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ARTICLE INFO ABSTRACT

Keywords: Inflammatory macrophages within the synovium play a pivotal role in the progression of arthritis
Biomaterials inflammation. Effective drug therapy targeting inflammatory macrophages has long been a goal
Nanoparticles

for clinicians and researchers. The standard approach for treating osteoarthritis (OA) involves

Nox4 . . systemic treatment and local injection. However, the high incidence of side effects associated with
Macrophage inflammation .. L, R L. ) i .
Ferroptosis long-term drug administration increases the risk of complications in patients. Additionally, the

rapid clearance of the joint cavity poses a biological barrier to the therapeutic effect. NADPH
oxidase 4 (NOX4) is an enzyme protein regulating the cellular redox state by generating reactive
oxygen species (ROS) within the cell. In this study, we designed and fabricated a hydrogel
microsphere consisting of methyl methacrylate (MMA) and polyvinyl acetate (PVA) as the outer
layer structure. We then loaded GLX351322 (GLX), a novel selective NOX4 inhibitor, into
hydrogel microspheres through self-assembly with the compound polyethylene glycol ketone
mercaptan (mPEG-TK) containing a disulfide bond, forming nanoparticles (mPEG-TK-GLX), thus
creating a two-layer drug-loaded microspheres capsule with ROS-responsive and slow-releasing
capabilities. Our results demonstrate that mPEG-TK-GLX@PVA-MMA effectively suppressed
TBHP-induced inflammation, ROS production, and ferroptosis, indicating a promising curative
strategy for OA and other inflammatory diseases in the future.

1. Introduction

Inflammatory macrophages within the synovium play a pivotal role in the progression of arthritis inflammation. Clinicians and
researchers have long pursued effective drug therapies targeting these inflammatory macrophages. Current approaches for treating
osteoarthritis (OA) typically involve systemic treatments and local injections. However, the prolonged administration of drugs carries
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a high risk of gastrointestinal and cardiovascular complications [1,2]. Moreover, the rapid clearance of drugs from the joint cavity
presents a significant biological barrier to achieving therapeutic efficacy. Studies have revealed that the average half-life of most drugs
in the joint cavity is merely 24 h, severely limiting their retention time and therapeutic impact [3,4].

In recent years, injectable hydrogels have been widely developed with good biocompatibility and controllable drug release [5].
Unlike traditional hydrogels, the spherical shape and uniform size of hydrogel microspheres significantly enhance injectable properties
[6]. In addition, the fluidity and flexibility of the microspheres allow them to be fully dispersed in solution [7]. Methacrylate gelatin
(GelMA) hydrogel microspheres prepared by microfluidic technology have been widely reported for their enhanced structural sta-
bility, uniform size and high injectivity [8,9]. Polyvinyl acetate (PVA) is a bio-friendly polymer with mechanical properties similar to
cartilage, and excellent hydrophilic properties [10-12]. However, hydrogels prepared by repeated freezing will degrade quickly in the
body, due to their easy solubility in water. Therefore, we attempted to modify PVA with methyl methacrylate (MMA) in the current
study. The hydroxyl group on PVA could react with the ester group of MMA, resulting in reduced hydrolysis performance of PVA.
Additionally, the double bond on MMA can undergo photocrosslinking under the catalysis of a photoinitiator, thereby enhancing the
mechanical properties of PVA hydrogels [13].

NADPH oxidase 4 (NOX4) is an enzyme protein primarily located on the cell membrane and involved in intracellular redox re-
actions [14]. It regulates the cellular redox state by generating reactive oxygen species (ROS) such as hydrogen peroxide within the
cell. Recent studies have highlighted the significant role of NOX4 in ferroptosis, a form of regulated cell death, by modulating the iron
metabolism pathway through the production of ROS [15]. Furthermore, NOX4 also impacts the initiation and development of fer-
roptosis by regulating the cellular redox state [16]. Therefore, targeting NOX4 appears an effective strategy to modulate inflammation,
oxidatative stress and ferroptosis, especially in inflammatory macrophages.

In this study, we loaded GLX351322 (GLX), a novel selective NOX4 inhibitor, into hydrogel microspheres through self-assembly
with the compound polyethylene glycol ketone mercaptan (mPEG-TK) containing a disulfide bond, forming nanoparticles (mPEG-
TK-GLX). The combination of PVA-MMA and mPEG-TK-GLX makes it an ideal candidate for ameliorating macrophage inflammation
and ferroptosis, with a sustained release effect due to the ROS-responsive property of mPEG-TK [17]. Our findings demonstrated that
mPEG-TK-GLX@PVA-MMA effectively suppressed inflammation, reactive oxygen species (ROS) production, and ferroptosis in in-
flammatory macrophages induced by tert-Butyl hydroperoxide (TBHP) (Fig. 1). This novel approach provides a promising strategy for
the treatment of osteoarthritis (OA).

2. Materials and methods
2.1. Reagents
mPEG-TK was purchased from Ruixi Biotechnology (Xi’an, Shaanxi, China). Fetal bovine serum (FBS), and minimal essential

medium alpha (a-MEM) were purchased from Cytiva (Logan, UT, USA). The Cell Counting Kit-8 (CCK-8) was obtained from Beyotime
Biotechnology (Shanghai, China). Tert-Butyl hydroperoxide (TBHP) was purchased from Macklin (Shanghai, China).
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Fig. 1. Schematic representation of the potential application of mPEG-TK-GLX@PVA-MMA to mitigate macrophage inflammation and ferroptosis
(created with BioRender.com).
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2.2. Preparation of PVA-MMA

10 g PVA was added into 100 mL deionized water, then heated to 100 °C. The solution was stirred to dissolve, and cooled to room
temperature after complete dissolution. After adjustment of pH value to 8, then the solution was heated to 60 °C. 1.84 mL of MMA
solution was added dropwise, and stirred for 4 h, then cooled to room temperature. The reaction solution was dialyzed for 3 days with
an 8000 KD dialysis bag to remove unreacted MMA. After dialysis, the solution was freeze-dried to obtain PVA-MMA with double
bonds. Then the product was characterized by 'H NMR.

2.3. Preparation of mPEG-TK-GLX

20 mg GLX and 200 mg mPEG-TK was dissolved in 1 mL DMSO, respectively. 10 mL ultrapure water was added to the glass bottle,
and 200 pL of mPEG-TK was firstly added under ultrasonication, followed by the dropwise addition of 200 pL GLX. The mixture was
sonicated for 1.5 h and then stirred overnight in a fume hood. The prepared sample solution was added into a 3000 KD dialysis bag for
dialysis to remove DMSO. After the dialysis, the solution was freeze-dried to obtain mPEG-TK-coated nanoparticles of GLX. The
morphology, composition and particle size of nanoparticles by were analyzed.

The mPEG-TK-GLX was dissolved in DMSO and the encapsulated GLX was measured by UV-vis maximum absorbance (324 nm)
through standard curve. The loading content and encapsulation efficiency of GLX were calculated as follows:

Loading content = (weight of loaded drug/weight of mPEG-TK-GLX) x 100%

Encapsulation efficiency = (weight of loaded drug/total drug) x 100%

2.4. Syntheis of mPEG-TK-GLX@PVA-MMA

mPEG-TK-GLX@PVA-MMA was synthesized and prepared by microfluidic technology. Briefly, 1 g of PVA-MA was added into 10
mL ultrapure water, heated to 100 °C and stirred to dissolve. The solution was cooled to room temperature after complete dissolution,
then 200 mg of mPEG-TK-GLX nanoparticles, was added and stirred evenly. mPEG-TK-GLX@PVA-MMA with a diameter of 100-200
pm are prepared by microfluidic technology. The microsphere morphology was characterized by SEM. The distribution of mPEG-TK-
GLX@PVA-MMA was observed by fluorescence microscope. mPEG-TK-GLX@PVA-MMA were dissolved in the buffer with or without
ROS to detect the release of GLX.

2.5. Cytotoxicity assay

For CCK-8 assay, RAW 264.7 macrophages were seeded into 96-well plates at a density of 8 x 10° cells/well, respectively. Treated
with various concentrations of mPEG-TK-GLX@PVA-MMA, the cells were incubated for 24 and 48 h 10 pL of CCK-8 solution was added
to each well at every time point. After 2 h incubation, the absorbance was measured at the wavelength of 450 nm.

For the live/dead staining, RAW 264.7 macrophages were cultured with various concentrations of mPEG-TK-GLX@PVA-MMA for
24 h. Then the cells were incubated with the Calcein-AM and PI solution for 15 min. The live/dead cells were observed via confocal
laser scanning microscopy (CLSM, Leica TCS-SP5, DM6000-CFS).

2.6. Quantitative PCR analysis

RAW 264.7 macrophages were seeded in 6-well plates at a density of 5 x 10° cells/well, then cultured with 100 uM TBHP, plus GLX
or mPEG-TK-GLX@PVA-MMA for 24 h. Axygen RNA Miniprep Kit (Axygen, Union City, CA, USA) was used for total RNA extraction.
After reverse transcription from RNA templates, TB Green™ Premix Ex Taq™ II (Takara Biotechnology, Otsu, Shiga, Japan) was used
for quantitative PCR analysis. The relative gene expression was calculated using the comparative 2-2CT method. The primer se-
quences are listed in Table S1.

2.7. Intracellular ROS and superoxide detection

RAW 264.7 macrophages were plated in confocal dishes, then cultured with 100 pM TBHP plus GLX or mPEG-TK-GLX@PVA-MMA
for 24 h. Then the cells were incubated with serum-free culture medium containing 10 pM DCFH-DA probe (S0033S; Beyotime
Biotechnology, China) for 20 min, or 5 pM DHE probe (HY-D0079; Med Chem Express, China) for 30 min at 37 °C. Finally, the images
were captured via CLSM.

2.8. FerroOrange and C11-BODIPY staining
RAW 264.7 macrophages were seeded in confocal dishes, and cultured with 100 pM TBHP, plus GLX or mPEG-TK-GLX@PVA-MMA

for 24 h. After that, the cells were incubated with 1 pM FerroOrange probe (F374; Dojindo, Shanghai, China) for 30 min, or 5 pM C11
BODIPY 581/591 probe (D3861; Invitrogen, Carlsbad, CA, USA) for 1 h at 37 °C. Finally, the images were captured via CLSM.
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2.9. Intracellular mitochondrial membrane potential assay

RAW 264.7 macrophages were seeded in confocal dishes, and cultured with 100 pM TBHP, plus GLX or mPEG-TK-GLX@PVA-MMA
for 24 h. After that, the cells were incubated with JC-1 Mitochondrial membrane potential assay kit (C2006; Beyotime Biotechnology,
China) for 20 min at 37 °C. Finally, the images were captured via CLSM.

2.10. Statistical analysis

All statistical analyses were conducted with a GraphPad Prism 8.0 statistical software package. All data were presented as the mean
+ standard deviation (SD). After homogeneity test of variance, differences between two groups were analyzed using unpaired Stu-
dent’s t-test (two-tailed). Results for multiple group comparisons were evaluated using one-way analysis of variance (ANOVA) with
Tukey’s post hoc tests. Significant differences were determined to be at *p < 0.05 and **p < 0.01.

3. Results and discussion

Asshown in Fig. 2A, TEM showed that GLX directly dispersed in water with an amorphous state. However, after the self-assembly of
GLX and mPEG-TK nanoparticles in water, uniform spherical aggregates were formed with a diameter of approximately 180 nm, which
was confirmed by TEM (Fig. 2B) and DLS (Fig. 2C). After analysis, the LE and EE of GLX in mPEG-TK-GLX was about 7.8 % and 55.64 %
respectively according to the UV-vis spectra. The 'H NMR results showed that § = 5.99 and 5.62 are the characteristic peaks of the two
hydrogens on the olefin, respectively, indicating that the PVA has been successfully modified with the double bond to obtain the PVA-
MMA microspheres (Fig. S1). The degree of substitution (DS) of PVA-MA was determined as 1 % by calculating the integration of
characteristic peak of methacrylate at 5.99, 5.62 ppm and the backbone of PVA at 3.8 ppm. Fig. 2D showed the morphology of the PVA-
MA microspheres observed by SEM, with the compact and uniform pore size distribution of the microsphere. Fig. 2E is the fluorescence
image of mPEG-TK-GLX nanoparticles loaded into PVA-MMA microspheres, indicating the successful self-assembly by microfluidic.
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Fig. 2. Preparation and characterization. (A) Representative TEM images of GLX in water. (B) Representative TEM images of self-assembly between
GLX and mPEG-TK in water. (C) DLS of mPEG-TK-GLX. (D) Representative SEM images of PVA-MMA microspheres. (E) Fluorescence image of
mPEG-TK-GLX nanoparticles loaded into PVA-MMA microspheres after being fluorescently labeled. (F) Representative SEM images of PVA-MMA
microspheres loaded with mPEG-TK-GLX. (G) Microscopic images of mPEG-TK-GLX@PVA-MMA in PBS for 1, 15, and 30 days. (H) Concentra-
tion of GLX in PBS with or without H>O,. Data represent means + SD from three independent replicates.
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Fig. 2F is the SEM images of PVA-MMA microspheres loaded with mPEG-TK-GLX nanoparticles (mnPEG-TK-GLX@PVA-MMA). Because
of the loading of nanoparticles, the pore size distribution of the microsphere is relatively loose and large. We next evaluated the
stability of mPEG-TK-GLX@PVA-MMA in aqueous solution for 1, 15 and 30 days. The results showed that the microspheres still
maintained the microsphere structure with good stability after 30 days (Fig. 2G). The ROS-responsive property was further investi-
gated by using UV-Vis spectrophotometer. The results showed that the concentration of released GLX markedly increased after the
adding of HyO, (Fig. 2H), indicating the ROS-responsive property of mPEG-TK-GLX@PVA-MMA. Collectively, these results demon-
strate mPEG-TK-GLX@PVA-MMA exhibited ROS-responsive drug releasing behavior with satisfactory stability.

We next evaluated the effect of mPEG-TK-GLX@PVA-MMA on the cell viability of RAW 264.7 macrophages. As shown in Fig. 3A
and B, the live/dead staining showed that 24 h treatment of mPEG-TK-GLX@PVA-MMA hardly affected the cell viabilit in the con-
centration of 40 pg/mL or below, while the cell viability was jeopardized in the concentration of 80 pg/mL. The CCK-8 assay (Fig. 3C
and D) further demonstrated that mPEG-TK-GLX@PVA-MMA hardly affected the cell viability of RAW 264.7 macrophages for 24 and
48 h, when the concentration was 80 pg/mL or below. Togther, these results indicates the satisfactory biocompatibility of mPEG-TK-
GLX@PVA-MMA in the concentration of 40 pg/mL or below.

After determining the safe concentration range of mPEG-TK-GLX@PVA-MMA (40 pg/mL or below), we sought to examine its anti-
inflammatory and anti-ROS capacity. RAW 264.7 macrophages were stimulated with 100 pg/mL TBHP for 24 h, plus GLX, mPEG-TK-
GLX, mPEG-TK@PVA-MMA or mPEG-TK-GLX@PVA-MMA treatment. The RT-qPCR results (Fig. 4A) illustrated that the mRNA levels
of pro-inflammatory genes, including Tnf, Il1b, and Il6, were upregulated with TBHP stimulation, while markedly reduced after
treatment with GLX, mPEG-TK-GLX or mPEG-TK-GLX@PVA-MMA. Notably, the treatment of mPEG-TK-GLX or mPEG-TK-GLX@PVA-
MMA exhibited a better inhibitory effect on pro-inflammatory genes than the treatment GLX. Furthermore, the DCFH-DA (Fig. 4B) and
DHE (Fig. 4C) stainings showed that intracellular total ROS production, as well as was superoxide level, was significantly upregulated
with TBHP stimulation, but markedly reduced with the treatment of GLX, mPEG-TK-GLX or mPEG-TK-GLX@PVA-MMA. Similar to the
RT-qPCR results, the treatment of mPEG-TK-GLX or mPEG-TK-GLX@PVA-MMA exhibited a better inhibitory effect on intracellular
total ROS and superoxide level. Taken together, these results suggest the satisfactory anti-inflammatory and anti-ROS performance of
mPEG-TK-GLX@PVA-MMA.

Considering the relationship among the inflammatory response, oxidative stress, and ferroptosis, we next evaluated whether
mPEG-TK-GLX@PVA-MMA could inhibit TBHP-induced ferroptosis in RAW 264.7 macrophages. As expected, the results of Fer-
roOrange staining (Fig. 5A) illustrated that TBHP stimulation significantly increased the intracellular Fe?* level. However, the
treatment of GLX, mPEG-TK-GLX or mPEG-TK-GLX@PVA-MMA eminently reduced the fluorescence of FerroOrange, suggesting the
reduced intracellular Fe?* level. Meanwhile, we also explored the effect of mPEG-TK-GLX@PVA-MMA on lipid peroxidation. As shown
in Fig. 5B, TBHP stimulation markedly increased the lipid peroxidation level, which manifested with enhanced green fluorescence
(oxidized state) and reduced red fluorescence (non-oxidized state). However, the treatment of mPEG-TK-GLX@PVA-MMA exhibited
the most effective inhibition on the lipid peroxidation level, with increased red fluorescence (non-oxidized state) and decreased green
fluorescence (oxidized state). Multiple lines of evidences implied that increased ROS production may lead to the damaged integrity of
the mitochondrial membrane, thus triggering the process of ferroptosis [18-20]. Hence, we further investigated the effect of
mPEG-TK-GLX@PVA-MMA on mitochondrial membrane integrity. The results of JC-1 staining showed that TBHP stimulation reduced
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Fig. 3. Effect of mPEG-TK-GLX@PVA-MMA on the cell viability of RAW 264.7 macrophages. (A) CCK-8 assay for 24 h. (B) CCK-8 assay for 48 h. (C)
Quantitative analysis of live/dead staining. (D) Representative confocal images of live/dead staining. Data represent means + SD from three in-
dependent replicates.
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Fig. 4. mPEG-TK-GLX@PVA-MMA reduces TBHP-induced inflammatory response and ROS production in RAW 264.7 macrophages. (A) Expression
of pro-inflammatory genes evaluated by RT-qPCR. (B) Confocal images and quantitative analysis of RAW 264.7 macrophages stained with DCFH-
DA. (C) Confocal images and quantitative analysis of RAW 264.7 macrophages stained with DHE. Data represent means + SD from three inde-
pendent replicates.

the mitochondrial membrane potential of cells, with increased JC-1 monomers in green fluorescence (Fig. 5C). However, the treatment
of mPEG-TK-GLX@PVA-MMA exhibited the most effective protective effect on the mitochondrial membrane potential, with increased
red fluorescence (non-oxidized state) and decreased green fluorescence (oxidized state). Taken together, these results demonstrate that
mPEG-TK-GLX@PVA-MMA effectively reduces TBHP-induced ferroptosis in RAW 264.7 macrophages.

4. Conclusions

In this study, we designed and fabricated a hydrogel microsphere composed of MMA and PVA as the outer layer structure, and then
loaded the ROS-responsive nanoparticle mPEG-TK-GLX into the hydrogel microspheres to produce a two-layer drug-loaded micro-
spheres capsule with ROS-responsive and slow-releasing ability. The results demonstrate that mPEG-TK-GLX@PVA-MMA suppressed
TBHP-induced inflammation, ROS production and ferroptosis in inflammatory macrophages, providing a promising curative strategy
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Fig. 5. mPEG-TK-GLX@PVA-MMA reduces TBHP-induced ferroptosis in RAW 264.7 macrophages. (A) Confocal images and quantitative analysis of
RAW 264.7 macrophages stained with FerroOrange. (B) Confocal images and quantitative analysis of RAW 264.7 macrophages stained with C11-
BODIPY. (C) Confocal images and quantitative analysis of RAW 264.7 macrophages stained with JC-1 mitochondrial membrane potential probe.
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for OA and other inflammatory diseases in the future.
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