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ABSTRACT: The pathological progression of knee osteoarthritis (KOA) is closely associated with synovial inflamma-
tion and a microenvironment characterized by excessive reactive oxygen species (ROS). Celecoxib (CEL), a commonly
used cyclooxygenase-2 inhibitor suffers from poor targeting and systemic side effects when administered systemically.
To achieve precise drug delivery and synergistic therapy at the joint lesion site, this study designed and synthesized
an amphiphilic poly (2-oxazoline) block copolymer (POxSP) with a thioketal-based ROS-responsive linker. This
polymer was used to construct intelligent nanoparticles (POxSP-CEL) loaded with CEL. These nanoparticles self-
assembled in aqueous solution to form spherical structures with an average size of approximately 92.3 nm and uniform
distribution, exhibiting rapid disassembly and drug release under high ROS conditions. In vitro cellular experiments
demonstrated that POxSP-CEL was effectively internalized by macrophages. Through a dual synergistic mechanism
involving ROS-triggered drug release and ROS consumption by the carrier, it significantly inhibited the expression of
pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) and promoted the expression of the anti-inflammatory cytokine IL-10
in lipopolysaccharide-activated macrophages, effectively reversing the macrophage phenotype from pro-inflammatory
M1 to anti-inflammatory M2. In a rat KOA model induced by sodium monoiodoacetate (MIA), intra-articular injection
of POxSP-CEL significantly ameliorated cartilage degeneration, reduced proteoglycan loss, and decreased the levels
of inflammatory factors in joint tissues. Its therapeutic efficacy was markedly superior to that of free CEL and
non-responsive nano-formulations, with no observable significant systemic toxicity. This study confirms that the ROS-
responsive POxSP-CEL nano-delivery system not only enables targeted and controlled release of CEL in inflamed joints
but also exerts a synergistic therapeutic effect by actively regulating the oxidative stress microenvironment and immune
cell function, providing a novel strategy with clinical translation potential for the local and efficient treatment of KOA.

KEYWORDS: Knee osteoarthritis; ROS-responsive; nanodrug delivery; celecoxib; macrophage polarization;
synergistic therapy

1 Introduction
Knee osteoarthritis (KOA) is a chronic degenerative joint disease characterized by articular cartilage

degeneration, synovial inflammation, and subchondral bone remodeling. Its pathogenesis is complex,
involving multiple factors such as mechanical stress, inflammation, and metabolism [1,2]. In synovial
inflammation, aberrantly activated macrophages play a central regulatory role. They secrete large amounts
of pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α, initiating an inflammatory cascade that
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directly drives chondrocyte apoptosis and extracellular matrix degradation, representing a key factor in KOA
progression [3,4]. Intra-articular administration of non-steroidal anti-inflammatory drugs (NSAIDs) can
alleviate refractory knee pain and inflammatory effusion [5]. However, limitations such as rapid clearance
from the joint space, potential damage to articular cartilage, and accelerated joint degeneration may
hinder their clinical application [6,7]. Celecoxib (CEL), a selective cyclooxygenase-2 (COX-2) inhibitor, is a
commonly used drug for treating KOA pain and inflammation [8]. Nonetheless, its systemic administration
is associated with cardiovascular risks, gastrointestinal side effects, and poor joint targeting, limiting its long-
term therapeutic efficacy [9]. Therefore, developing a delivery system capable of targeting diseased joints
and intelligently releasing drugs in response to the pathological microenvironment is of great significance
for improving the therapeutic effect of CEL while reducing its side effects. ROS-responsive drug delivery
systems are currently a research hotspot.

Based on functional phenotypes, macrophages are primarily classified into pro-inflammatory M1 and
anti-inflammatory M2 types. In KOA synovium, M1 macrophages predominate. They shape and maintain a
pro-inflammatory microenvironment by releasing large quantities of pro-inflammatory factors (e.g., TNF-α,
IL-1β, IL-6), reactive oxygen species (ROS), and matrix metalloproteinases [10,11]. ROS is not only a key
inflammatory mediator, but its overproduction further drives macrophage polarization towards the M1
phenotype, creating a self-reinforcing vicious cycle of inflammation [12]. Studies have shown that modulating
ROS levels can regulate macrophage polarization, promoting a shift from M1 to M2 phenotype, thereby
alleviating inflammation. Consequently, targeted clearance of excessive ROS within joints to remodel the
inflammatory microenvironment and regulate macrophage function has emerged as a potential novel
strategy for treating KOA [13,14]. Based on this, ROS-responsive drug delivery systems have attracted
significant attention in recent years [15]. Smart materials constructed using ROS-sensitive chemical bonds
such as thioether, selenium, or boronic ester can undergo chemical structural transformation in high ROS
environments, enabling targeted and controlled drug release [16–19]. Among these, polymer materials with
thioether/thioketal as the responsive unit are particularly promising for joint inflammatory diseases, as their
oxidation leads to a significant reversal of hydrophilicity/hydrophobicity, efficiently triggering nanoparticle
disassembly and drug release [20,21].

This study aimed to design and synthesize an amphiphilic block copolymer, POxSP-CEL, using
a thioketal-based ROS-responsive linker. This polymer can self-assemble in aqueous solution to form
core-shell structured nanoparticles, with its hydrophobic core efficiently loading celecoxib. When the
nanoparticles are delivered to the inflamed joint via intra-articular injection, the high levels of ROS at the
lesion site specifically cleave the thioketal bonds, leading to nanoscale disassembly and rapid drug release.
This strategy is expected to enhance the targeted accumulation and efficacy of CEL at the lesion site through
ROS-responsive drug release, while the carrier material simultaneously consumes excess ROS during the
response process, modulating macrophage polarization to achieve a synergistic therapeutic effect.

2 Materials and Methods

2.1 Main Materials and Reagents
Celecoxib (CEL, B24147, purity > 98%) was purchased from Shanghai Yuanye Bio-Technology Co.,

Ltd. 2,2′-Thiodiethanol, acetone (123-93-3), 4-pentenoic acid (591-80-0), potassium tert-butoxide (865-47-4),
2-chloroethylamine hydrochloride (870-24-6), triethylamine (TEA) (121-44-8), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) (25952-53-8), N-hydroxysuccinimide (NHS) (6066-82-6),
photoinitiator 2959 (I2959) (106797-53-9), 2-phenylethanethiol, methyl trifluoromethanesulfonate (MeOTf)
(85708-34-5), 2-methyl-2-oxazoline (MeOx) (1120-64-5), dichloromethane (DCM) (75-09-2), tetrahydro-
furan (THF) (109-99-9), N,N-dimethylformamide (DMF) (68-12-2), acetonitrile (ACN) (75-05-8), Sodium
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monoiodoacetate (MIA) (I2512) and other polymer synthesis monomers and reagents were purchased
from Sigma-Aldrich and purified using standard methods before use. Dialysis bags (MWCO 3500 Da)
(131192) were purchased from Spectrum Labs. Lipopolysaccharide (LPS, E. coli O111:B4) (R30955601), MTT
assay kit (V13154), Mouse Monoclonal Antibody IL-1β (MA5-23691), IL-6 (701028), TNF-α (14-7321-81),
DiD cell membrane fluorescent dye (C10046), mouse IL-1β (BMS6002-2TEN), IL-6 (BMS603-2), TNF-α
(BMS607-3), IL-10 (88-7105-88), inducible nitric oxide synthase (iNOS) (EEL132) and arginase-1 (Arg-1)
(BMS2216) ELISA kits were purchased from Thermo Fisher Scientific (USA). Safranin O-Fast Green staining
kit (C0621S) were purchased from Beyotime. RAW264.7 mouse monocyte-macrophage cell line and L929
mouse fibroblast cell line were purchased from the Cell Bank of the Chinese Academy of Sciences. All other
chemical reagents were of analytical grade, and water was ultrapure water (prepared by Milli-Q system).

2.2 Synthesis and Characterization of the Amphiphilic Block Copolymer POxSP
2.2.1 Synthesis of 2-Butenyl-2-Oxazoline (ButenOx)

4-Pentenoic acid, NHS, and EDC were dissolved in dry DCM, followed by the addition of
2-chloroethylamine hydrochloride and DIPEA. The reaction mixture was stirred at room temperature under
nitrogen protection for 48 h. After completion, the mixture was washed with water, the organic layer was
dried, then dissolved in dry THF, and potassium tert-butoxide was added. The reaction proceeded at 60○C
for 48 h. Purification via reduced-pressure distillation yielded ButenOx as a colorless liquid.

2.2.2 Synthesis of the Amphiphilic Block Copolymer POxSP
Under anhydrous and oxygen-free conditions, a solution of methyl trifluoromethanesulfonate (MeOTf)

in acetonitrile was prepared. 2-Methyl-2-oxazoline (MeOx) was then added to the MeOTf solution, and the
reaction proceeded at 70○C for 24 h. After cooling to room temperature, ButenOx was added to the mixture,
and the reaction continued at 70○C for 48 h. The reaction solution was dialyzed against distilled water for
2 days and then lyophilized to obtain PENOx. PENOx was dissolved in N,N-dimethylformamide (DMF),
and nitrogen was bubbled through the solution for 5 min to remove oxygen. Phenylethanethiol and the
photoinitiator Irgacure 2959 were added to the reaction mixture. After nitrogen purging, the reaction vial was
sealed and irradiated with 365 nm UV light for 60 min. The reaction solution was dialyzed for purification
for 2 days and lyophilized to yield POxSP.

2.3 Preparation and Characterization of POxSP-CEL Nanoparticles (NPs)
To obtain celecoxib-loaded nanoparticles (POxSP-CEL and PENOx-CEL), equal masses of POxSP (or

PENOx) and celecoxib were co-dissolved in DMSO. The resulting mixture was then added dropwise into
deionized water under constant stirring. After 12 h of stirring at ambient temperature, the suspension was
dialyzed against deionized water and subsequently passed through a 0.45 μm aqueous filter membrane.

2.3.1 Size and Morphology
The hydrodynamic diameter and polydispersity index (PDI) of the nanoparticles were determined

using Dynamic Light Scattering (DLS, Malvern Zetasizer Nano ZS90). For transmission electron microscopy
(TEM, Hitachi HT7800) observation, one droplet of the nanoparticle dispersion was deposited onto a
carbon-coated copper grid, negatively stained with phosphotungstic acid, and then air-dried at room
temperature prior to imaging.
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2.3.2 Stability Study
POxSP-CEL nanoparticle solution was stored at 4○C. In parallel, the nanoparticle solution was

lyophilized into powder. At multiple time points (days 0, 7, 14, 21, 28, 35, 42, 49, 56, 63, and 70),
aliquots were taken to monitor changes in PDI. After one month of storage at –20○C, the lyophilized
powder was reconstituted, and both particle size and PDI were measured to evaluate freeze-drying and
reconstitution stability.

2.4 In Vitro ROS-Responsive Drug Release Study
Drug release profiles were assessed using a dialysis bag-based method. Briefly, POxSP-CEL nanoparticle

solution containing containing 1 mg of celecoxib was placed in a pre-treated dialysis bag (MWCO 3500 Da).
The sealed bag was then placed into phosphate-buffered saline (PBS, pH 7.4) containing 0 M, 100 μM, 0.1 M,
or 0.5 M H2O2, with 0.5% Tween-80 added to maintain sink conditions. The system was incubated at 37○C
with shaking at 100 rpm. At predetermined time points (0.5, 1, 2, 4, 8, 12, 24, 48, 60, 72 h), 1 mL of the external
release medium was withdrawn and replaced with an equal volume of fresh pre-warmed medium. Samples
were filtered through a 0.22 μm membrane, and CEL concentration was determined using High-Performance
Liquid Chromatography (HPLC, Agilent 1260 Infinity II). Chromatographic conditions: C18 reverse-phase
column (4.6 mm × 150 mm, 5 μm), mobile phase acetonitrile:water:glacial acetic acid (55:45:0.1, v/v/v),
flow rate 1.0 mL/min, detection wavelength 254 nm. Prior to HPLC injection, the nanoparticle solution
was demulsified using acetonitrile. Drug concentrations were calculated from a standard curve, and the
cumulative release percentage was determined. All release experiments were conducted in triplicate.

2.5 Cell Experiments
2.5.1 Cell Culture

RAW264.7 and L929 cells were cultured in high-glucose DMEM medium supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin in a 37○C, 5% CO2 incubator.

2.5.2 Cell Viability Assay (MTT)
Cells at the logarithmic growth phase were seeded into 96-well plates at a seeding density of

5 × 103 cells/well and allowed to attach for 24 h. Subsequently, the culture medium was exchanged with
fresh medium containing varying concentrations (0.125, 0.25, 0.5, and 1 mg/mL) of POxSP, PENOx, POxSP-
CEL, PENOx-CEL, or an equivalent amount of free CEL (dissolved in DMSO, final concentration < 0.1%).
Untreated cells served as the negative control. Following an additional 24 h incubation, 20 μL of MTT
solution (5 mg/mL) was added to each well, followed by 4 h of further incubation. The supernatant was then
removed, and 150 μL of DMSO was added to dissolve the formazan crystals. The absorbance (OD value)
was measured at 490 nm using a microplate reader (BioTek Synergy H1). Cell viability was calculated as
(OD_experimental/OD_control) × 100%.

2.5.3 Cellular Uptake Assay
POxSP-CEL nanoparticles were labeled with the fluorescent dye DiD (1 μg/mL) by incubation in the

dark for 30 min, followed by ultrafiltration centrifugation to remove free dye. RAW264.7 cells were seeded
into confocal dishes. After adherence, DiD-labeled POxSP-CEL (1 mg/mL) was added. After incubation for
1, 2, and 4 h, cells were washed three times with pre-cooled PBS, fixed with 4% paraformaldehyde, and nuclei
were stained with DAPI. Intracellular fluorescence was observed using a confocal laser scanning microscope
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(CLSM, Leica TCS SP8), and the mean fluorescence intensity (MFI) was quantitatively analyzed by flow
cytometry (BD FACSCanto II).

2.5.4 Intracellular ROS Scavenging Assay
The intracellular ROS scavenging capability ofPOxSP-based nanoparticles was evaluated using the 2′,7′-

dichlorodihydrofluorescein diacetate (DCFH-DA) fluorescent probe. RAW 264.7 macrophages were seeded
in 6-well plates at a density of 2 × 1052 × 105 cells/well and cultured for 24 h. To simulate the inflammatory
microenvironment, the cells were stimulated with lipopolysaccharide (LPS, 1 μg/mL) for 12 h to induce
excessive ROS production. Subsequently, the medium was replaced with fresh medium containing POxSP
or POxSP-CEL (at an equivalent polymer concentration) and incubated for another 6 h. After treatment,
the cells were washed three times with PBS and incubated with 10 μM DCFH-DA in serum-free medium at
37○C for 30 min in the dark. After being washed thoroughly to remove extracellular probes, the cells were
collected, resuspended in PBS, and analyzed using a flow cytometer (BD FACSCanto II, USA).

2.5.5 Cell Apoptosis Analysis
Apoptosis was evaluated with an Annexin V-FITC/PI kit (Beyotime) per the manufacturer’s instruc-

tions. RAW264.7 cells (2 × 105/well in 6-well plates, 24 h attachment) were treated with LPS (1 μg/mL)
plus PBS (control), blank POxSP, free CEL, or POxSP-CEL (10 μg/mL CEL equivalent) for 24 h. Cells were
trypsinized (no EDTA), centrifuged (1500 rpm, 5 min), washed with cold PBS, and resuspended in 100 μL
1×Binding Buffer. Annexin V-FITC (5 μL) and PI (5 μL) were added (15 min, dark, room temperature). After
adding 400 μL Binding Buffer, samples were analyzed by flow cytometry (≥10,000 events/sample). Apoptotic
cells (Annexin V+/PI− plus Annexin V+/PI+) were quantified using FlowJo.

2.5.6 Cytokine Expression Analysis
RAW264.7 cells (1 × 105/well in 12-well plates, 24 h) were assigned to seven groups: control (no LPS),

LPS model (1 μg/mL LPS alone), LPS + POxSP, LPS + PENOx, LPS + POxSP-CEL, LPS + PENOx-CEL,
and LPS + free CEL (drug doses equal to CEL content in 1 mg/mL POxSP-CEL). Except controls, all groups
received LPS for 6 h to activate macrophages. The medium was then replaced with fresh medium containing
the indicated treatments for another 18 h. Supernatants were harvested, and levels of TNF-α, IL-1β, IL-6,
IL-10, iNOS, and Arg-1 were measured by ELISA (kits used per manufacturer’s instructions).

2.6 Animal Experiments
2.6.1 Animals and KOA Model Establishment

All animal experiments were approved by the Orthopedics Department West China School of Public
Health and West China Fourth Hospital (approved no. FHSC202519). Eight-week-old healthy male Sprague-
Dawley (SD) rats (weight 200 ± 20 g) were randomly divided into 5 groups (n = 8): sham operation group
(Control), model + PBS group (PBS), model + free CEL group (CEL), model + POxSP group (POxSP),
model + POxSP-CEL group (POxSP-CEL). A unilateral knee KOA model was established by intra-articular
injection of sodium monoiodoacetate (MIA): rats were anesthetized by intraperitoneal injection of 1%
sodium pentobarbital, and the right knee joint cavity was injected with MIA solution (3 mg in 50 μL
saline) [22]. The sham group received an equal volume of saline injection. Treatment began one week after
modeling. All rats were purchased from Yunnan Luoyu Biotechnology Co., Ltd., and the experimental facility
was licensed under No. SYXK (Dian) K2021-0003.
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2.6.2 Administration Regimen
Rats in the treatment groups received intra-articular injections (50 μL/injection) on days 7, 14, and 21

post-induction. To ensure consistent dosing, the amount of celecoxib was normalized to 100 μg per injection
for both the free drug and nanoparticle formulations. Specifically, for the CEL group, due to the hydrophobic
nature of celecoxib, the drug was dissolved in saline containing a biocompatible co-solvent [DMSO/Tween-
80] and sonicated to form a uniform suspension. The POxSP and POxSP-CEL groups were administered
drug-loaded nanoparticle aqueous solutions, respectively. The PBS group received an equivalent volume of
saline, while the Sham group remained untreated.

2.6.3 Sample Collection and Processing
Seven days after the last administration (i.e., day 28 after modeling), rats were anesthetized, blood was

collected via cardiac puncture to obtain serum for biochemical analysis. Subsequently, rats were euthanized,
and the right knee joints were completely dissected and fixed in 4% paraformaldehyde for 48 h for subsequent
histological analysis.

2.7 Histological and Immunohistochemical Analysis
Fixed knee joint specimens were decalcified in 10% EDTA for 4 weeks, dehydrated through a graded

ethanol series, and embedded in paraffin. Serial sagittal sections (5 μm thickness) were prepared.

2.7.1 Hematoxylin and Eosin (H&E) Staining and Safranin O-Fast Green Staining
Performed according to standard protocols to assess synovial inflammation, cartilage structure, and

proteoglycan content. The Osteoarthritis Research Society International (OARSI) scoring system was used
for semi-quantitative blinded scoring of articular cartilage degeneration.

2.7.2 Immunohistochemistry (IHC)
After antigen retrieval, blocking of endogenous peroxidase, and serum blocking, sections were incu-

bated overnight at 4○C with primary antibodies (rabbit anti-rat IL-1β, IL-6, TNF-α, 1:200 dilution). The next
day, sections were incubated with HRP-labeled secondary antibodies at room temperature for 1 h, developed
with DAB, and counterstained with hematoxylin. Image-Pro Plus software was used to analyze the mean
optical density (MOD) of positive staining in the articular cartilage region.

2.8 Safety Evaluation
Potential liver and kidney toxicity was assessed by measuring serum levels of BUN, Cre, ALT, and AST

via an automatic biochemical analyzer.

2.9 Statistical Analysis
Data are shown as mean ± SD (x ± s). Statistical evaluation was conducted with GraphPad Prism 9.0.

Multiple group comparisons were performed using one-way ANOVA, followed by Tukey’s post-hoc test (if
variances were homogeneous) or the Games-Howell test (if not). Two-group comparisons were made via
independent samples t-test. Significance was set at p < 0.05.
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3 Results

3.1 Synthesis, Characterization, and ROS Responsiveness of POxSP
To construct the intelligent delivery system, the amphiphilic block copolymer POxSP with a thioketal

responsive unit was first successfully synthesized. The 1H NMR spectrum (Fig. 1A) indicated signals
belonging to the thioketal structure (-SCH2-, δ 2.75 ppm) and the benzyl group (δ 7.61 ppm), confirming
the chemical structure of the target polymer. This polymer can self-assemble in aqueous solution to form
nanoparticles (POxSP-CEL) loaded with celecoxib (CEL). Dynamic light scattering (DLS) and transmis-
sion electron microscopy (TEM) characterization (Fig. 1B,C) showed that POxSP-CEL exhibited a regular
spherical shape with a hydrodynamic diameter of (92.3 ± 5.6) nm and good dispersity (PDI~0.21). The
nano-formulation maintained stable size and PDI for over two months during storage at 4○C and after
lyophilization/reconstitution (Fig. 1D), indicating good physical stability. In vitro release studies are shown
in Fig. 1E. The drug release of POxSP-CEL exhibited a clear H2O2-responsive behavior, with the cumulative
release rate of CEL being positively correlated with the H2O2 concentration. At physiological pH (PBS, pH
7.4), POxSP-CEL demonstrated excellent stability with minimal premature leakage, as only approximately
25% of the encapsulated CEL was released over 48 h. This suggests that the carrier effectively sequesters
the drug under physiological conditions. To evaluate the ROS-triggered release, H2O2 concentrations were
established at 100 μM to simulate pathologically relevant levels in the inflammatory micro-environment [23],
while 0.1 M and 0.5 M H2O2 concentrations served as accelerated release models to validate the sensitivity
of the ROS response. At 100 μM H2O2, the acceleration of drug release was initially subtle within the first
24 h (23.2% vs. 18.7% in PBS). However, a significant divergence was observed by 60 h, with the cumulative
release reaching 42.6%, which was markedly higher than that of the PBS control (26.1%). Under accelerated
conditions (0.1 M H2O2 and 0.5 M H2O2), the drug release rate increased drastically. Notably, in the presence
of 0.5 M H2O2, the cumulative release exceeded 80% within 24 h. These results collectively underscore the
superior ROS-responsiveness of the POxSP-CEL nanoparticles and their capability for triggered cargo release
in oxidative environments.

Figure 1: (Continued)
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Figure 1: Synthesis, characterization, and ROS responsiveness of POxSP. (A) 1H NMR spectrum of POxSP, showing
characteristic peaks of the thioketal unit (-SCH2- at δ 2.75 ppm) and the phenyl group (δ 7.61 ppm). (B) Dynamic
light scattering (DLS) analysis of POxSP-CEL nanoparticles, indicating a hydrodynamic diameter of approximately
92.3 nm. (C) Transmission electron microscopy (TEM) image of POxSP-CEL nanoparticles, demonstrating spherical
morphology and uniform distribution. (D) Stability of POxSP-CEL nanoparticles stored at 4○C and after lyophiliza-
tion/reconstitution over 70 days, as assessed by polydispersity index (PDI). (E) In vitro drug release profile of
POxSP-CEL under different H2O2 concentrations (0 M, 100 μM, 0.1 M, 0.5 M) simulating physiological and high-ROS
environments. Data are presented as mean ± SD (n = 3).

3.2 In Vitro Biocompatibility, Cellular Uptake, and ROS Scavenging Capability
Evaluating the cytocompatibility and targeting of nanoparticles is fundamental for advancing their

application. The MTT assay showed (Fig. 2A) that even at concentrations as high as 1 mg/mL, POxSP,
the non-responsive carrier PENOx, and POxSP-CEL showed no significant cytotoxicity towards mouse
fibroblast cells (L929) (p > 0.05). However, a different trend was observed in RAW264.7 macrophages
(Fig. 2B). Compared to PENOx, POxSP and POxSP-CEL inhibited macrophage proliferation viability in
a concentration-dependent manner (p < 0.05). Moreover, the inhibitory effect of CEL-loaded POxSP-
CEL was significantly stronger than that of the blank carrier POxSP (p < 0.05), suggesting its stronger
anti-inflammatory/anti-proliferative effect.

As shown in Fig. 2C,D, DiD fluorescent dye-labeled POxSP-CEL could rapidly bind to and be inter-
nalized by RAW264.7 cells. Significant intracellular fluorescence could be detected after 1 h of incubation,
and the fluorescence intensity significantly increased with prolonged incubation time (up to 12 h) (p < 0.05).
This proves that POxSP-CEL can be efficiently taken up by macrophages, creating conditions for subsequent
intracellular response and pharmacological effects. The intracellular ROS scavenging capability of the carrier
was then evaluated using the DCFH-DA probe (Fig. 2E). Upon LPS stimulation, macrophages exhibited a
dramatic increase in ROS levels; however, treatment with POxSP and POxSP-CEL effectively quenched the
ROS-driven fluorescence, demonstrating the potent antioxidant activity of the thioketal-based carrier.

To further distinguish whether the decreased viability observed in Fig. 2B was due to targeted phar-
macological action or non-specific carrier toxicity, an Annexin V-FITC/PI apoptosis assay was performed
(Fig. 2F). The blank carrier POxSP showed negligible levels of apoptosis and necrosis (1.7%), comparable
to the PBS control group (1.2%), demonstrating the excellent biocompatibility of the copolymer scaffold. In
contrast, POxSP-CEL induced a significantly higher total apoptosis rate (12.5%) compared to free CEL (6.1%).
Notably, the necrosis rate (PI single positive) remained extremely low across all groups, indicating that the
enhanced growth inhibition in RAW264.7 cells was primarily driven by programmed apoptosis rather than
non-specific toxic necrosis. These results prove that POxSP-CEL can efficiently enter macrophages, neutralize
intracellular ROS, and trigger programmed cell death to eliminate over-activated inflammatory cells.
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Figure 2: In vitro biocompatibility, cellular uptake, and ROS scavenging capacity of POxSP-CEL. (A) Cell viability of
L929 fibroblasts after 24 h exposure to PENOx, POxSP, and POxSP-CEL at various concentrations (0.125–1 mg/mL)
measured by MTT assay. (B) Cell viability of RAW264.7 macrophages under the same treatment conditions. (C) Flow
cytometry histograms and (D) quantitative analysis of mean fluorescence intensity (MFI) showing the time-dependent
cellular uptake of DiD-labeled POxSP-CEL by RAW264.7 cells at 0, 1, 4, and 12 h. (E) Intracellular ROS scavenging
capability in LPS-activated RAW264.7 cells after different treatments, as determined by DCFH-DA fluorescent probe
using flow cytometry. (F) Representative Annexin V-FITC/PI flow cytometry plots of RAW264.7 cells after treatment
with PBS, POxSP, Celecoxib, and POxSP-CEL for 24 h, showing the percentages of apoptotic (Q3) and necrotic (Q2)
cells. Data are presented as mean ± SD (n = 3, ***p < 0.001).

3.3 Regulatory Effect of POxSP-CEL on the Inflammatory Phenotype of Activated Macrophages
Based on its favorable uptake characteristics, we further investigated the regulatory capacity of POxSP-

CEL on macrophage inflammatory polarization. After LPS stimulation, RAW264.7 cells were successfully
activated to the M1 phenotype, manifested by significantly upregulated expression of pro-inflammatory
factors (TNF-α, IL-1β, IL-6) and M1 marker (iNOS), while the expression of the anti-inflammatory factor
IL-10 and M2 marker (Arg-1) was downregulated (Fig. 3). In this model, the non-responsive carrier PENOx
had no significant effect on the cytokine profile (p < 0.05). In contrast, POxSP-CEL treatment exhibited
the strongest anti-inflammatory and phenotype-reprogramming effects: it could extremely significantly
inhibit the LPS-induced high expression of TNF-α, IL-1β, IL-6, and iNOS, while significantly elevating
the levels of IL-10 and Arg-1 (p < 0.01). Furthermore, the effect of POxSP-CEL was superior to that of an
equivalent dose of free CEL, the non-responsive drug-loaded nanoparticle PENOx-CEL, and also superior
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to the blank ROS-responsive carrier POxSP. These findings provide compelling evidence that POxSP-
CEL achieves more than simple anti-inflammatory inhibition. The significant downregulation of iNOS
and the concurrent upregulation of Arg-1 (a classic functional marker of the M2 phenotype) indicate a
fundamental shift in macrophage polarization. This phenotypic reversal is driven by a dual synergistic
mechanism: the POxSP carrier first ‘pre-conditions’ the microenvironment by scavenging intracellular
ROS—a primary driver of M1 polarization—thereby lowering the activation threshold. Subsequently, the
ROS-triggered release of CEL suppresses the downstream inflammatory cascade at its source. By effectively
reprogramming synovial macrophages from a catabolic M1 state to a reparative M2 state, POxSP-CEL curtails
the production of matrix-degrading enzymes and pro-apoptotic cytokines. This systemic remodeling of
the immune microenvironment serves as a critical prerequisite for the subsequent preservation of articular
cartilage structure and the reduction of OARSI scores observed in our in vivo models. The results suggest that
POxSP-CEL effectively reverses the macrophage phenotype from pro-inflammatory M1 to reparative M2.

Figure 3: Regulation of macrophage inflammatory polarization by POxSP-CEL. Data are presented as mean ± SD.
Group comparisons were performed using one-way ANOVA followed by Tukey’s post-hoc test. Significance levels are
denoted by asterisks: *p < 0.05, **p < 0.01, ***p < 0.001. No significant difference is indicated by “ns” (p ≥ 0.05).
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3.4 Therapeutic Efficacy of POxSP-CEL in a Rat KOA Model
To verify in vivo efficacy, we established a rat KOA model induced by MIA. Histopathological analysis

(Fig. 4A) showed that compared to the sham operation group (Control), the model group (PBS) exhibited
severely damaged articular cartilage surface, thinning of the cartilage layer, substantial loss of proteoglycans
as indicated by Safranin O staining, and a significantly increased OARSI score (Fig. 4B). Concurrently,
immunohistochemistry (IHC) showed a sharp rise in the expression levels of IL-1β, IL-6, and TNF-α in
cartilage tissue (Fig. 4C–E) (p < 0.01). Intra-articular injection of free CEL or the blank carrier POxSP
alleviated cartilage degeneration and inflammation to some extent, but the improvement was limited. In
contrast, the POxSP-CEL treatment group showed nearly complete protective effects: the cartilage surface
was smoothest, cartilage thickness and proteoglycan content were closest to normal, and the OARSI score was
significantly lower than all other treatment groups (p < 0.01). IHC results further confirmed that the expres-
sion of pro-inflammatory cytokines in the articular cartilage of the POxSP-CEL group was most effectively
suppressed. These data indicate that POxSP-CEL can achieve cartilage protection and anti-inflammatory
effects by targeting the joint cavity and responding to the inflammatory microenvironment.

Figure 4: Therapeutic efficacy of POxSP-CEL in a rat KOA model. (A) Representative images of H&E and Safranin
O-Fast Green staining of articular cartilage from different treatment groups: Control (sham), PBS (model), free
CEL, POxSP, and POxSP-CEL. Scale bar: 100 μm. (B) OARSI scores for cartilage degeneration in each group.
Immunohistochemical staining and mean optical density (MOD) analysis of IL-1β (C), IL-6 (D), and TNF-α (E) in
articular cartilage. Data are mean ± SD (n = 8 rats/group). Data are presented as mean ± SD. Group comparisons
were performed using one-way ANOVA followed by Tukey’s post-hoc test. Significance levels are denoted by asterisks:
*p < 0.05, **p < 0.01. No significant difference is indicated by “ns” (p ≥ 0.05).

3.5 Systemic Safety Evaluation of POxSP-CEL
To ensure the safety of the therapeutic strategy, we examined the serum biochemical indicators of the

treated rats. The results showed no statistically significant differences (p > 0.05) in the levels of blood urea
nitrogen (BUN), creatinine (Cre), alanine aminotransferase (ALT), and aspartate aminotransferase (AST)
among all experimental groups (including the high-dose POxSP-CEL treatment group), and all values were
within the normal range (Fig. 5). This indicates that under the administration regimen used in this study,
the POxSP-CEL nano-system did not cause detectable liver or kidney function damage, demonstrating good
systemic safety.
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Figure 5: Systemic safety evaluation of POxSP-CEL in a rat KOA model. No significant difference is indicated by “ns”
(p ≥ 0.05).

4 Discussion
As a chronic, progressive joint disease, the core of KOA treatment lies in effectively controlling synovial

inflammation, blocking the cartilage destruction cascade, while avoiding systemic toxicity [14,24]. This study
successfully designed and constructed an amphiphilic block copolymer, POxSP, based on a thioketal ROS-
responsive linker, and used it as a carrier to load celecoxib, forming an intelligent nano-delivery system,
POxSP-CEL. This system not only achieved ROS-triggered precise drug release at the inflammatory joint
site in KOA but also synergistically regulated macrophage polarization through the carrier material’s own
ROS scavenging ability. Ultimately, it demonstrated synergistic therapeutic effects superior to traditional
administration methods in both in vitro and in vivo models. This study provides a novel strategy with
translational potential for the targeted and synergistic treatment of KOA.

Traditional nanodrug delivery systems often focus on improving drug solubility or prolonging circula-
tion time, with limited ability to actively respond to and intervene in the pathological microenvironment.
Drawing from and developing the concept proposed by Simon et al. that amphiphilic poly (2-oxazoline)s
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enable efficient intracellular delivery, we developed the key responsive unit-based POxSP copolymer [25].
1H NMR and in vitro release experiments (Fig. 1A,E) confirmed its chemical structure and its ability to
rapidly disassemble and release drugs in high ROS environments. This design means that CEL release no
longer relies solely on passive diffusion but is triggered and regulated by the excessive ROS expressed in
KOA synovial fluid. When nanoparticles accumulate at the inflammatory site, locally high levels of ROS
cleave the thioketal bonds, achieving burst release of the drug, thereby significantly increasing the local drug
concentration at the lesion. Simultaneously, the oxidation of thioketal to hydrophilic sulfone or sulfoxide is
itself a chemical reaction that consumes ROS. This means that POxSP-CEL, while releasing the drug, directly
reduces the oxidative stress level in the pro-inflammatory microenvironment. Crucially, this intrinsic ROS-
scavenging capability functions as a “sacrificial antioxidant” mechanism [26], effectively depleting the local
ROS pool that typically drives synovial macrophages toward the pro-inflammatory M1 phenotype [27]. This
establishes a synergistic therapeutic loop: the carrier “pre-conditions” the microenvironment by lowering
the oxidative threshold, thereby potentiating the efficacy of the released CEL in suppressing downstream
inflammatory cytokines.

The experimental results of this study showed that the inhibitory effect of POxSP-CEL on macrophage
proliferation was significantly stronger than that of non-responsive PENOx-CEL and free CEL (Fig. 2B),
and it could be efficiently internalized by macrophages (Fig. 2C,D), laying the foundation for its intracellular
action. To further investigate the mechanism of this enhanced efficacy, we evaluated the intracellular ROS
scavenging capability of the carrier. As shown in Fig. 2E, the POxSP-based nanoparticles effectively quenched
the high levels of ROS in LPS-activated macrophages, confirming that the thioketal-containing carrier
directly participates in restoring the redox balance. To confirm that this enhanced inhibition was a desired
pharmacological outcome rather than non-specific carrier toxicity, we further analyzed the mode of cell
death using Annexin V-FITC/PI staining (Fig. 2F). The blank carrier POxSP showed negligible apoptosis
and necrosis (1.7%), comparable to the PBS control (1.2%), which validates the high biocompatibility
of the poly (2-oxazoline)-based scaffold. In contrast, POxSP-CEL induced a significantly higher rate of
programmed apoptosis (12.5%) than free CEL (6.1%), while the necrosis rate remained extremely low across
all groups. These results demonstrate that the ROS-responsive nanoparticles leveraging the phagocytic nature
of activated macrophages to achieve high intracellular drug concentrations and trigger programmed cell
death, thereby effectively reducing the pro-inflammatory cell population without causing toxic side effects.

While our results confirm robust uptake by macrophages, the degree of preferential targeting toward
M1 macrophages over other cell populations, such as M2 macrophages and synovial fibroblasts, remains a
subject for further refinement. Generally, activated M1 macrophages exhibit significantly higher phagocytic
activity than other synovial cells, which inherently facilitates the accumulation of nanoparticles in these pro-
inflammatory cells [28]. More importantly, the ROS-responsive design of our carrier provides a “functional
targeting” mechanism. Since M1 macrophages are the primary source of ROS in the inflamed joint, the high
concentration of ROS not only triggers drug release but is also simultaneously neutralized by the carrier
itself (Fig. 2E). because M1 macrophages are the predominant producers of reactive oxygen species in the
osteoarthritic joint, the thioketal linkers are more likely to be cleaved within these specific cells, leading
to localized drug release [29]. The combination of efficient scavenging of pro-inflammatory ROS and the
induction of targeted apoptosis (Fig. 2F) explains why POxSP-CEL exhibits superior therapeutic potential
compared to free drugs. However, we acknowledge as a limitation that our current carrier lacks active
targeting ligands. Future studies will explore the conjugation of M1-specific moieties to the poly (2-oxazoline)
backbone to further enhance the precision of this delivery platform.

In the LPS-induced macrophage activation model, POxSP-CEL exhibited anti-inflammatory and
phenotype-regulating functions (Fig. 3). The effect of POxSP-CEL was significantly superior to that of
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the drug alone (free CEL) or the carrier alone (POxSP). POxSP-CEL could most effectively downregulate
the expression of key pro-inflammatory factors (TNF-α, IL-1β, IL-6) and the M1 marker (iNOS), while
significantly upregulating the expression of the anti-inflammatory factor IL-10 and the M2 marker (Arg-1).
The POxSP carrier consumes intracellular ROS during the response process and reverses the ROS-driven
polarization of macrophages towards the M1 phenotype. This reprograms macrophages from the pro-
inflammatory M1 phenotype to the reparative M2 phenotype, thereby suppressing the inflammatory cascade
at its source, highlighting the unique advantage of drug-carrier synergy.

Histological scoring (OARSI score) and staining results (Fig. 4) consistently indicated that the POxSP-
CEL treatment group had the best effect in protecting cartilage structure and maintaining proteoglycan
content, almost restoring to the level of the sham group. Immunohistochemical analysis further showed that
the expression of IL-1β, IL-6, and TNF-α in the articular cartilage of this group was most potently inhibited.
This in vivo efficacy can be attributed to: (1) Retention advantage after intra-articular injection: The nanoscale
size (~92 nm) facilitates retention within the joint cavity, avoiding rapid clearance by synovial lymphatic
vessels and prolonging the duration of action [30]. (2) Lesion targeting and intelligent drug release: In
the high ROS microenvironment surrounding inflamed synovium and activated macrophages, POxSP-CEL
specifically disassembles, achieving targeted enrichment of CEL at the lesion site, improving local bioavail-
ability, and reducing off-target effects on normal tissues. (3) Microenvironment remodeling: The carrier
continuously consumes excessive ROS within the joint cavity, not only directly reducing oxidative damage
but also, by regulating synovial macrophage polarization, creating a local immune microenvironment
conducive to cartilage repair.

Finally, systematic safety assessment preliminarily confirmed the good biocompatibility of this nano-
formulation. Serum biochemical indicators showed that POxSP-CEL did not cause significant liver or kidney
function damage (Section 3.5 of Results). While this study focuses on the short-term therapeutic efficacy
and safety, the long-term fate of the POxSP carrier is a critical consideration. The POxSP-CEL nanoparticles
are designed to disassemble upon triggering by ROS in the OA joint. The resulting POx fragments, with
a molecular weight below the renal threshold, are expected to be cleared via lymphatic drainage from the
joint and subsequent renal excretion, as supported by previous studies on POx-based therapeutics [31]. In
vitro cytotoxicity experiments also indicated no significant toxicity towards fibroblast L929 cells (Fig. 2A).
In normal tissues (low ROS environment), the nanoparticles remain stable, drugs are released slowly, and
the carrier material is inert; they are only activated at the lesion site (high ROS environment), thereby
maximizing the reduction of systemic side effects and potential long-term toxicity risks of the carrier material
while improving efficacy.

This study has certain limitations. First, although the animal model (MIA-induced) can simulate KOA
pain and cartilage degeneration, it differs from the complex chronic course of human KOA. Second, the
long-term in vivo degradation fate, immunogenicity, and more extensive toxicological evaluation of the
nanoparticles require further in-depth study. Future work will focus on: (1) Exploring nanoparticle surface
functionalization (e.g., with specific ligands targeting synovium or M1 macrophages) to further enhance
targeting efficiency; (2) Loading other drugs with cartilage-protective effects (e.g., growth factors, small
molecule inhibitors) to construct multi-drug synergistic systems; (3) Conducting efficacy evaluation in large
animal models (e.g., spontaneous OA in dogs) to lay a more solid foundation for clinical translation.

5 Conclusion
This study successfully developed a ROS-responsive intelligent nano-delivery system, POxSP-CEL.

POxSP-CEL, through its dual synergistic mechanism of triggered drug release and microenvironment
regulation, efficiently inhibits synovial inflammation, regulates macrophage polarization, protects articular
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cartilage, and demonstrates excellent therapeutic efficacy and good safety in animal models. This work not
only provides a safer and more efficient novel local joint delivery formulation for celecoxib but also offers
new ideas for a theranostic nanoplatform for the treatment of KOA and other inflammatory diseases.
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