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Abstract

Osteoarthritis (OA) is a degenerative joint disease characterized by cartilage degrada-
tion, inflammation, and pain, for which conventional systemic therapies often lack sus-
tained efficacy. Therefore, localized delivery platforms that provide both sustained release
and therapeutic activity are urgently needed. We developed a thermosensitive injectable
hydrogel—hydroxybutyl chitosan (HBC)—that transitions from a sol to a gel at physio-
logical temperature (37 ◦C). Curcumin, a natural anti-inflammatory compound with poor
bioavailability, was loaded to create a composite hydrogel system (Cur@HBC). HBC ex-
hibited excellent injectability, stability, and biocompatibility. Cur@HBC enabled sustained
release of curcumin and significantly attenuated OA progression in vivo, as evidenced
by reduced cartilage degradation, decreased expression of MMP13 and pro-inflammatory
cytokines (IL-1β, IL-6, TNF-α), improved Collagen II retention, and recovery of carti-
lage function. Mechanistically, curcumin inhibited chondrocyte apoptosis and promoted
macrophage polarization toward the M2 phenotype. This study presents a dual-functional
hydrogel platform that combines thermosensitive mechanical support with sustained anti-
inflammatory drug delivery. The injectable Cur@HBC hydrogel shows great promise as a
localized OA therapy, with the potential to improve joint function.
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1. Introduction
Osteoarthritis (OA) ranks as the seventh leading cause of disability among individuals

over the age of 70 worldwide. The associated pain and disability significantly diminish
patients’ quality of life. Epidemiological studies indicate that approximately 50% of in-
dividuals aged over 60 exhibit radiographic evidence of OA, with 30–50% experiencing
clinical symptoms. Additionally, the Bayesian Age–Period–Cohort (BAPC) model indicates
an increasing trend in OA incidence [1]. It is predicted that the years lived with disability
(YLD) attributable to OA in China will continue to rise, potentially peaking by 2030 [2].
Moreover, the prolonged course and recurrent episodes consume significant healthcare and
nursing resources. Osteoarthritis-related medical expenditures account for approximately
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1–2.5% of the gross national product [3]. The global economic impact of early onset os-
teoarthritis exceeds USD 106.87 billion in direct costs, with nearly 60% attributed to indirect
productivity loss. According to the Global Burden of Disease (GBD) study, OA affected
7.6% of the global population (approximately 595 million people) in 2020. This burden has
continued to increase globally, affecting around 7.6% of the global population in 2024 [4].

OA is a chronic degenerative joint disease characterized by primary or secondary
degeneration and structural disruption of the knee articular cartilage. It involves synovitis,
subchondral cartilage exfoliation, osteophyte formation, and impaired subchondral bone
remodeling, whose changes gradually compromise joint stability and integrity, ultimately
resulting in joint dysfunction, deformity, and chronic pain. Clinically, OA presents as knee
pain, swelling, deformity, stiffness, and impaired flexion and extension [5–7]. Currently,
clinical treatment of OA primarily relies on systemic administration of analgesics such as
opioids, steroids, non-steroidal anti-inflammatory drugs (NSAIDs), and acetaminophen to
relieve symptoms. Among these, oral and topical NSAIDs (including COX-2 inhibitors)
are commonly employed as first-line therapies for osteoarthritis [8]. However, these con-
ventional systemic therapies merely reduce the production of prostaglandin E2 during
inflammation or decrease neural sensitivity, thereby providing pain relief without exerting
substantial anti-inflammatory or disease-modifying effects [9]. Consequently, they fail to
prevent cartilage degradation or address the intra-articular inflammatory microenviron-
ment that underlies OA progression [10]. Furthermore, long-term use of systemic medica-
tions is frequently limited by significant side effects such as dependency, gastrointestinal
adverse effects, hepatotoxicity, and nephrotoxicity. Therefore, conventional systemic thera-
pies exhibit limited sustained efficacy in chronic OA management, highlighting the urgent
need for localized, long-acting therapeutic strategies. Intra-articular corticosteroid injec-
tions are commonly used for osteoarthritis management and typically exhibit fewer adverse
effects; however, frequent injections still pose risks such as joint infection, nerve damage,
and osteoporosis [11].

Numerous studies have proved that inflammation (e.g., synovitis) and cartilage de-
generation are critical pathological factors during the early stages of OA. Synovitis persists
throughout the entire development of OA, accelerates disease progression, and contributes
significantly to joint pain [12]. The synovium secretes cytokines, which recruit numer-
ous macrophages that can differentiate into either M1 or M2 subtypes. For instance, an
increased presence of inflammatory M1 macrophages and/or a reduced number of anti-
inflammatory M2 macrophages is closely related to cartilage degeneration and the severity
of OA. Kou et al. developed artificial opsonin nanoparticles loaded with anti-inflammatory
drugs (IgG/Bb@BRPL), which are preferentially internalized by activated M1 macrophages.
Through reactive oxygen species (ROS) clearance and inhibition of the NF-κB pathway,
these nanoparticles facilitate the re-polarization of macrophages from M1 towards the
M2 subtype. This shift helps to restore the metabolic functions of chondrocytes under
osteoarthritic conditions, effectively enhancing the therapeutic efficacy by simultaneously
suppressing inflammation and promoting cartilage repair. These findings suggest that
strategies aimed at converting pro-inflammatory M1 macrophages into anti-inflammatory
M2 macrophages are feasible and promising anti-inflammatory therapeutic approaches [13].

In recent years, traditional Chinese medicine (TCM) has demonstrated significant
clinical efficacy in the treatment of OA. TCM formulations and monomeric compounds
exhibit notable anti-inflammatory effects. Among these, curcumin—a polyphenolic com-
pound extracted from turmeric plants—has garnered considerable attention [14]. Curcumin
exhibits anti-inflammatory, antioxidant, and antimicrobial activities [15,16]. Emerging
evidence demonstrates that curcumin inhibits key inflammatory signaling pathways; sup-
presses the production of cytokines such as IL-1β, IL-6, and TNF-α; and downregulates
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matrix-degrading enzymes including MMP13, thereby attenuating cartilage matrix loss
and chondrocyte apoptosis. Thus, curcumin has been widely utilized in the management
of OA [17–20]. Beyond its intrinsic bioactivity, considerable effort has been devoted to
enhancing its therapeutic efficacy for OA. One strategy involves developing curcumin
delivery systems, including nanomaterials [21], metal–organic frameworks (MOFs) [22],
extracellular vesicles [23], and microgels [24], to improve bioavailability and targeting.
Another strategy involves investigating the therapeutic mechanisms of curcumin, such as
inhibiting inflammation, combating oxidative stress, preventing cell apoptosis, inhibiting
angiogenesis, and promoting cartilage regeneration [25–28]. These findings underscore
curcumin’s potential as a multi-target agent capable of regulating inflammation, oxidative
stress, and cartilage homeostasis, thus offering a compelling therapeutic avenue for os-
teoarthritis management. However, curcumin, as a β-diketone polyphenol, is limited by its
poor water solubility, chemical instability, and low bioavailability [29]. The development of
optimized delivery platforms is, therefore, essential to provide viable strategies to enhance
its therapeutic efficacy and advance its application in OA management.

In recent years, injectable hydrogels have emerged as promising intra-articular thera-
peutic platforms for osteoarthritis due to their excellent biocompatibility, tunable mechani-
cal properties, and ability to undergo in situ gelation [30]. Various natural and synthetic
polymers—including hyaluronic acid, alginate, chitosan, and PEG-based derivatives—have
been engineered to construct thermosensitive, pH-responsive, and self-healing hydrogel
systems capable of modulating the inflammatory microenvironment within the joint. These
hydrogels not only provide lubrication and mechanical support but also enable sustained
and localized release of anti-inflammatory or antioxidant agents, thereby attenuating carti-
lage matrix degradation and improving joint function [31]. Moreover, composite systems
integrating metal–organic frameworks, nanoparticles, or extracellular vesicles into hydrogel
matrices have demonstrated enhanced intra-articular retention and regenerative potential
in preclinical models [32,33]. Hydrogel microspheres have been proved to encapsulate
drugs effectively, enabling controlled release and sustained drug delivery [34]. J. Li devel-
oped a flexible hydrogel composed of a sodium alginate (SA) matrix and curcumin-loaded
MOFs, which achieved effective drug loading and sustained release [15]. Collectively, these
advances highlight injectable hydrogels as a strategically important direction for over-
coming the limitations of conventional pharmacological therapies and achieving precise,
localized treatment of osteoarthritis.

In this study, we developed an injectable hydrogel named HBC with thermosensitivity.
Native chitosan shows limited solubility at physiological pH and lacks the capacity to form
injectable gels, restricting its use in intra-articular delivery. By introducing hydroxybutyl
groups, HBC gains excellent aqueous solubility and a reversible thermosensitive sol–gel
transition, allowing it to flow during injection and rapidly gel in the joint cavity. This
modification enables the formation of an in situ depot that conforms to the joint space
and enhances local drug retention, substantially improving its suitability for intra-articular
applications. The hydrogel possesses a cross-linked network structure that exists as a
flowing liquid at 4 ◦C and undergoes an in situ phase transition to a stable, supportive gel
state at 37 ◦C. This hydrogel offers advantages in terms of convenient storage and injection,
while simultaneously providing lubrication, mechanical support, and cushioning effects
after gelation, thereby reducing particulate friction between cartilage surfaces within the
joint cavity. On this basis, we further established an injectable thermosensitive hydrogel
drug delivery system loaded with curcumin. This study comprehensively evaluated
the physicochemical properties, thermosensitive behaviors, sustained release profiles,
in vitro and in vivo therapeutic efficacy, and mechanism of this curcumin-loaded hydrogel.
Our findings provide a robust foundation for the development of innovative localized
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OA therapies, aiming to improve therapeutic outcomes, minimize systemic toxicity, and
ultimately enhance patients’ quality of life.

2. Results and Discussion
2.1. Results
2.1.1. Synthesis and Characterization

As shown in Figure 1A, HBC was obtained via alkaline ring-opening grafting of
1,2-epoxy butane onto chitosan. The C6 position is the favored substitution site because
its primary hydroxyl is readily deprotonated under basic conditions and is minimally
sterically hindered, facilitating ether formation. This positional preference is consistent with
established polysaccharide O-alkylation mechanisms [35,36], though partial substitution at
secondary positions is expected and intrinsic to polysaccharide chemistry. In the 1H NMR,
the expected resonances were observed for the N-acetyl group (~1.9 ppm), H-2 (~3.0 ppm),
and the non-anomeric ring protons (3.5~4.0 ppm). Aliphatic signals appeared within
0.7~1.7 ppm, and the carbohydrate backbone signals were retained (Figure 1B). The FTIR
spectrum exhibited a broad O-H/N-H stretch at 3300–3450 cm−1, prominent aliphatic C–H
stretches at 2919 and 2873 cm−1, and amide bands at ~1647 cm−1 and 1576 cm−1 (amide).
The distinct CH3 deformation at ~1462 cm−1 and CH2/CH3 wagging near 1374~1390 cm−1

indicate the presence of hydroxybutyl substituents, while the polysaccharide framework
is evidenced by C-O-C (glycosidic) stretching at 1146 cm−1 together with C-O stretches
at 1100~1056 cm−1, and a band around 1026 cm−1 is assigned to primary-alcohol C-
O vibrations on the substituted units (Figure 1C). The degree of substitution (DS) of
hydroxybutyl groups was first estimated from the 1H NMR spectrum by integrating the
terminal methyl resonance at 0.8~1.1 ppm (3H) relative to the normalized glucosamine
ring protons (H2–H6, 5H) at 3.0~4.0 ppm, yielding a calculated DS of approximately 1.02.
To provide an independent verification, elemental analysis was used to estimate grafting
based on the decrease in nitrogen content and the corresponding increase in carbon content
after modification. Assuming C4H9O2 as the grafted moiety, the EA-derived DS was
approximately 1.25 per repeating unit (Table S1). Although the DS values obtained by
NMR and EA were not identical, the difference was small and well within the expected
variation for polysaccharide derivatives, where signal overlap, chain heterogeneity, and
micro-environmental effects commonly introduce minor discrepancies. The consistency
between these two independent measurements confirms that HBC carries roughly one
hydroxybutyl substituent per glucosamine unit, which aligns with the known reactivity of
chitosan under alkaline O-alkylation conditions. At the macroscopic level, aqueous HBC is
a free-flowing sol at 4 ◦C and forms a self-supporting gel at 37 ◦C; curcumin-loaded HBC
(Cur@HBC) showed the same pattern, defining a practical handling window with cooling
before administration and rapid in situ setting under physiological conditions (Figure 1D).
Figure 1E reveals good injectability. A short clip documenting the sol–gel transition of
Cur@HBC from 4 ◦C to 37 ◦C is provided as Supplementary Video S1.
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Figure 1. (A) Schematic illustration of the modification pathway of hydroxybutyl chitosan (HBC);
(B) 1H NMR spectrum of HBC; (C) FTIR spectra of HBC; (D) macroscopic appearance of HBC and
Cur@HBC at 4 ◦C and 37 ◦C; (E) injectable capability of HBC; (F) rheological properties of HBC
and Cur@HBC determined by oscillatory temperature sweep mode; (G) in vitro release profile of
curcumin from Cur@HBC in PBS containing 1% Tween-80; (H) cell viability of BHK-21 cells after
incubation with different concentrations of HBC in a CCK-8 assay.
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As shown in Figure 1F, the rheological properties of the Cur@HBC system were
characterized using an oscillatory temperature sweep mode (4 to 40 ◦C, 1 Hz, 1% strain,
parallel-plate geometry, 20 mm diameter, 1 mm gap). For HBC, the storage modulus (G′)
surpassed the loss modulus (G′′) at 15.7 ◦C, indicating the formation of an elastic network.
Upon incorporating curcumin, the G′/G′′ crossover shifted modestly to 17.25 ◦C. A reason-
able explanation is that curcumin occupies a fraction of association-prone sites within the
HBC microenvironment and interacts with hydrophobic/hydrogen-bonding domains, so
a slightly higher temperature is required to complete dehydration and achieve network
percolation. The increase is small and leaves ample margin for practical application; both
HBC and Cur@HBC exist firmly within the gel regime at 37 ◦C (G′ > G′′), which supports
depot integrity after placement. The thermoresponsive sol–gel transition of HBC arises
from the temperature-dependent balance between hydrogen-bonded hydration and hy-
drophobic association. At low temperature, extensive hydration stabilizes the polymer
chains; upon heating, dehydration and aggregation of hydroxybutyl domains yield a phys-
ically crosslinked elastic network. This mechanism corresponds closely to the LCST-type
transitions described in recent analyses of hydrogen-bond-regulated thermosensitive poly-
mers [37]. Consistent with these rheological data, the photographs in Figure 1D illustrate
that cooling lowers viscosity for smooth passage through fine-gauge needles, whereas
body temperature gelation fixes the material at the target site, thereby limiting leakage
in confined spaces such as the joint cavity. To assess the distribution of curcumin within
the matrix, SEM imaging was performed on freeze-dried HBC and Cur@HBC samples
(Figure S1). Both materials exhibited the irregular porous morphology typical of physically
crosslinked HBC networks, while Cur@HBC showed uniformly dispersed fine particulates
along pore walls, indicating stable micro-scale dispersion rather than aggregation. Release
testing in PBS containing 1% Tween-80 showed a burst-then-sustained profile for Cur@HBC:
an initially faster phase over the first ~3 h, followed by a marked slowdown approaching
quasi-equilibrium by 24 h, with a 48 h cumulative release of 56.06 ± 7.5%. The early phase
is attributable to desorption/diffusion of the drug near the gel–medium interface or at
weakly bound sites; the slower phase reflects diffusion from the interior network as the
matrix equilibrates (Figure 1G). For intra-articular administration, the combination of a
low-temperature sol for accurate needle placement, rapid gelation at 37 ◦C for spatial
retention, and day-scale sustained release aligns with the pharmacologic goal of tempering
synovial inflammation while minimizing systemic exposure. The modest upward shift in
gelation temperature upon drug loading does not hinder performance under physiological
conditions, and the physically crosslinked, compliant network accommodates joint motion
without brittle failure, helping to stabilize residence and release. To evaluate the biosafety
of HBC, we performed a cytotoxicity assay on BHK-21 cells. As shown in Figure 1H, after
24 h culture in the presence of HBC at varying concentrations, the cell survival rate was
still above 90% even at 10 mg/mL, indicating its satisfactory cytocompatibility.

2.1.2. Cur@HBC Exerts the Best Performance in Attenuating OA Development in Mice

An OA mouse model was established via ACLT surgery to test the efficacy of our
newly developed drug-loading hydrogel. Histological analyses, including H&E, Safranin
O/Green, and Toluidine Blue staining, were performed on the knee joint sections of mice
at week 4 post-surgery. As shown in Figure 2B, the ACLT group exhibited marked cartilage
erosion, synovial inflammation, and proteoglycan loss compared to the control group. In
contrast, treatment with curcumin, HBC, and Cur@HBC substantially preserved cartilage
integrity, reduced synovial hyperplasia, and maintained proteoglycan content. Quantitative
histopathological scoring further confirmed these findings. Compared to the ACLT group,
Cur@HBC treatment significantly reduced the Pelletier inflammation score (Figure 2C),
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OARSI score (Figure 2D), and Mankin score (Figure 2E). These results suggest that the
Cur@HBC composite exhibits superior chondroprotective and anti-inflammatory properties
compared to individual treatments.

Figure 2. Cur@HBC exerts the best performance in attenuating OA development in mice. (A) The
treatment protocol for ACLT-induced OA mice with intra-articular injection of saline, curcumin,
HBC, or Cur@HBC. (B) Representative histological images of knee joints stained with H&E, Safranin
O/Fast Green, and Toluidine Blue at week 4. Scale bar = 200 µm. Quantitative scoring of (C) Pelletier
synovitis score; (D) OARSI score for cartilage degeneration; and (E) Mankin score for cartilage
damage. Data are presented as the mean ± SD (n = 5). ** p < 0.01, *** p < 0.001 compared with control
group; ## p < 0.01, ### p < 0.001 compared with ACLT group.

Histological analysis revealed that ACLT-induced osteoarthritis led to a marked re-
duction in Collagen II expression and an increase in MMP13-positive cells in articular
cartilage relative to the control group. Treatment with curcumin alone moderately pre-
served Collagen II and reduced MMP13 expression. Notably, both HBC and Cur@HBC
treatments significantly ameliorated cartilage degradation. The Cur@HBC group exhibited
the strongest Collagen II staining and the lowest MMP13 expression among all treated
groups (Figure 3A). Quantification confirmed these observations. Collagen II relative inten-
sity significantly decreased in the ACLT group, while Cur@HBC treatment significantly
restored it (Figure 3B). MMP13-positive cell percentage was significantly elevated in the
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ACLT group, and this increase was significantly suppressed in the HBC, curcumin, and
Cur@HBC groups (Figure 3C).

Figure 3. Cur@HBC treatment preserves cartilage matrix and reduces catabolic enzyme expression
in osteoarthritis. (A) Representative immunohistochemical staining of Collagen II and MMP13 in
articular cartilage sections from each group; scale bar = 100 µm. (B) Quantitative analysis of Collagen
II expression. (C) Percentage of MMP13-positive cells. Data are presented as mean ± SD (n = 5).
** p < 0.01, and **** p < 0.0001 compared with the control group; ## p < 0.01, ### p < 0.001, and
#### p < 0.0001 compared with the ACLT group.

2.1.3. Cur@HBC Treatment Preserves Joint Structure and Improves Motor Function in
ACLT-Induced Osteoarthritis

Micro-CT imaging revealed pronounced structural damage in the ACLT group, in-
cluding cartilage loss and joint space narrowing. In contrast, the joints of the Cur@HBC
group retained a normal architecture similar to that of the control group (Figure 4A).
Quantification of BV/TV showed a significant decrease in the ACLT group, indicating
bone loss. While both HBC and curcumin monotherapies showed partial protection, the
Cur@HBC combination preserved BV/TV levels close to normal (Figure 4B). Joint space
was significantly reduced in the ACLT group, indicating cartilage degeneration. The HBC,
curcumin, and Cur@HBC treatments significantly restored joint space width, suggesting
improved cartilage preservation (Figure 4C). ACLT surgery resulted in significant motor
impairment, as indicated by the increased “latency in thermal withdrawal test” values.
All treatments improved performance, with Cur@HBC resulting in the most significant
recovery (Figure 4D).
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Figure 4. Cur@HBC treatment preserves joint structure and improves motor function in ACLT-
induced osteoarthritis. (A) Representative micro-CT images of knee joints. Notable features such as
cartilage loss, joint space narrowing, and bone tear are marked. Scale bar = 1 mm. (B) Quantitative
analysis of relative bone volume/tissue volume (BV/TV). (C) Joint space measurements (mm).
(D) Behavioral evaluation of motor function based on “latency in thermal withdrawal test” response
(in seconds). Data are presented as mean ± SD. ** p < 0.01, and **** p < 0.0001 compared with control
group; # p < 0.05, ### p < 0.001, and #### p < 0.0001 compared with ACLT group.

2.1.4. Curcumin Alleviates Chondrocytes Apoptosis and Inflammation and Improves
Functional Outcome

Flow cytometric analysis revealed that TNF-α stimulation significantly increased the
proportion of apoptotic cells relative to the control. Treatment with curcumin drastically
reduced this apoptotic population, indicating its anti-apoptotic effect (Figure 5A,B). TNF-α
treatment robustly increased IL-6 production, a key inflammatory cytokine, while curcumin
significantly suppressed IL-6 secretion (Figure 5C).

2.1.5. Curcumin Modulates Macrophage Polarization

Flow cytometric analysis demonstrated distinct shifts in macrophage polarization in
response to LPS and curcumin treatment. In the control group, macrophages predominantly
expressed low levels of CD86 and CD206. Upon LPS stimulation, a marked increase in
CD86+ macrophages (M1-like) was observed (17.0%), indicating classical pro-inflammatory
activation. Co-treatment with curcumin slightly reduced CD86+ cells (14.3%) and markedly
increased CD206+ cells (1.04% vs. 0.20% in LPS alone), suggesting a partial switch to-
ward an anti-inflammatory M2-like phenotype (Figure 6A). Quantitative analysis showed
that the percentage of F4/80+CD206+ cells significantly increased in the LPS + curcumin
group compared to both the control and LPS groups (** p < 0.01), while the percentage
of F4/80+CD86+ cells remained high following LPS stimulation and was only modestly
decreased by curcumin treatment.
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Figure 5. Curcumin alleviates chondrocyte apoptosis and inflammation. (A) Flow cytometry analysis
of apoptosis in chondrocytes; (B) quantification of apoptotic cells from panel A; (C) IL-6 levels
in chondrocytes measured by ELISA. Data are presented as mean ± SD. ** p < 0.01, *** p < 0.001,
compared with control; ### p < 0.001 compared with TNF-α.

Figure 6. Curcumin modulates macrophage polarization. (A) Representative flow cytometry plots
showing the expression of CD86 (M1 marker) and CD206 (M2 marker) on macrophages under
different treatment conditions: control, LPS, and LPS + curcumin. (B) Quantification of M2 and M1
macrophage populations. Data are shown as mean ± SD; n = 3. ** p < 0.01 compared with LPS group;
NS not significant.
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2.2. Discussion

In this study, we systematically evaluated the protective effects of curcumin, HBC, and
their composite Cur@HBC in an ACLT-induced OA model. Histological staining revealed
severe cartilage destruction and matrix loss, accompanied by severe synovial inflammation,
in the ACLT group. Treatment with either curcumin or HBC alone provided moderate
protection; however, the combination of both (Cur@HBC) showed the most pronounced
therapeutic effect. The marked improvement in Safranin O and Toluidine Blue staining
confirmed that Cur@HBC preserved the proteoglycan-rich cartilage matrix. This was
evidenced by the significantly lower Mankin and OARSI scores as well as reduced synovitis
scores in the Cur@HBC group, suggesting effective inhibition of OA progress. These
findings imply that the composite formulation of Cur@HBC not only enhances curcumin’s
bioavailability and targeted delivery, but also synergistically amplifies its anti-inflammatory
and cartilage-protective properties.

At the molecular level, the protective effect of Cur@HBC was associated with the
maintenance of cartilage homeostasis. Immunohistochemical analysis showed that ACLT-
induced cartilage damage was characterized by reduced Collagen II and increased MMP13
expression, reflecting matrix breakdown and catabolic remodeling.

Treatment with Cur@HBC demonstrated superior efficacy, likely due to enhanced
bioavailability and targeted delivery. Treatment with curcumin alone exhibited a partial
protective effect, consistent with its known anti-inflammatory and antioxidant proper-
ties [38]. Interestingly, the HBC carrier without curcumin also exerted protective effects,
suggesting that the carrier itself may have cartilage-supportive or lubrication function.
These findings support the utility of hydrogel delivery systems for osteoarthritis treatment,
particularly in enhancing the efficacy of natural compounds like curcumin.

The imaging results further supported these observations. The significant reductions
in bone volume (BV/TV) and joint space narrowing in the ACLT group reflect hallmark
pathological changes in OA. Curcumin alone partially attenuated these changes. The
Cur@HBC formulation, however, demonstrated superior structural preservation, possibly
due to the enhanced local retention and bioavailability afforded by the hydrogel system. Be-
havioral analysis corroborated the structural findings, showing that Cur@HBC significantly
improved joint function, as evidenced by a decreased response time in motor testing. These
results suggest that the nanocarrier-based curcumin delivery system not only protects joint
integrity, but also restores functional outcomes more effectively than curcumin alone.

To investigate the underlying mechanisms, chondrocyte apoptosis and inflamma-
tory cytokine production were assessed. The substantial reduction in apoptotic cell ratio
and IL-6 secretion upon curcumin treatment highlights its potent anti-apoptotic and anti-
inflammatory effects. In addition, macrophages are key immune cells that play a central
role in the progression and resolution of inflammation in osteoarthritic (OA) joints. Within
the synovial microenvironment, macrophages exhibit remarkable plasticity and can po-
larize into either the classically activated (M1) or alternatively activated (M2) phenotype
in response to environmental cues [39]. M1 macrophages, also called classically activated
macrophages, mainly exert pro-inflammatory effects, secrete pro-inflammatory cytokines
such as IL-1β, TNF-α, and IL-6, and produce reactive oxygen and nitrogen species, thereby
contributing to cartilage matrix degradation, synovial inflammation, and pain sensitiza-
tion. In contrast, M2 macrophages, also referred to as alternatively activated macrophages,
exhibit anti-inflammatory effects in the immune response, promoting tissue repair and
remodeling through the secretion of IL-10, TGF-β, and arginase-1 [40]. In osteoarthritis,
the imbalance between M1 and M2 macrophages favors a chronic inflammatory state,
characterized by sustained M1 dominance and reduced M2-mediated resolution. This
polarization shift leads to a persistent catabolic environment that accelerates cartilage
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destruction and subchondral bone remodeling. Numerous studies have demonstrated that
modulating macrophage polarization to restore the M1/M2 balance can attenuate joint
inflammation; for instance, hyaluronic acid, rapamycin, and quercetin can promote M2
polarization and halt OA progression [39]. Thus, we explored curcumin’s role in mod-
ulating macrophage polarization. LPS stimulation induced the classical M1 phenotype
characterized by increased CD86 expression, reflecting a pro-inflammatory response. How-
ever, co-treatment with curcumin led to a notable increase in CD206 expression, a hallmark
of alternatively activated M2 macrophages, and a mild decrease in M1 marker expres-
sion [41]. This phenotype shift indicates that curcumin may promote anti-inflammatory
macrophage polarization, potentially contributing to tissue repair and inflammation resolu-
tion. The significant upregulation of F4/80+CD206+ cells implies that curcumin not only
inhibits LPS-induced inflammation but may also actively reprogram macrophages toward
a reparative state. Taken together, these results support the role of curcumin as a regulator
of macrophage plasticity, with potential therapeutic value in controlling inflammatory
conditions by modulating innate immune responses.

Overall, our findings establish Cur@HBC as a promising therapeutic strategy for
preventing joint degeneration and preserving mobility in osteoarthritis models. The formu-
lation effectively preserves cartilage and bone structure, reduces inflammation, modulates
immune response, and restores joint function, highlighting its potential as a multifunctional
treatment for OA.

3. Conclusions
In summary, this study successfully developed an injectable hydrogel (HBC) with

thermosensitive properties that is capable of undergoing sol–gel phase transition at physio-
logical temperature. In vitro cytotoxicity assays further confirmed the biosafety of HBC.
By incorporating curcumin into this thermosensitive matrix, we constructed a localized
drug delivery system that provides sustained drug release and targeted therapeutic action
against osteoarthritis. Comprehensive evaluation demonstrated that the Cur@HBC system
effectively attenuated OA development. Importantly, curcumin alleviates chondrocyte
apoptosis and modulates macrophage polarization, ultimately favoring it as an OA therapy.
Taken together, the thermosensitive curcumin-loaded HBC hydrogel offers a promising
platform for intra-articular OA therapy, providing a localized, sustained, and minimally
invasive treatment.

4. Materials and Methods
4.1. Preparation and Characterization

Hydroxybutyl chitosan (HBC) was synthesized as previously reported [42] with the
following parameters: Chitosan was alkalinized in a 50% (w/w) NaOH solution for 24 h
at room temperature. After the removal of excess alkali, the solid was dispersed in iso-
propanol/water (1:1, v/v) for 24 h. 1,2-Butene oxide (200 mL) was then added, and the
mixture was stirred at 55 ◦C for 12 h. The reaction was neutralized to pH 7 via dropwise
addition of HCl, and the neutralized mixture was dialyzed extensively against water for
5 days, filtered, and lyophilized to obtain HBC. An aqueous 5 wt% HBC solution was
prepared and stored at 4 ◦C until use. Structural characterization was performed via 1H
NMR and FTIR spectroscopy.

4.2. Drug Release

Curcumin was first dissolved in ethanol and then added to 5 wt% HBC aqueous solu-
tion; the dispersion was magnetically stirred at 4 ◦C for 3 h to yield a uniformly dispersed,
injectable thermosensitive formulation with a final curcumin content of 20 µg mL−1. For

https://doi.org/10.3390/gels12010007

https://doi.org/10.3390/gels12010007


Gels 2026, 12, 7 13 of 18

release testing, at predefined times prior to a common endpoint, 200 µL of the drug-loaded
gel was placed into 1.0 mL release medium (PBS + 1% Tween-80) in separate tubes un-
der identical conditions; at the endpoint, all tubes were collected simultaneously. The
supernatant (100 µL) from each tube was transferred to a 96-well plate and absorbance at
425 nm was recorded on a microplate reader. Curcumin concentration at each time point
was calculated from a calibration curve prepared in the same medium, and the results were
used to determine the release profile.

4.3. Rheological Characterization

Rheology was performed on an Anton Paar rheometer (MCR 302, Anton Paar USA Lnc,
Ashladn, VA, USA) in the oscillatory mode to evaluate viscoelasticity and thermoresponsive
transition. Hydrogel disks were molded identically for all tests and measured using a
parallel-plate geometry (plate diameter = 20 mm; gap = 1 mm). Temperature-sweep
experiments were conducted from 4 ◦C to 40 ◦C at f = 1 Hz and γ = 1%, and storage (G′)
and loss (G′′) moduli were recorded as a function of temperature. The phase-transition
temperature was determined from the G′/G′′ crossover.

4.4. Cell Culture

BHK-21 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) (GIBCO,
Thermo Scientific, Waltham, MA, USA) containing 10% fetal bovine serum (FBS) (GIBCO,
Thermo Scientific, Waltham, MA, USA) and 1% penicillin–streptomycin (P/S, GIBCO,
Thermo Scientific, Waltham, MA, USA) at 37 ◦C with 5% CO2. The primary chondrocytes
were isolated and cultured from the knee joint cartilage in mice. The cells were cultured in
DMEM/F12 (GIBCO, Thermo Scientific, Waltham, MA, USA) containing 20% FBS and 1%
P/S at 37 ◦C with 5% CO2. BHK-21 and primary chondrocytes were stimulated with TNF-α
(Novoprotein, Suzhou, China) (20 ng/mL) to mimic cellular inflammatory responses in the
human body.

4.5. Cell Cytotoxicity

The cells were seeded in a 96-well plate at a density of 5 × 103 cells/well and were
cultured overnight prior to the addition of a series levels of 10 µg/mL, 5 µg/mL, 2 µg/mL,
1 µg/mL, and 0 µg/mL After 24 h, cytotoxicity assessment was conducted using the Cell
Counting Kit 8 assay (CCK8, GLPBIO, Walnut, CA, USA).

4.6. Cell Apoptosis

Apoptotic cells were detected using an Annexin V-FITC/propidiumiodide (PI) apopto-
sis detection kit (KeyGEN BioTECH, Nanjing, China). First, chondrocytes were seeded in a
six-well plate at a density of 1 × 105 cells/well and cultured overnight. A total of 5 µg/mL
of curcumin was then added to the cell culture medium with or without supplementation
of TNF-α at 20 ng/mL. After 24 h, the suspended chondrocytes after enzymatic digestion
were washed twice with PBS and then stained with Annexin V-FITC for 10 min at room
temperature, followed by PI staining for another 5 min. After that, the cells were analyzed
by flow cytometry (Beckman CytoFLEX, Indianapolis, IN, USA). The number of events
recorded in the sample was 10,000 cells. Cells with both negative PI and Annexin V were
considered to be normal cells, while those with both positive PI and Annexin V were
regarded as apoptotic cells. Each test was repeated independently three times.

4.7. Cell Proliferation

Chondrocytes were seeded in five 96-well plates at a density of 3.5 × 103 cells per
well and incubated overnight at 37 ◦C with 5% CO2. After treating the 96-well plates with
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5 µg/mL curcumin in the medium for 0 h, 6 h, 12 h, 24 h, and 48 h, cell proliferation was
assessed using a cell counting kit assay (CCK-8, GLPBIO, Walnut, CA, USA).

4.8. Inflammatory Factor Tested by ELISA

Second-generation chondrocytes were seeded onto six-well plates at a density of
5 × 104 cells per well. The control group remained untreated; the inflammation-induced
group was stimulated with TNF-α (Novoprotein, Suzhou, China) (20 ng/mL) for 24 h after
cell attachment; to simulate the inflammatory state of chondrocytes, the treatment group
was treated with the drug after inflammation induction and cultured for 24 h. The cell
culture supernatant was collected from each group, and an ELISA Kit (MULTI SCIENCES,
Hangzhou, China) was used to evaluate the dynamic changes in inflammatory responses
after drug treatment.

4.9. Macrophage Polarization

Bone marrow cells were isolated from the femurs and tibias of 6-week-old male
C57BL/6 mice, followed by culture of the cells in complete DMEM containing 10% fe-
tal bovine serum (FBS, GIBCO, Thermo Scientific, Waltham, MA, USA), 1% penicillin–
streptomycin, and 20 ng/mL M-CSF (GIBCO, Thermo Scientific, Waltham, MA, USA) at
37 ◦C with 5% CO2. On day 7, the cells differentiated into mature macrophages. The
LPS + curcumin group was pre-treated with 5 µg/mL curcumin for 10 h, followed by
treatment with 1 µg/mL LPS for 12 h. Subsequently, TruStain FcX™ (anti-mouse CD16/32)
antibody (Biolegend, San Diego, CA, USA) was used to block non-specific binding. Then,
anti-mouse CD206 antibody (MULTI SCIENCES, Hangzhou, China) and anti-mouse CD86
antibody (MULTI SCIENCES, Hangzhou, China) were used for staining. The stained indi-
vidual macrophages were analyzed using a flow cytometer (BD Biosciences, Franklin Lakes,
NJ, USA), and the data were analyzed and presented using the FlowJo V.10.8.1 software.

4.10. Animal Model

All experimental procedures were carried out in accordance with the guidelines in “the
Animal Management Regulations” of the animal research committees of Foshan University
Animal Ethics Committee. Thirty-six C57BL/6 (male, 4 weeks old) mice were purchased
from the Guangdong Experimental Animal Center (Guangzhou, China). Six animals were
randomly assigned to each group. We established a mouse OA model via transection of
the anterior cruciate ligaments (ACLT). Two weeks post-surgery, a total volume of 10 µL of
saline, HBC, curcumin (20 µg/mL), or Cur@HBC was injected into the knee joint cavity via
a microinjector.

For histological staining, knee joint sections were cut at a thickness of 4 µm along the
sagittal plane. The degree of destruction of the knee cartilage was evaluated using Safranin
O/Fast Green staining (Leagene, Beijing, China), while the Osteoarthritis Research Society
International (OARSI) OA histopathology assessment system was applied to assess the
severity of cartilage degeneration. Synovitis score was determined by hematoxylin and
eosin staining (H&E, Leagene, Beijing, China).

For immunohistochemical staining, the sections were soaked in 3% H2O2 for 10 min
to remove endogenous catalase. The sections were then blocked with serum prior to
incubation with the primary antibody overnight at 4 ◦C. Then, the sections were incubated
with the HRP-conjugated secondary antibody for 1 h at room temperature prior to detection
by the 3,3 N-Diaminobenzidine Tertrahydrochloride (DAB) visualization method. For
immunofluorescence staining, the knee joint sections were first blocked with 5% goat serum
and then incubated with primary antibodies overnight at 4 ◦C. Then, the sections were
incubated with fluorescently labeled secondary antibodies for 1 h at room temperature in
the dark. The sealed slides were photographed after DAPI staining.
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4.11. Behavioral Assessment

After the animals were acclimatized to the environment for 30 min, the soles of the
left hind limbs were stimulated with a thermal pain detector for a duration of <5 s. If
the animals showed rapid licking or lifting of feet, the reaction was recorded as positive;
otherwise, it was recorded as negative. The foot retraction time was also recorded. At an
interval of 5 min each, the detection ended after data recording for 6 times.

4.12. Micro-CT Analysis

Potential changes to the subchondral trabecular bone microarchitecture and mineral
density in the region of interest (ROI) beneath the subchondral cortical bone were measured
by micro-CT. Briefly, the knee joint of each mouse was isolated after euthanasia, and the
surrounding soft tissue was removed. After fixation with 4% paraformaldehyde solution
for 24 h, the knee joints were scanned using a micro-CT system (Micro CT NMC-200,
NEMO, PINGSENG Hwalther, Kunshan, China), with the scanning parameters set as 90 kV,
90 µA, and 10 µm in spatial resolution.

4.13. Statistical Analysis

Data are presented as mean ± standard deviation (mean ± S.D.). Differences between
two groups were statistically analyzed using unpaired, two-tailed Student’s t-test, while
analysis of variance (ANOVA) with Dunnett’s post hoc test was performed to compare
data when there were more than two groups of variables. The levels of significance were
set at * p < 0.05, ** p < 0.01, and *** p < 0.001. All statistical analyses were performed with
GraphPad Prism software, version 8.0 (GraphPad Software, Inc., CA, USA).

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/gels12010007/s1, Video S1: The sol–gel transition of Cur@HBC
from 4 ◦C to 37 ◦C; Figure S1. SEM micrographs of HBC and Cur@HBC hydrogels. Scale bar: 200 µm;
Table S1. Elemental analysis results of chitosan (CS) and hydroxybutyl chitosan (HBC).

Author Contributions: Y.Z.: conceptualization, data curation, formal analysis, funding acquisition,
investigation, methodology, resources, validation, visualization, and writing—original draft prepara-
tion. S.L.: data curation, formal analysis, investigation, methodology, validation, visualization, and
writing—original draft preparation. Z.H.: investigation. Z.Y.: investigation. H.L.: investigation. W.W.:
investigation. Q.X.: investigation. K.C.: investigation. J.H.: conceptualization, funding acquisition,
project administration, resources, supervision, and writing—review and editing. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was financially supported by the National Natural Science Foundation
of China (No. 32503103), the Guangdong Basic and Applied Basic Research Foundation (No.
2025A1515012160), and the Science and Technology Fund of Guizhou Provincial Health Commission
(No. gzwkj2025-617).

Institutional Review Board Statement: All experimental procedures were carried out in accordance
with the guidelines in “the Animal Management Regulations” of the animal research committees of
Foshan University Animal Ethics Committee (protocol code is FOSU20230060009, which received
approval on 15 March 2024).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available upon request.

Acknowledgments: The authors sincerely thank Conglai Zhou for his financial support, which
facilitated the sample testing in this study. During the preparation of this manuscript, the authors used
ChatGPT 5.2 for the purposes of language polishing and improving grammatical clarity. The authors
have reviewed and edited the output and take fully responsibility for the content of this publication.

https://doi.org/10.3390/gels12010007

https://www.mdpi.com/article/10.3390/gels12010007/s1
https://www.mdpi.com/article/10.3390/gels12010007/s1
https://doi.org/10.3390/gels12010007


Gels 2026, 12, 7 16 of 18

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

OA Osteoarthritis
HBC Hydroxybutyl chitosan
BAPC Bayesian Age–Period–Cohort
YLD Years lived with disability
GBD Global Burden of Disease
NSAIDs Non-steroidal anti-inflammatory drugs
ROS Reactive oxygen species
TCM Traditional Chinese medicine
MOFs Metal–organic frameworks
SA Sodium alginate
FBS Fetal bovine serum
ROI Region of interest

References
1. Ren, J.L.; Yang, J.; Hu, W. The global burden of osteoarthritis knee: A secondary data analysis of a population-based study. Clin.

Rheumatol. 2025, 44, 1769–1810. [CrossRef]
2. Lv, Y.M.; Sui, L.; Lv, H.; Zheng, J.C.; Feng, H.C.; Jing, F.J. Burden of knee osteoarthritis in China and globally from 1992 to 2021,

and projections to 2030: A systematic analysis from the Global Burden of Disease Study 2021. Front. Public Health 2025, 13,
1543180. [CrossRef]

3. Kwon, S.B.; Ku, Y.; Han, H.S.; Lee, M.C.; Kim, H.C.; Ro, D.H. A machine learning-based diagnostic model associated with knee
osteoarthritis severity. Sci. Rep. 2020, 10, 15743. [CrossRef] [PubMed]

4. Weng, Q.L.; Chen, Q.; Jiang, T.; Zhang, Y.Q.; Zhang, W.Y.; Doherty, M.; Xie, J.Q.; Liu, K.; Li, J.T.; Wei, J.; et al. Global burden of
early-onset osteoarthritis, 1990–2019: Results from the Global Burden of Disease Study 2019. Ann. Rheum. Dis. 2024, 83, 915–925.
[CrossRef]

5. Diekman, B.O.; Loeser, R.F. Aging and the emerging role of cellular senescence in osteoarthritis. Osteoarthr. Cartil. 2024, 32,
365–371. [CrossRef]

6. Bhutada, S.; Hoyle, A.; Piuzzi, N.S.; Apte, S.S. Degradomics defines proteolysis information flow from human knee osteoarthritis
cartilage to matched synovial fluid and the contributions of secreted proteases ADAMTS5, MMP13 and CMA1 to articular
cartilage breakdown. Osteoarthr. Cartil. 2025, 33, 116–127. [CrossRef]

7. Danalache, M.; Umrath, F.; Riester, R.; Schwitalle, M.; Guilak, F.; Hofmann, U. Proteolysis of the pericellular matrix: Pinpointing
the role and involvement of matrix metalloproteinases in early osteoarthritic remodeling. Acta Biomater. 2024, 181, 297–307.
[CrossRef]

8. Richard, M.J.; Driban, J.B.; McAlindon, T.E. Pharmaceutical treatment of osteoarthritis. Osteoarthr. Cartil. 2023, 31, 458–466.
[CrossRef] [PubMed]

9. Vincent, T.L.; Miller, R.E. Molecular pathogenesis of OA pain: Past, present, and future. Osteoarthr. Cartil. 2024, 32, 398–405.
[CrossRef] [PubMed]

10. Merkely, G.; Chisari, E.; Lattermann, C. Do nonsteroidal anti-inflammatory drugs have a deleterious effect on cartilage repair? A
systematic review. Cartilage 2021, 13, S326–S341. [CrossRef]

11. Gregori, D.; Giacovelli, G.; Minto, C.; Barbetta, B.; Gualtieri, F.; Azzolina, D.; Vaghi, P.; Rovati, L.C. Association of pharmacological
treatments with long-term pain control in patients with knee osteoarthritis: A systematic review and meta-analysis. Jama 2018,
320, 2564–2579. [CrossRef]

12. Liao, T.Y.; Ding, L.; Wu, P.; Zhang, L.; Li, X.C.; Xu, B.; Zhang, H.S.; Ma, Z.Y.; Xioa, Y.C.; Wang, P.M. Chrysin attenuates the NLRP3
inflammasome cascade to reduce synovitis and pain in KOA rats. Drug Des. Dev. Ther. 2020, 14, 3015–3027. [CrossRef]

13. Kou, L.F.; Huang, H.R.; Tang, Y.Y.; Sun, M.; Li, Y.T.; Wu, J.N.; Zheng, S.M.; Zhao, X.Y.; Chen, D.S.; Luo, Z.C.; et al. Opsonized
nanoparticles target and regulate macrophage polarization for osteoarthritis therapy: A trapping strategy. J. Control. Release 2022,
347, 237–255. [CrossRef]

14. Shakeri, F.; Bibak, B.; Safdari, M.R.; Keshavarzi, Z.; Jamialahmadi, T.; Sathyapalan, T.; Sahebkar, A. Cellular and molecular
mechanisms of curcumin in thyroid gland disorders. Curr. Med. Chem. 2022, 29, 2878–2890. [CrossRef]

https://doi.org/10.3390/gels12010007

https://doi.org/10.1007/s10067-025-07347-6
https://doi.org/10.3389/fpubh.2025.1543180
https://doi.org/10.1038/s41598-020-72941-4
https://www.ncbi.nlm.nih.gov/pubmed/32978506
https://doi.org/10.1136/ard-2023-225324
https://doi.org/10.1016/j.joca.2023.11.018
https://doi.org/10.1016/j.joca.2024.09.002
https://doi.org/10.1016/j.actbio.2024.05.002
https://doi.org/10.1016/j.joca.2022.11.005
https://www.ncbi.nlm.nih.gov/pubmed/36414224
https://doi.org/10.1016/j.joca.2024.01.005
https://www.ncbi.nlm.nih.gov/pubmed/38244717
https://doi.org/10.1177/1947603519855770
https://doi.org/10.1001/jama.2018.19319
https://doi.org/10.2147/DDDT.S261216
https://doi.org/10.1016/j.jconrel.2022.04.037
https://doi.org/10.2174/0929867329666220210145033
https://doi.org/10.3390/gels12010007


Gels 2026, 12, 7 17 of 18

15. Li, J.X.; Yan, Y.C.; Chen, Y.Z.; Fang, Q.L.; Hussain, M.I.; Wang, L.N. Flexible curcumin-loaded Zn-MOF hydrogel for long-term
drug release and antibacterial activities. Int. J. Mol. Sci. 2023, 24, 11439. [CrossRef] [PubMed]

16. Heidari, H.; Bagherniya, M.; Majeed, M.; Sathyapalan, T.; Jamialahmadi, T.; Sahebkar, A. Curcumin-piperine co-supplementation
and human health: A comprehensive review of preclinical and clinical studies. Phytother. Res. 2023, 37, 1462–1487. [CrossRef]
[PubMed]

17. Swallow, J.; Seidler, K.; Barrow, M. The mechanistic role of curcumin on matrix metalloproteinases in osteoarthritis. Fitoterapia
2024, 174, 105870. [CrossRef]

18. Bideshki, M.V.; Ghadim, N.J.; Radkhah, N.; Behzadi, M.; Asemani, S.; Jamilian, P.; Zarezadeh, M. The efficacy of curcumin in
relieving osteoarthritis: A meta-analysis of meta-analyses. Phytother. Res. 2024, 38, 2875–2891. [CrossRef]

19. Zeng, L.T.; Yang, T.J.; Yang, K.L.; Yu, G.P.; Li, J.; Xiang, W.; Chen, H. Efficacy and safety of curcumin and curcuma longa extract in
the treatment of arthritis: A systematic review and meta-analysis of randomized controlled trial. Front. Immunol. 2022, 13, 891822.
[CrossRef]

20. Panknin, T.M.; Howe, C.L.; Hauer, M.; Bucchireddigari, B.; Rossi, A.M.; Funk, J.L. Curcumin supplementation and human disease:
A scoping review of clinical trials. Int. J. Mol. Sci. 2023, 24, 4476. [CrossRef] [PubMed]

21. Zhao, J.Y.; Jia, W.; Zhang, R.; Wang, X.; Zhang, L. Improving curcumin bioavailability: Targeted delivery of curcumin and loading
systems in intestinal inflammation. Food Res. Int. 2024, 196, 115079. [CrossRef]

22. Zhang, Z.J.; Hou, Y.K.; Chen, M.W.; Yu, X.Z.; Chen, S.Y.; Yue, Y.R.; Guo, X.T.; Chen, J.X.; Zhou, Q. A pH-responsive metal-organic
framework for the co-delivery of HIF-2α siRNA and curcumin for enhanced therapy of osteoarthritis. J. Nanobiotechnol 2023, 21,
18. [CrossRef]

23. Xu, C.; Zhai, Z.J.; Ying, H.; Lu, L.; Zhang, J.; Zeng, Y.M. Curcumin primed ADMSCs derived small extracellular vesicle exert
enhanced protective effects on osteoarthritis by inhibiting oxidative stress and chondrocyte apoptosis. J. Nanobiotechnol 2022, 20,
123. [CrossRef] [PubMed]

24. Abd El-Hack, M.E.; EI-Saadony, M.T.; Swelum, A.A.; Arif, M.; Abo Ghanima, M.M.; Shukry, M.; Noreldin, A.; Taha, A.E.;
EI-Tarabily, K.A. Curcumin, the active substance of turmeric: Its effects on health and ways to improve its bioavailability. J. Sci.
Food Agric. 2021, 101, 5747–5762. [CrossRef]

25. Jin, Z.Z.; Chang, B.H.; Wei, Y.L.; Yang, Y.; Zhang, H.; Liu, J.B.; Piao, L.H.; Bai, L.H. Curcumin exerts chondroprotective effects
against osteoarthritis by promoting AMPK/PINK1/Parkin-mediated mitophagy. Biomed. Pharmacother. 2022, 151, 113092.
[CrossRef]

26. Qiu, B.; Xu, X.F.; Yi, P.; Hao, Y.R. Curcumin reinforces MSC-derived exosomes in attenuating osteoarthritis via modulating the
miR-124/NF-kB and miR-143/ROCK1/TLR9 signalling pathways. J. Cell. Mol. Med. 2020, 24, 10855–10865. [CrossRef]

27. Saber, M.M.; Mahmoud, M.M.; Amin, H.M.; Essam, R.M. Therapeutic effects of combining curcumin and swimming in os-
teoarthritis using a rat model. Biomed. Pharmacother. 2023, 166, 115309. [CrossRef] [PubMed]

28. Yao, J.Y.; Liu, X.T.; Sun, Y.X.; Dong, X.; Liu, L.; Gu, H.L. Curcumin-alleviated osteoarthritic progression in rats fed a high-fat
diet by inhibiting apoptosis and activating autophagy via modulation of MicroRNA-34a. J. Inflamm. Res. 2021, 14, 2317–2331.
[CrossRef] [PubMed]

29. Duan, Z.X.; Zhou, W.J.; He, S.; Wang, W.Y.; Huang, H.Y.; Yi, L.B.; Zhang, R.; Chen, J.L.; Zan, X.; You, C.; et al. Intranasal delivery
of curcumin nanoparticles improves neuroinflammation and neurological deficits in mice with intracerebral hemorrhage. Small
Methods 2024, 8, 2400304. [CrossRef]

30. Lin, X.J.; Tsao, C.T.; Kyomoto, M.; Zhang, M.Q. Injectable natural polymer hydrogels for treatment of knee osteoarthritis. Adv.
Healthc. Mater. 2022, 11, 2101479. [CrossRef]

31. Guo, J.C.; Yang, Y.J.; Xiang, Y.; Zhang, S.F.; Guo, X.Y. Application of smart hydrogel materials in cartilage injury repair: A
systematic review and meta-analysis. J. Biomater. Appl. 2024, 39, 96–116. [CrossRef]

32. Zhao, Y.; Xiong, Y.; Zhao, Y.L. Beyond drug delivery: Metal–organic framework-derived nanosystems for bone regeneration
under complicated pathological microenvironments. Acc. Mater. Res. 2024, 5, 1532–1543. [CrossRef]

33. Yin, B.H.; Ni, J.G.; Witherel, C.E.; Yang, M.; Burdick, J.A.; Wen, C.Y.; Wong, S.H.D. Harnessing tissue-derived extracellular vesicles
for osteoarthritis theranostics. Theranostics 2022, 12, 207. [CrossRef] [PubMed]

34. Hou, J.H.; Lin, Y.P.; Zhu, C.C.; Chen, Y.P.; Lin, R.M.; Lin, H.C.; Liu, D.H.; Guan, D.G.; Yu, B.; Wang, J.; et al. Zwitterion-Lubricated
Hydrogel Microspheres Encapsulated with Metformin Ameliorate Age-Associated Osteoarthritis. Adv. Sci. 2024, 11, 2402477.
[CrossRef] [PubMed]

35. Kurita, K. Controlled functionalization of the polysaccharide chitin. Prog. Polym. Sci. 2001, 26, 1921–1971. [CrossRef]
36. Liu, X.L.; Zhu, C.F.; Liu, H.C.; Zhu, J.M. Quantitative analysis of degree of substitution/molar substitution of etherified

polysaccharide derivatives. Des. Monomers Polym. 2022, 25, 75–88. [CrossRef]
37. Stetsyshyn, Y.; Ohar, H.; Budkowski, A.; Lazzara, G. Molecular design and role of the dynamic hydrogen bonds and hydrophobic

interactions in temperature-switchable polymers: From understanding to applications. Polymers 2025, 17, 1580. [CrossRef]

https://doi.org/10.3390/gels12010007

https://doi.org/10.3390/ijms241411439
https://www.ncbi.nlm.nih.gov/pubmed/37511198
https://doi.org/10.1002/ptr.7737
https://www.ncbi.nlm.nih.gov/pubmed/36720711
https://doi.org/10.1016/j.fitote.2024.105870
https://doi.org/10.1002/ptr.8153
https://doi.org/10.3389/fimmu.2022.891822
https://doi.org/10.3390/ijms24054476
https://www.ncbi.nlm.nih.gov/pubmed/36901908
https://doi.org/10.1016/j.foodres.2024.115079
https://doi.org/10.1186/s12951-022-01758-2
https://doi.org/10.1186/s12951-022-01339-3
https://www.ncbi.nlm.nih.gov/pubmed/35264207
https://doi.org/10.1002/jsfa.11372
https://doi.org/10.1016/j.biopha.2022.113092
https://doi.org/10.1111/jcmm.15714
https://doi.org/10.1016/j.biopha.2023.115309
https://www.ncbi.nlm.nih.gov/pubmed/37573656
https://doi.org/10.2147/JIR.S312139
https://www.ncbi.nlm.nih.gov/pubmed/34103964
https://doi.org/10.1002/smtd.202400304
https://doi.org/10.1002/adhm.202101479
https://doi.org/10.1177/08853282241248779
https://doi.org/10.1021/accountsmr.3c00263
https://doi.org/10.7150/thno.62708
https://www.ncbi.nlm.nih.gov/pubmed/34987642
https://doi.org/10.1002/advs.202402477
https://www.ncbi.nlm.nih.gov/pubmed/38874373
https://doi.org/10.1016/S0079-6700(01)00007-7
https://doi.org/10.1080/15685551.2022.2054118
https://doi.org/10.3390/polym17111580
https://doi.org/10.3390/gels12010007


Gels 2026, 12, 7 18 of 18

38. Peng, Y.; Ao, M.Y.; Dong, B.H.; Jiang, Y.X.; Yu, L.Y.; Chen, Z.M.; Hu, C.J.; Xu, R.C. Anti-inflammatory effects of curcumin in the
inflammatory diseases: Status, limitations and countermeasures. Drug Des. Dev. Ther. 2021, 15, 4503–4525. [CrossRef]

39. Yuan, Z.M.; Jiang, D.C.; Yang, M.Z.; Tao, J.; Hu, X.; Yang, X.; Zeng, Y. Emerging roles of macrophage polarization in osteoarthritis:
Mechanisms and therapeutic strategies. Orthop. Surg. 2024, 16, 532–550. [CrossRef]

40. Sun, Y.L.; Zuo, Z.; Kuang, Y.Y. An emerging target in the battle against osteoarthritis: Macrophage polarization. Int. J. Mol. Sci.
2020, 21, 8513. [CrossRef]

41. Tarique, A.A.; Logan, J.; Thomas, E.; Holt, P.G.; Sly, P.D.; Fantino, E. Phenotypic, Functional, and Plasticity Features of Classical
and Alternatively Activated Human Macrophages. Am. J. Respir. Cell Mol. Biol. 2015, 53, 676–688. [CrossRef]

42. Wang, Q.Q.; Kong, M.; An, Y.; Liu, Y.; Li, J.J.; Zhou, X.; Feng, C.; Li, J.; Jiang, S.Y.; Cheng, X.J.; et al. Hydroxybutyl chitosan
thermo-sensitive hydrogel: A potential drug delivery system. J. Mater. Sci. 2013, 48, 5614–5623. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/gels12010007

https://doi.org/10.2147/DDDT.S327378
https://doi.org/10.1111/os.13993
https://doi.org/10.3390/ijms21228513
https://doi.org/10.1165/rcmb.2015-0012OC
https://doi.org/10.1007/s10853-013-7356-z
https://doi.org/10.3390/gels12010007

	Introduction 
	Results and Discussion 
	Results 
	Synthesis and Characterization 
	Cur@HBC Exerts the Best Performance in Attenuating OA Development in Mice 
	Cur@HBC Treatment Preserves Joint Structure and Improves Motor Function in ACLT-Induced Osteoarthritis 
	Curcumin Alleviates Chondrocytes Apoptosis and Inflammation and Improves Functional Outcome 
	Curcumin Modulates Macrophage Polarization 

	Discussion 

	Conclusions 
	Materials and Methods 
	Preparation and Characterization 
	Drug Release 
	Rheological Characterization 
	Cell Culture 
	Cell Cytotoxicity 
	Cell Apoptosis 
	Cell Proliferation 
	Inflammatory Factor Tested by ELISA 
	Macrophage Polarization 
	Animal Model 
	Behavioral Assessment 
	Micro-CT Analysis 
	Statistical Analysis 

	References

