, purity > 99.0%) was pur-
chased from Solarbio Science & Technology Co., Ltd. (Bei-
jing, China). Human knee joint specimens were collected
from 5 patients undergoing total knee arthroplasty at The
Affiliated Hospital of Guizhou Medical University. This
study was approved by the Human Research Ethics Com-
mittee of The Affiliated Hospital of Guizhou Medical Uni-
versity (Approval No. 2025-272). Prior to sample collec-
tion, all patients were fully informed of the study objectives
and provided written informed consent.

SCB Morphological Observation and Osteoblast Isolation

Medial sclerotic SCB (OA group) and lateral non-
sclerotic SCB (CON group) were harvested from the
femoral condyles of the collected specimens [21]. For mor-
phological evaluation, the bone tissues were fixed in elec-
tron microscopy fixative, dehydrated, and examined using
a scanning electron microscope (SEM, JEOL, JEM-IT800,
Japan).

For primary osteoblast isolation, fresh tissues were
thoroughly rinsed with sterile phosphate-buffered saline
(PBS) to remove surface blood and debris, then minced into
1-2 mm? fragments using bone rongeurs. The fragments
were initially digested with trypsin in a shaking incuba-
tor at 37 °C for 30 min. The solution was then replaced
with 1 mg/mL type I collagenase (C8140, Solarbio, Bei-
jing, China) for an additional 5—6 h. The resulting cell sus-
pension was centrifuged at 1200 rpm for 5 min. The cell
pellet was resuspended in MEM-« supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin—streptomycin,
and subsequently seeded into T25 culture flasks. The cul-
ture medium was replaced every 2-3 days. The osteoblast
(P2—P4) phenotype was verified via Alizarin Red S (G8550,
Solarbio, Beijing, China) and alkaline phosphatase (ALP)
staining (G1480, Solarbio, Beijing, China). The differen-
tial expression of Runx2 between the CON and OA groups
was assessed by Western blotting (WB).

Chondrocyte Isolation and the Effect of Osteoblasts on OA
Progression in Chondrocytes

Articular cartilage was harvested from the femoral
condyles using sterile scalpels and rinsed with sterile PBS.
The cartilage was diced into fragments smaller than 1 mm?
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and subjected to continuous digestion with 1 mg/mL type II
collagenase (C8150, Solarbio, Beijing, China) in a shaking
incubator at 37 °C for 12 h. The digested suspension was
centrifuged at 1200 rpm for 5 min. The isolated primary
chondrocytes were resuspended in DMEM/F12 medium
containing 10% FBS and 1% penicillin—streptomycin, and
seeded into T25 flasks. The medium was refreshed every 2—
3 days. Chondrocyte identity was confirmed by Toluidine
Blue and Alcian Blue staining. Primary osteoblasts and
chondrocytes at P2—P4 were used for subsequent in vitro
experiments to maintain phenotypic stability and reduce the
influence of cellular dedifferentiation during expansion.

To investigate bone—cartilage crosstalk, conditioned
medium (CM) were collected from the culture supernatants
of CON and OA osteoblasts and applied to the primary
chondrocytes. The expression of Type X Collagen (CLOX)
and subsequent OA-like phenotypic changes in the chon-
drocytes were evaluated using WB and immunofluores-
cence (IF) staining.

Preparation and Characterization of HAMA-ART
Hydrogel

ART was pre-dissolved in dimethyl sulfoxide
(DMSO, ID9011, Solarbio, Beijing, China) and homo-
geneously dispersed into a 4% (w/v) HAMA aqueous
solution containing 0.5% (w/v) LAP as the photoinitiator.
The ART concentrations in the precursor solutions were
set at 10, 20, 50, and 100 puM. These solutions were
then photo-crosslinked into hydrogels under 365 nm
ultraviolet (UV) irradiation. To determine the optimal ART
loading concentration, hydrogels were placed in the upper
chambers of a Transwell system for non-contact co-culture
with osteoblasts in the lower chambers. After 5 days of
culture, osteoblast proliferation was quantified using a Cell
Counting Kit-8 (CCK-8) assay.

Based on these results, the HAMA-ART precursor
solution containing the optimal ART concentration was
selected for subsequent experiments, while pure HAMA
hydrogel served as the matrix control.  After photo-
crosslinking, the hydrogels were lyophilized, and their in-
ternal microstructure was observed by scanning electron
microscopy (SEM). Pore size distribution and porosity were
quantified from SEM images using ImageJ software (ver-
sion 1.54p, National Institutes of Health, Bethesda, MD,
USA). The chemical composition and ART incorporation
within the HAMA-ART hydrogel were evaluated using
Fourier transform infrared spectroscopy (FTIR, Nicolet is5,
Thermo Fisher, USA).

To assess the drug release behavior, crosslinked
HAMA-ART hydrogels were incubated in release medium
at 37 °C. At predetermined time points, the supernatant
was collected and replaced with fresh release medium. The
released ART was quantified by high-performance liquid
chromatography (HPLC, 1220 Infinity II, Agilent, USA)
based on a standard calibration curve, and the cumulative
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release profile was calculated.

For the in vitro degradation assay, HAMA and
HAMA-ART hydrogels were incubated in PBS containing
50 U/mL hyaluronidase and 0.5% ProClean 150 antimicro-
bial preservative at 37 °C. At predetermined time points,
the hydrogel samples, together with the pre-weighed con-
tainers, were dried in an oven and then weighed. The dry
weight of the remaining hydrogel was calculated after sub-
tracting the container weight. The mass loss was calculated
using the following formula: Mass loss (%) = [(W0 — Wt)
/' WO0] x 100%, where WO represents the initial dry weight
of the hydrogel, and Wt represents the dry weight of the
remaining hydrogel at each time point.

Rheological properties of HAMA and HAMA-ART
hydrogels were evaluated using a rotational rheometer
(MCR 302, Anton Paar, Graz, Austria) by measuring the
storage modulus (G') and loss modulus (G”). Compres-
sive mechanical properties were assessed using a mechan-
ical testing system (QJ211S, Qingji, Shanghai, China), and
compressive strength and compressive modulus were cal-
culated from the stress—strain curves.

Biocompatibility Evaluation of HAMA-ART Hydrogel

HAMA and HAMA-ART hydrogels were co-cultured
with osteoblasts to evaluate cytocompatibility. Cell viabil-
ity was assessed using a Live/Dead viability/cytotoxicity
assay kit. Following co-culture, the cells were stained and
imaged using a fluorescence microscope (Axio Observer,
Carl Zeiss, Germany). The proportion of viable cells was
quantified utilizing ImagelJ software.

For the hemocompatibility assay, fully crosslinked
HAMA and HAMA-ART hydrogel samples were immersed
in sterile PBS and incubated in a shaking incubator at 37
°C for 48 h to obtain the material extract. Normal saline
and 0.5% Triton X-100 solution were utilized as negative
and positive controls, respectively. Each extract/control so-
lution was mixed with a diluted red blood cell suspension
and incubated at 37 °C for 2 h. Subsequently, the mixtures
were centrifuged, the supernatants were collected, and the
optical density (OD) was measured at 540 nm using a mi-
croplate reader (SYNERGY H1, Bio Tek, USA) to calculate
the hemolysis ratio.

Effects of HAMA-ART Hydrogel on Osteoblasts and OA
Chondrocytes

To investigate the modulatory effects of the material,
photo-crosslinked HAMA-ART hydrogels were placed in
Transwell inserts and co-cultured with OA osteo-blasts for
72 h. OA osteoblasts cultured without hydrogel treatment
served as the OA control group, while pure HAMA hy-
drogels served as the matrix control. Following the in-
tervention, osteoblasts were harvested, and total protein
was extracted using radioimmunoprecipitation assay lysis
buffer (RIPA) lysis buffer supplemented with protease and
phosphatase inhibitors. The expression level of Runx2
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was quantified via WB. Furthermore, the CM from these
treated osteoblast cultures were collected and subsequently
used to culture primary chondrocytes for an additional 72
h. To assess the downstream effects on cartilage matrix
metabolism, the expression levels of COLX, Type II Col-
lagen Alpha 1 (COL2A1), and Matrix Metalloproteinase 13
(MMP13) in the treated chondrocytes were evaluated utiliz-
ing both WB and IF staining.

IF Staining

Cells were seeded onto coverslips in 6-well plates and
incubated until adherence. Following the respective treat-
ments, cells were gently washed three times with PBS,
fixed with 4% paraformaldehyde at room temperature (RT)
for 15 min, and washed again. Permeabilization was per-
formed using 0.3% Triton X-100 (in PBS) at RT for 10—
15 min. Subsequently, cells were blocked with 5% bovine
serum albumin (BSA) at RT for 1 h to prevent non-specific
binding. After removing the blocking solution, the cells
were incubated with diluted primary antibodies in a hu-
midified chamber at 4 °C overnight (Antibody informa-
tion and dilution ratio details are listed in Supplementary
Table 1). The following day, the samples were equili-
brated to RT for 30 min, washed three times with PBST
(PBS with Tween-20), and incubated with species-specific
fluorophore-conjugated secondary antibodies at RT in the
dark for 1 h. After thorough PBST washing, the actin
cytoskeleton was stained with FITC-conjugated phalloidin
(1:80). Finally, nuclei were counterstained with DAPI for 2
min in the dark. The coverslips were rinsed to remove back-
ground fluorescence and mounted onto glass slides using
an anti-fade mounting medium. Images were subsequently
captured using a fluorescence microscope (Axio Imager,
Carl Zeiss, Germany).

Western Blotting

After completing the respective interventions in 6-
well plates, total cellular proteins were extracted using
RIPA lysis buffer, and protein concentrations were deter-
mined utilizing a BCA protein assay kit. Equal amounts of
protein (30 ug per lane) were separated by SDS-PAGE and
transferred onto PVDF membranes. The membranes were
blocked with a protein-free rapid blocking buffer at RT for
1 h, followed by overnight incubation at 4 °C with specific
primary antibodies (Antibody information and dilution ratio
details are listed in Supplementary Table 1). The next day,
the membranes were washed thoroughly with TBST (Tris-
buffered saline with Tween-20) and incubated with HRP-
conjugated secondary antibodies at RT for 1.5 h. After final
TBST washes, the target protein bands were visualized us-
ing an enhanced chemiluminescence (ECL) detection sys-
tem (ChemiScope 6000, CLINX, Shanghai, China). Images
were acquired and analyzed via densitometry using ImageJ
software.
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Establishment of Sprague-Dawley (SD) Rat KOA Model
by Destabilization of the Medial Meniscus (DMM) Surgery

Twenty-two male SD rats (weighing approximately
250 g), purchased from Tianqgin Co., Ltd. (Changsha,
China), were randomly assigned to the Sham group (n =
5) and DMM model group (n = 17). General anesthesia
was induced and maintained via isoflurane inhalation. The
surgical site of the right knee was shaved, disinfected, and
draped, supplemented by local infiltration anesthesia using
lidocaine. In the model group, a 1.5-cm longitudinal inci-
sion was made medial to the patella. The patella was later-
ally dislocated to expose the joint cavity, and the anterior
meniscotibial ligament of the medial meniscus was tran-
sected to establish the DMM model. In the Sham group, the
joint cavity was exposed identically, but the meniscus was
left intact. The joint capsule and skin were sutured layer by
layer and disinfected. Postoperatively, all rats were housed
under standard pathogen-free conditions with ad libitum ac-
cess to food and water. To prevent infection and manage
pain, intramuscular injections of penicillin and parecoxib
were administered for 5 consecutive days. All animals re-
covered uneventfully. Four weeks post-surgery, two rats
from the model group were randomly euthanized for patho-
logical sectioning to verify the successful establishment of
OA (Supplementary Fig. 1). The remaining 15 rats pro-
ceeded to the subsequent bone defect creation and hydrogel
implantation phase.

In situ Implantation of HAMA-ART Hydrogel into SCB

Rats with successfully established DMM models were
re-anesthetized. The original incision was re-opened,
and the knee was maximally flexed to expose the medial
femoral condyle. A cylindrical focal bone defect (3 mm
in diameter and 2-3 mm in depth) was meticulously cre-
ated within the cancellous bone region using a medical bone
drill. Bone debris was flushed out via repeated sterile saline
irrigation, and the defect site was dried using sterile cotton
swabs. Subsequently, 30 uL of the pre-formulated hydrogel
precursor solution (HAMA or HAMA-ART) was precisely
injected into the defect via a micropipette to ensure com-
plete cavity filling. The hydrogel was then in situ photo-
crosslinked and fully cured using local 365 nm UV irra-
diation (Supplementary Fig. 2). For the vehicle control
(Saline group), an equal volume of sterile saline was in-
jected into the defect. For the Sham group, the medial
femoral skin was incised and sutured without creating a
bone defect.

Postoperative Radiographic Evaluation of the Knee Joint

At 8 weeks post-implantation, all SD rats (n = 5 per
group) were euthanized. The intact knee joints were har-
vested, fixed in 4% paraformaldehyde (PFA) at RT for 48
h, and subsequently transferred to 70% ethanol. The fixed
joints were secured along their longitudinal axis in scanning
tubes and subjected to high-resolution Micro-CT scanning
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(VNC-102, Pingseng, Jiangsu, China). The acquired 2D to-
mographic slices were imported into the system’s integrated
software to generate 3D spatial reconstructions of the tib-
ial and femoral compartments. Quantitative analysis of the
SCB microarchitecture was performed by an investigator
blinded to the treatment groups, evaluating key parameters
including bone volume fraction (BV/TV), trabecular thick-
ness (Tb.Th), and trabecular separation (Tb.Sp).

Histopathological and IF Staining of Joint Sections

Following Micro-CT scanning, the fixed specimens
were decalcified in 10% EDTA solution on a shaker at 37 °C
for approximately 4 weeks, with the solution refreshed ev-
ery 3 days. Upon confirmation of complete decalcification
via needle puncture, the samples underwent routine gradi-
ent ethanol dehydration, xylene clearing, and paraffin em-
bedding. Serial 5 pm thick sagittal sections were cut and
baked onto glass slides.

For histopathological evaluation, deparaffinized and
rehydrated sections (n = 5 per group) were stained with
Hematoxylin-Eosin (H&E) and Safranin O-Fast Green.
Cartilage integrity, cellular arrangement, and proteoglycan
content were examined using bright-field microscopy. Car-
tilage thickness in the weight-bearing area of the medial tib-
ial plateau was quantified using ImageJ software. Addition-
ally, structural damage in Safranin O-stained sections was
independently evaluated by two blinded researchers using
the modified Mankin scoring system.

For in situ IF analysis, rehydrated sections underwent
enzymatic antigen retrieval using a pepsin solution. After
blocking with 5% BSA for 1 h at RT, the sections were in-
cubated overnight at 4 °C with primary antibodies targeting
COL241, MMP13, or Runx2. Following PBS washes, the
sections were incubated with corresponding fluorophore-
conjugated secondary antibodies in the dark for 1 h at RT.
Nuclei were counterstained with DAPI, and the slides were
mounted. Images were acquired using a fluorescence mi-
croscope, and the mean fluorescence intensities of COL2A4 1
and MMP13 were quantified using ImagelJ software.

Statistical Analysis

All quantitative data are presented as the mean =+ stan-
dard deviation from at least three independent experiments
(n > 3). Statistical analyses and data visualization were
performed using GraphPad Prism 10.0 software (GraphPad
Software, LLC, Boston, MA, USA). Pairwise comparisons
were analyzed using the two-tailed Student’s z-test, while
comparisons among three or more groups were conducted
using one-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test. Normality of the data was assessed
using the Shapiro-Wilk test. Non-parametric data were an-
alyzed using the Kruskal-Wallis test. p < 0.05 was consid-
ered statistically significant.
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Results

Morphological Characterization of SCB and Runx?2
Expression in Osteoblasts

We first evaluated morphological differences between
the sclerotic medial region and the relatively non-sclerotic
lateral region of femoral condyles from OA patients. Gross
observation showed apparent densification and hardening
in the medial region. SEM further showed that the lat-
eral region retained a relatively porous trabecular structure,
whereas the medial region exhibited trabecular thickening
and fusion, resulting in a dense plate-like microstructure
(Fig. 1A).

Primary osteoblasts were subsequently isolated from
SCB tissues. In vitro, the adherent cells exhibited spindle-
shaped or polygonal morphologies with a characteristic
whirlpool-like growth pattern. Alizarin Red S (ARS) stain-
ing showed calcified nodule formation, while ALP staining
confirmed osteogenic activity (Fig. 1B). Western blot anal-
ysis showed that Runx2 protein levels were significantly
higher in osteoblasts from the sclerotic region (OA group)
than in those from the relatively non-sclerotic region (CON
group) (p < 0.01; Fig. 1C,D).

Chondrocyte Characterization and Osteoblast-Driven
Paracrine Effects on Cartilage Degeneration

Primary articular chondrocytes exhibited typical
polygonal or short spindle-like morphologies in vitro, form-
ing a cobblestone-like pattern at high confluence. Tolui-
dine Blue and Alcian Blue staining confirmed the secretion
of proteoglycans and acidic mucopolysaccharides, verify-
ing the chondrocyte phenotype (Fig. 2A).

To evaluate osteoblast—chondrocyte paracrine com-
munication, chondrocytes were treated with CM derived
from either CON or OA osteoblasts. Western blot anal-
ysis showed that CM from OA osteoblasts significantly
reduced COL2A1 expression and increased MMPI3 and
COLX expression in chondrocytes compared with CM from
CON osteoblasts (Fig. 2B-E). Immunofluorescence stain-
ing showed a similar trend, with decreased COL2A41 ex-
pression and increased MMP]3 intensity in OA CM-treated
chondrocytes (Fig. 2F—I). These findings suggest that OA
subchondral osteoblast-derived soluble factors may pro-
mote catabolic and hypertrophic changes in chondrocytes.

Characterization and Optimization of HAMA-ART
Hydrogels

The chemical structure of HAMA, which served as
the hydrogel matrix, is shown in Fig. 3A. ART was dis-
solved in DMSO and then incorporated into the HAMA
precursor solution to prepare the HAMA-ART hydrogel
(Fig. 3B). To determine the optimal ART-loading concen-
tration, hydrogels containing different ART concentrations
were co-cultured with osteoblasts. CCK-8 results showed
that 100 uM ART significantly inhibited osteoblast prolif-
eration, whereas 50 M maintained favorable cytocompati-
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Fig. 1. Morphological differences in subchondral bone between sclerotic and non-sclerotic regions in OA patients and Runx2
expression in osteoblasts. (A) Macroscopic and scanning electron microscopy (SEM) images of subchondral bone from the medial
sclerotic and lateral non-sclerotic regions of the femoral condyle in osteoarthritis (OA) patients. (B) Light microscopy morphology
of primary osteoblasts isolated from subchondral bone, along with Alizarin Red S (ARS) and alkaline phosphatase (ALP) staining to
confirm the osteogenic phenotype and calcified nodule formation. (C,D) Representative Western blot bands and quantitative analysis of
the osteogenic transcription factor Runx2 in osteoblasts isolated from non-sclerotic (CON group) and sclerotic (OA group) subchondral
bone (n =3, **p < 0.01). Image analysis was performed using ImagelJ, quantitative graphs were generated using GraphPad Prism 10.0,

and the figure was assembled using Adobe Photoshop 2021 (Adobe Inc., San Jose, CA, USA).

bility (Fig. 3C). Therefore, 50 uM was selected as the ART-
loading concentration for subsequent experiments.

Macroscopic observation showed that both HAMA
and HAMA-ART precursors were transparent and flow-
able before crosslinking. After 365 nm UV irradiation,
both groups underwent sol—gel transition and formed sta-
ble hydrogels (Fig. 3D). SEM imaging showed that both
lyophilized HAMA and HAMA-ART hydrogels exhibited
porous network structures (Fig. 3E). Quantitative analy-
sis showed that the mean pore size decreased from 104.3
+ 71.03 pm in the HAMA group to 68.05 £ 37.40 pm in
the HAMA-ART group after ART incorporation, while the
total porosity showed no significant difference between the
two groups (Fig. 3F). These results suggest that ART incor-
poration affected the pore size distribution of the HAMA
hydrogel while largely preserving its overall porosity.

FTIR analysis was performed to evaluate ART incor-
poration within the HAMA hydrogel matrix. The HAMA-
ART composite displayed characteristic absorption peaks
corresponding to both HAMA, including O—H stretching at
3334 cm~! and C=0 stretching at 1653 cm ™!, and ART, in-
cluding C=0 stretching at 1743 cm~! and C—O—C stretch-
ing at 1030 cm~! (Fig. 3G). No obvious new absorption
peaks or marked peak shifts were observed after ART load-
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ing, suggesting that ART was mainly incorporated into the
HAMA hydrogel network through physical encapsulation
rather than the formation of new covalent bonds.

The in vitro release assay showed that ART was grad-
ually released from the HAMA-ART hydrogel over the 24-
day observation period, indicating a sustained release pro-
file (Fig. 3H). In addition, the degradation assay showed a
progressive increase in mass loss over time in both HAMA
and HAMA-ART hydrogels, indicating that the hydro-
gels were degradable under hyaluronidase-containing con-
ditions (Fig. 3I).

In addition, the mechanical properties of HAMA and
HAMA-ART hydrogels were further evaluated. Rheolog-
ical analysis showed that both hydrogels exhibited typical
gel-like behavior after photo-crosslinking, with the storage
modulus (G’) higher than the loss modulus (G”). Quanti-
tative analysis showed no significant differences in either
G' or G" between the HAMA and HAMA-ART groups,
indicating that ART incorporation did not markedly af-
fect the viscoelastic properties of the HAMA hydrogel
(Supplementary Fig. 3A-C). Compressive testing fur-
ther showed that ART incorporation altered the compres-
sive mechanical response of the HAMA hydrogel. Com-
pared with HAMA, HAMA-ART exhibited a lower com-
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images of isolated primary chondrocytes, with Toluidine Blue and Alcian Blue staining confirming the chondrogenic phenotype. (B—
E) Representative Western blot bands and quantification of the anabolic marker COL24 1, hypertrophic marker COLX, and catabolic
enzyme MMP]3 in chondrocytes treated with conditioned medium (CM) from normal (CON group) or OA osteoblasts (OA group) (n

= 3). (F,G) Representative immunofluorescence images and fluorescence intensity quantification of COL2A1 in chondrocytes (n = 5).

(H,I) Representative immunofluorescence images and fluorescence intensity quantification of MMP13 in chondrocytes (n = 5) (*p <

0.05, **p < 0.01, ****p < 0.0001). Image analysis was performed using ImageJ, quantitative graphs were generated using GraphPad
Prism 10.0, and the figure was assembled using Adobe Photoshop 2021 (Adobe Inc., San Jose, CA, USA).

pressive strength but a higher compressive modulus, indi-
cating increased initial compressive stiffness but reduced
ultimate compressive resistance (Supplementary Fig. 3D—
F). These results suggest that ART loading modified the in-
ternal network response of the hydrogel under compression.

Biocompatibility of the HAMA and HAMA-ART Hydrogel

To evaluate in vitro biosafety, osteoblasts were co-
cultured with HAMA and HAMA-ART hydrogels and as-
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sessed by live/dead staining on days 1 and 5. On day 1,
cells in all groups predominantly exhibited green fluores-
cence, with only minimal red fluorescence, indicating good
cell viability (Fig. 4A). Quantitative analysis showed that
cell viability exceeded 90% in all groups, with no signif-
icant differences among the groups (Fig. 4B). By day 5,
cell density increased, while the proportion of dead cells re-
mained low (Fig. 4C). Cell viability remained above 90%
across all groups (Fig. 4D).
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An in vitro hemolysis assay was further performed
to evaluate hemocompatibility. The supernatants of the
HAMA, HAMA-ART, and saline groups remained clear,
with intact red blood cell sedimentation, whereas the Triton
X-100 group showed obvious hemolysis (Fig. 4E). Quan-
titative analysis at 540 nm showed that the hemolysis lev-
els in the HAMA and HAMA-ART groups were negligi-
ble and not significantly different from the saline group,
but were significantly lower than those in the Triton X-
100 group (p < 0.0001; Fig. 4F). These results indicate
that both HAMA and HAMA-ART hydrogels had favorable
cytocompatibility and hemocompatibility. They also sug-
gest that the subsequent Runx2 downregulation observed in
HAMA-ART-treated osteoblasts was unlikely to be caused
by non-specific cytotoxicity.
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HAMA-ART Hydrogel Downregulates Runx2 in OA
Osteoblasts and Modulates Osteoblast—Chondrocyte
Paracrine Effects In vitro

To evaluate the modulatory effect of HAMA-ART on
OA osteoblasts, hydrogels were co-cultured with OA os-
teoblasts. Western blot analysis showed that HAMA-ART
significantly reduced Runx2 expression in OA osteoblasts
compared with both the untreated OA control and HAMA-
only groups (Fig. 5A,B). The HAMA-only group did not
induce an equivalent decrease in Runx2 expression, sug-
gesting that the observed Runx2 reduction was not simply
caused by the HAMA matrix or hydrogel-mediated changes
in the culture environment (Fig. 5A,B).

To assess the downstream paracrine effects on chon-
drocytes, primary chondrocytes were treated with CM de-
rived from these osteoblast cultures. Western blot analy-
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sis showed that CM from HAMA-ART-treated osteoblasts
significantly reduced the expression of the hypertrophic
marker COLX in chondrocytes (Fig. 5C,D). IF (Fig. SE-
H) and Western blot analysis (Fig. 5I-K) further showed
that this HAMA-ART-modulated CM preserved COL2A1
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expression and reduced MMP13 expression compared with
CM from untreated OA osteoblasts. These findings suggest
that HAMA-ART attenuated the adverse paracrine effects
of OA osteoblasts on chondrocytes, which was associated
with reduced aberrant Runx2 expression in OA osteoblasts.
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HAMA-ART Hydrogels Attenuate Pathological SCB
Remodeling In vivo

To evaluate the in vivo protective effect of the local-
ized HAMA-ART delivery system, Micro-CT scanning was
performed on rat knee joints 8 weeks post-implantation.
Three-dimensional reconstructions and two-dimensional
coronal sections showed that the Saline and HAMA groups
exhibited obvious osteophyte formation, irregular joint con-
tours, and trabecular disruption. In contrast, the HAMA-
ART group showed reduced osteophyte formation, better
preservation of condylar morphology, and a relatively more
continuous subchondral trabecular structure (Fig. 6A).

Quantitative analysis of the subchondral cancel-
lous bone further supported these morphological observa-
tions. Compared with the Saline and HAMA groups, the
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HAMA-ART group showed increased bone volume frac-
tion (BV/TV) and trabecular thickness (Tb.Th), together
with reduced trabecular separation (Tb.Sp) (Fig. 6B-D).
These results suggest that localized HAMA-ART interven-
tion attenuated OA-associated SCB microstructural deteri-
oration.

In situ HAMA-ART Implantation Mitigates Articular
Cartilage Degeneration

To assess the chondroprotective effects of the HAMA-
ART hydrogel, knee joints harvested 8 weeks post-
implantation were evaluated by H&E and Safranin O-Fast
Green staining. H&E staining showed a smooth carti-
lage surface with organized chondrocyte distribution in the
Sham group. In contrast, the Saline and HAMA groups ex-
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Fig. 6. Micro-CT evaluation of subchondral bone microarchitecture 8 weeks post-implantation. (A) 3D Micro-CT reconstructions
of rat knee joints 8 weeks post-implantation in the DMM model. (B-D) Quantification of subchondral bone microstructural parameters
in the medial femoral condyle: bone volume fraction (BV/TV), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) (n =5,
**p < 0.01, ¥**p < 0.001, ****p < 0.0001. ns, no significant difference). Quantitative graphs were generated using GraphPad Prism
10.0, and the figure was assembled using Adobe Photoshop 2021 (Adobe Inc., San Jose, CA, USA).

hibited cartilage thinning, surface fibrillation, and chondro-
cyte loss. The HAMA-ART group maintained a relatively
intact cartilage surface with better preserved cellular orga-
nization and cartilage thickness (Fig. 7A).

Safranin O staining showed marked proteoglycan
loss in the cartilage of the Saline and HAMA groups,
whereas the HAMA-ART group retained stronger red
staining, indicating better preservation of cartilage matrix
(Fig. 7B). Quantification using the modified Mankin score
showed more severe cartilage degeneration in the Saline
and HAMA groups, which was alleviated by HAMA-ART
treatment (Fig. 7C). In addition, relative cartilage thick-
ness was better preserved in the HAMA-ART group than in
the Saline and HAMA groups (Fig. 7D). These histological
findings suggest that localized subchondral HAMA-ART
implantation mitigated cartilage structural deterioration and
matrix loss.

To further evaluate whether HAMA-ART modulated
Runx2 expression in vivo, IF staining was performed in SCB
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sections. Compared with the Saline and HAMA groups, the
HAMA-ART group showed reduced Runx2 fluorescence
intensity in the SCB region, which was consistent with
the in vitro findings. These results indicate that HAMA-
ART implantation was associated with attenuation of aber-
rant Runx2 expression in the OA SCB microenvironment
(Supplementary Fig. 4).

HAMA-ART Modulates Cartilage Matrix Metabolism In
vivo

To evaluate the in vivo effect of HAMA-ART on car-
tilage matrix metabolism, IF analysis was performed. In
the Sham group, the anabolic marker COL2A41 showed
strong fluorescence, whereas its expression was reduced in
the Saline and HAMA groups. After HAMA-ART treat-
ment, COL2A41 fluorescence intensity was partially pre-
served compared with the Saline and HAMA groups (Fig.
8A,0).

In contrast, MMPI3 fluorescence intensity was in-
creased in the Saline and HAMA groups, indicating en-
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using Adobe Photoshop 2021 (Adobe Inc., San Jose, CA, USA).

hanced matrix catabolism. HAMA-ART treatment reduced
MMP13 expression compared with the Saline and HAMA
groups (Fig. 8B,D). These findings suggest that targeted
subchondral HAMA-ART intervention helped maintain
cartilage matrix metabolic balance by preserving COL2A41
expression and reducing MMP13 expression.

Discussion

Conventional clinical interventions for KOA mainly
focus on symptomatic relief or the management of late-
stage cartilage degeneration, but they often fail to address
pathological remodeling within the SCB microenvironment
[22,23]. In addition, rapid synovial clearance and the
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dense anatomical structure of the SCB limit the local re-
tention and penetration of free therapeutic agents [24,25].
To address these challenges, the present study developed
an in situ photo-crosslinkable HAMA-ART hydrogel for
localized modulation of the SCB microenvironment. /n
vitro, HAMA-ART attenuated aberrant Runx2 upregulation
in OA subchondral osteoblasts under non-cytotoxic con-
ditions. Conditioned medium-transfer experiments further
suggested that HAMA-ART treatment reduced the adverse
soluble factor-mediated paracrine effects of OA osteoblasts
on chondrocytes, as reflected by decreased catabolic and
hypertrophic responses. In vivo, localized HAMA-ART
implantation alleviated OA-associated SCB microstruc-
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tural deterioration and cartilage degeneration. These find-
ings suggest that HAMA-ART may provide a localized
biomaterial-based strategy for modulating the OA subchon-
dral bone microenvironment.

Pathological SCB remodeling is increasingly recog-
nized as an important contributor to KOA progression
rather than merely a secondary consequence of cartilage de-
generation [23,26]. This process is closely associated with
abnormal osteoblast phenotypes. Runx2, a key transcrip-
tion factor involved in osteogenic differentiation, can be
aberrantly upregulated under OA conditions and may con-
tribute to disturbed bone metabolic homeostasis and sub-
chondral bone remodeling [27]. In addition, OA-associated
osteoblasts may affect overlying chondrocytes through sol-
uble mediators and osteochondral interface communica-
tion, thereby contributing to cartilage matrix imbalance and
hypertrophic changes [28,29].

Consistent with this concept, our conditioned
medium-transfer experiments showed that soluble fac-
tors derived from OA osteoblasts increased COLX and
MMP13 expression and reduced COL2A41 expression in
chondrocytes. These findings provide proof-of-concept
evidence that OA subchondral osteoblasts can adversely
affect chondrocyte matrix metabolism through paracrine
mechanisms [30,31]. However, this two-dimensional CM-
based model mainly reflects soluble mediator-dependent
communication and does not fully reproduce the complex
osteochondral interface in vivo, including direct cell—cell
interactions, extracellular matrix-mediated signaling,
mechanical coupling, or spatial diffusion gradients.

In the present study, HAMA-ART treatment attenu-
ated aberrant Runx2 upregulation in OA osteoblasts, which
was accompanied by reduced catabolic and hypertrophic re-
sponses in chondrocytes exposed to conditioned medium
from treated osteoblasts. Considering the established role
of Runx2 in OA-associated joint degeneration and os-
teoblast differentiation [32,33], these findings suggest that
HAMA-ART-mediated modulation of the OA osteoblast
phenotype may contribute to the attenuation of patholog-
ical osteoblast—chondrocyte paracrine effects. However,
the specific osteoblast-derived mediators responsible for
this Runx2-associated paracrine communication were not
identified in the present study, and the underlying pathway
therefore remains to be molecularly characterized. In addi-
tion, Runx2 was assessed only at the protein level; therefore,
the current data cannot distinguish whether the observed re-
duction in Runx2 resulted from transcriptional suppression,
altered protein stability, or other post-translational regula-
tory mechanisms. Further studies are needed to clarify both
the regulation of Runx2 by ART and the downstream medi-
ators involved in osteoblast—chondrocyte communication.

In addition to its biological effect, the HAMA matrix
provided a localized carrier for ART delivery within the
SCB defect [34,35]. SEM analysis showed that HAMA-
ART retained a porous hydrogel network after ART in-
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corporation, while the total porosity was not significantly
changed compared with pure HAMA. Such a porous struc-
ture may facilitate fluid exchange and local tissue integra-
tion after implantation [36,37]. FTIR analysis further sug-
gested that ART was mainly incorporated into the HAMA
network through physical encapsulation rather than new co-
valent bond formation.

The in vitro release assay showed that ART was gradu-
ally released from the HAMA-ART hydrogel, supporting its
role as a local drug reservoir. Hydrogel networks can regu-
late molecular diffusion and thereby support sustained local
drug release [38]. This sustained release behavior may help
prolong local ART exposure within the subchondral de-
fect compared with free-drug administration, which is com-
monly limited by rapid clearance in the joint environment
[24,39]. In addition, the degradation assay showed progres-
sive mass loss of both HAMA and HAMA-ART hydrogels
under hyaluronidase-containing conditions, indicating that
the HA-based hydrogel matrix was degradable over time
[40].

Mechanical characterization is important for
hydrogel-based biomaterials because their viscoelas-
tic and compressive properties influence deformation
behavior and suitability for tissue-defect filling [41,42].
In this study, ART incorporation did not significantly
alter the storage modulus or loss modulus of the HAMA
hydrogel, suggesting that the basic viscoelastic properties
of the hydrogel were maintained. However, compres-
sive testing showed a lower compressive strength but a
higher compressive modulus in HAMA-ART compared
with HAMA, indicating increased initial compressive
stiffness but reduced ultimate compressive resistance.
Therefore, HAMA-ART should be regarded as a localized
drug-delivery and defect-filling hydrogel rather than an
independent load-bearing substitute for SCB.

Despite these findings, this study has several limita-
tions. First, the therapeutic effect of HAMA-ART was eval-
uated at a single endpoint of 8 weeks post-implantation,
and further studies with multiple time points are needed to
clarify the dynamic changes in hydrogel degradation, ART
release, SCB remodeling, and cartilage protection in vivo.
Second, a free ART control group was not included in the
animal experiment. Although our strategy mainly focused
on localized ART retention within the subchondral bone de-
fect, free ART may be limited by insufficient local reten-
tion and rapid clearance in the joint environment [43,44].
Therefore, future studies should further compare free ART
administration with HAMA-ART implantation. Third, the
conditioned medium-based model used in this study mainly
reflects soluble factor-mediated paracrine effects and can-
not fully reproduce the complex osteochondral interface in
vivo. Future studies using larger animal models and three-
dimensional osteochondral models will be needed to further
validate the therapeutic potential and translational applica-
bility of HAMA-ART [45].
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Conclusions

In summary, this study developed an in situ photo-
crosslinkable HAMA-ART hydrogel for localized delivery
to the SCB. HAMA-ART attenuated aberrant Runx2 upreg-
ulation in OA osteoblasts and was associated with reduced
pathological bone—cartilage crosstalk, ameliorated SCB de-
terioration, and delayed articular cartilage degradation.
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