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Abstract

Background Osteoarthritis (OA) is the most prevalent arthritic disease characterized by cartilage degradation and
low-grade inflammation, for which there remains a lack of efficacious therapeutic interventions. Notably, mitigating
the impact of oxidative stress (OS) and inflammatory factors could help alleviate or hinder the advancement of OA.
Given the benefits of both quercetin (Que) and Magnesium ion (Mg®*) in OA treatment, coupled with the structural
properties of Que, we have innovatively developed the Que-Mg”" nanoparticles (NPs), aiming to deliver both Que
and Mg?* simultaneously and achieve enhanced therapeutic outcomes for OA. Moreover, to avoid the adverse
reactions linked to frequent injections, sodium alginate (SA) microspheres encapsulating Que-Mg?* NPs (Que-Mg@
SA) were designed to treat the H,0,-induced OA cell model.

Methods Que-Mg@SA microspheres were synthesized using the ionotropic gelation technique, with calcium
chloride acting as the cross-linking agent. Comprehensive characterization of the Que-Mg@SA was conducted
through transmission electron microscope (TEM), dynamic light scattering (DLS), optical microscope, and scanning
electron microscope (SEM), which provided detailed insights into their size, zeta potential, morphology, and
micromorphology. Additionally, the microsphere swelling rate and Que release were evaluated. The biocompatibility
of Que-Mg@SA microspheres, along with their impact on chondrocyte viability, were detected through CCK-8 assay
and live/dead cell staining. Furthermore, the antioxidant and anti-inflammatory properties of Que-Mg@SA were
evaluated by examining the ROS scavenging ability and pro-inflammatory factors levels, respectively. Finally, the
regulatory influence of Que-Mg@SA microspheres on extracellular matrix (ECM) metabolism in OA was assessed by
immunofluorescence staining and Western blot.

Results Characterization results revealed that Que-Mg NPs exhibit nanoscale diameter, exceptional stability, and
good dispersibility, while Que-Mg@SA possesses high entrapment efficiency (EE%) and loading efficiency (LE%),
pronounced hygroscopic properties, and sustained drug-release capabilities. Additionally, in vitro cellular assays
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revealed that the biocompatible Que-Mg@SA microspheres significantly restored chondrocyte viability, scavenged
H,0O,-induced excessive ROS, reduced the levels of inflammatory cytokines, upregulated cartilage anabolic gene
expression, downregulated cartilage catabolic protease gene expression, and maintained the metabolic balance of

cartilage tissue.

Conclusion The functionalized Que-Mg@SA microspheres developed in our study hold great promise as a drug
delivery system for OA and potentially other biomedical applications.

Clinical trial number Not applicable.
Graphical abstract
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Introduction

Osteoarthritis (OA), the most prevalent degenera-
tive joint disorder, is marked by cartilage degradation
and low-grade inflammation and is projected to impact
approximately 78 million individuals globally by 2040 [1,
2]. Currently, pharmacological and surgical interventions
represent the conventional approaches for OA [3, 4].
However, pharmacological treatments primarily aim at
pain relief and anti-inflammation, with clinical outcomes
often hindered by notable adverse reactions [5] and lim-
ited cartilage-targeted absorption or accumulation at the
OA cartilage site. Surgical treatments are constrained by
the challenges of fibrocartilage regeneration, the scarcity
of donor tissues or chondrocytes, complications arising

from extensive cartilage damage or advanced OA, and
the risk of second surgery [6]. Present treatment options
remain far from curative, largely offering palliative relief.
Consequently, there is a critical need for therapeutic
strategies capable of slowing disease progression and
improving both bone and joint function.

Chondrocytes, the only cell type in cartilage tissue,
play a vital role in maintaining the structural integrity
of cartilage [7, 8]. In addition, excessive production of
reactive oxygen species (ROS) by chondrocytes is a key
contributor to the progression of OA. ROS-regulated
pro-inflammatory factors promote cartilage degradation
by triggering the secretion of substantial quantities of
matrix metalloproteinases (MMPs) while simultaneously
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suppressing the synthesis of extracellular matrix (ECM)
[9, 10]. Given this, mitigating the impact of oxidative
stress (OS) and inflammatory factors could help alleviate
or hinder the advancement of OA.

Flavonoids, widely found in fruits and vegetables, are
natural compounds with various pharmacological prop-
erties, including antioxidative, anti-inflammatory, and
anticancer properties [11, 12]. Among these, quercetin
(Que) as one of the most abundant flavonoids, has shown
remarkable therapeutic potential for joint-related disor-
ders, particularly OA [13]. Preclinical studies have high-
lighted Que’s anti-arthritic properties and protective
effects on joints [14]. Moreover, it has been reported that
Que prevents and treats OA by modulating the expres-
sion of inflammatory factors, while also alleviating artic-
ular cartilage degeneration by reducing OS and inhibiting
ECM degradation in cartilage [15]. Overall, Que appears
to be a promising candidate for OA due to its multifac-
eted mechanisms of action. However, the clinical applica-
tion of Que is hindered by several limitations, including
a pronounced first-pass elimination, low bioavailability,
and poor water solubility. Moreover, the short retention
time and rapid clearance of drugs from the joint further
restrict the efficacy of Que [16]. To overcome these chal-
lenges, synergistic interactions involving active groups,
such as metal ions, show potential for enhancing the sol-
ubility and bioavailability of Que, thereby enhancing its
therapeutic efficacy.

Magnesium (Mg) is primarily stored in the skeletal sys-
tem and is essential for maintaining the health of bone
and cartilage [17]. Studies have shown the connection
between the Mg ion (Mg*) deficiency and OA progres-
sion [18]. For the past few years, Mg-based biomaterials
have demonstrated significant translational potential in
OA due to their excellent tissue compatibility and pro-
osteogenic properties following implantation [19, 20].
Yao et al. have reported that Mg®" mitigates cartilage
degeneration in OA by modulating cartilage matrix syn-
thesis [21]. Considering its cost-benefit and safety pro-
file, Mg?** holds tremendous clinical application value.
Given the benefits of both Que and Mg?*, along with
the structural properties of Que, we have innovatively
developed the Que-Mg?" nanoparticles (NPs), aiming to
deliver both Que and Mg®" simultaneously and achieve
enhanced therapeutic outcomes for OA.

In contrast to systemic delivery, intra-articular admin-
istration of nanomaterials is a more prevalent approach
for the management of OA [22], primarily because direct
injection into the joint markedly reduces the required
drug dosage and results in more effective therapeutic
outcomes. To avoid the adverse reactions linked to fre-
quent injections, an appropriate drug delivery system
is essential. Alginates is an injectable biopolymer that
has been applied to targeted drug delivery systems and
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tissue engineering, with broad application prospects [23].
Among them, sodium alginate (SA) stands out as one of
the most extensively studied types, particularly in the
pharmaceutical and biomedical fields. Its great biode-
gradability, biocompatibility, non-immunogenicity, non-
toxicity, affordability, and ease of production [24] have
established it as a key polymer material for preparing
microspheres [23].

Building on the aforementioned considerations, SA
microspheres encapsulating Que-Mg?** NPs (Que-Mg@
SA) were designed and synthesized for the treatment of
the OA cell model. The synthesized microspheres were
characterized in terms of size, morphology, zeta poten-
tial, microsphere swelling rate, and Que release profile.
Additionally, the therapeutic potential of Que-Mg@
SA microspheres was evaluated by assessing chon-
drocyte viability, as well as their antioxidant and anti-
inflammatory impacts on OA. It is hypothesized that
the Que-Mg@SA developed in this study may offer a
straightforward and promising strategy for inhibiting
the progression of OA by scavenging ROS, combating
inflammation, and regulating ECM metabolism.

Materials and methods

Materials

Que, NaOH, MgCl,-6H,0, SA, CaCl,, Tween 80, PBS,
and H,0O, were obtained from Aladdin (Shanghai,
China). Calcein-AM/propidium iodide (PI) assay kit
was obtained from Sigma (USA), CCK-8 assay kit, 2,
7’-dichlorofluorescein diacetates (DCFH-DA), dihydro-
ethidium (DHE), paraformaldehyde (4%), and Triton
X-100 (0.1%) were obtained from Beyotime (Shanghai,
China). Alexa 488 secondary antibody, and hydroxyphe-
nyl fluorescein (HPF) were obtained from Thermo Fisher
(USA). 4,6-diamidino-2-phenylindole (DAPI), bovine
serum albumin (5%, BSA), TNF-a ELISA kit, IL-1p ELISA
kit, were obtained from Solarbio (Beijing, China). Pri-
mary antibodies for matrix metalloprotease 13 (MMP13),
Collagen type II (COL II), TNF-q, IL-1B, and GADPH
were obtained from Affinity (Jiangsu, China). Sodium
dodecyl sulfate (SDS), polyvinylidene fluoride (PVDEF)
membrane, tris-buffered saline (TBS), and skimmed milk
were obtained from Servicebio (Wuhan, China).

Preparation of Que-Mg NPs

A total of 120 mg of Que was dissolved in 30 mL of NaOH
solution, followed by the addition of 5 mL MgCl,-6H,O
solution (10 mg/mL). The resulting mixture was soni-
cated (500 W) via JJIUGONG sonicator (JG28K15, China)
for 15 min, then centrifuged by Lu Xiangyi Centrifuge
(TGL-16 M, China) at 12,000 r/min for 15 min, and
washed twice with deionized water. The NPs obtained
were then subjected to dialysis in deionized water for
48 h using dialysis tubing (FDM303, Beyotime, China)
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with a molecular weight cut-off of 3500 Da to eliminate
excess metal ions and NaOH. Finally, the Qu-Mg NPs
solution was stored at 4 °C.

Preparation of SA microspheres and Que-Mg@SA
microspheres

Que-Mg@SA microspheres were synthesized using the
ionotropic gelation technique, with calcium chloride
acting as the cross-linking agent as described previously
[25]. The overnight-stirred 20 mL SA solution (1.5%) was
filtered through a 0.22 pm membrane and transferred
into a clean centrifuge tube. It was then loaded into a
sterile threaded syringe, connected to the needle and
hose. With the electrostatic spinning apparatus (Don-
gwen High Voltage, China) fully assembled, microspheres
were collected in a receiving dish containing 2% CaCl,
solution. The apparatus was set to a flow rate of 0.8 mL/h
and a voltage range of 13—15 kV, allowing stable micro-
sphere spraying without spattering through fine voltage
adjustments. The collected microspheres were washed
three times with pure water to yield the SA microspheres.
Separately, the previously prepared Que-Mg NPs were
dispersed into a 1.5% SA solution (2 mg/mL Que con-
tent), and the Que-Mg@SA microspheres were produced
following the same procedure.

Characterization of Que-Mg NPs and Que-Mg@SA
microspheres

The samples were prepared by depositing Que-Mg NPs
onto a copper grid, followed by drying at room tempera-
ture. The morphological characteristics of the Que-Mg
NPs were then observed using a transmission electron
microscope (TEM; FEI Talos F200S, FEI) operated at
100 kV. The size and zeta potential of Que-Mg NPs were
measured via dynamic light scattering (DLS). Moreover,
the morphology and particle size of SA microspheres and
Que-Mg@SA microspheres were compared through an
optical microscope. In addition, the micromorphology of
Que-Mg@SA microspheres was further observed with a
scanning electron microscope (SEM, Hitachi SU8010).

Entrapment efficiency% (EE%) and loading efficiency%
(LE%) of Que in microspheres

Precisely 10 mg of Que-Mg@SA microspheres were
weighed into a centrifuge tube, to which a mixture of
acetonitrile and 1% formic acid in water (35:65, v/v, 5
mL) was added. The amount of Que in the solution was
quantified by a high performance liquid chromatography
(HPLC; Agilent 1260, Agilent Technologies, USA). The
EE% and LE% were then calculated using the following
equations:

mass of drug entrapped in microspheres

EE(%) = x 100%

mass of drug fed
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mass of drug entrapped in microspheres

LE (%) = x 100%

mass of microspheres with drug entrapped

Swelling ratio study

A specified number of Que-Mg@SA microspheres was
weighed and dispersed into a centrifuge tube containing
10 mL of PBS. The tube was then placed in a constant
temperature shaker at 37 °C, set to 100 rpm, allowing
the Que-Mg@SA microspheres to swell in PBS fully. At
various time intervals, the swollen Que-Mg@SA micro-
spheres were removed, and their mass was measured
through an electronic balance. The swelling rate (Q) of
the Que-Mg@SA microspheres was calculated using the
following formula.

M2 — M1

1
A x 100%

Q (%) =

Where M2 referred to the mass of the swollen Que-Mg@
SA, and M1 referred to the initial mass of Que-Mg@SA.

Drug release studies

The in vitro drug release rates of free Que and Que-Mg@
SA microspheres were evaluated. Both Que solution and
Que-Mg@SA microspheres were encapsulated in dialysis
bags (3500 Da) and immersed in 20 mL of PBS contain-
ing 0.2% Tween 80. Considering the acidic microenviron-
ment of OA (pH=6.6-7.2) [26], a pH of 6.8 was selected
for the in vitro release experiments here. The setup was
placed in a shaker at 37 °C and 100 rpm for the drug
release study. At predetermined time points (1, 2, 4, 8,
12, 18, 24, 30, and 36 h), 1 mL sample was withdrawn,
with the same volume of fresh PBS solution replenished
at the same temperature. The released Que was quanti-
fied by HPLC with an Agilent C18 column (200 x 4.6 mm;
5 mm particle size) operated at 25 °C. Absorbance was
measured using ultraviolet-visible (UV-Vis) spectroscopy
(CARY 5000, Agilent Technologies, USA) at 370 nm,
and the concentration of Que was determined based
on a standard calibration curve (Y=65.121+114.42,
R?=0.9988; Fig. S1). The drug release percentage (%) was
calculated using the following equation.

M VLG + VoG,

S (%) = = =

x 100%

Where V,, referred to the total volume of release medium
(Vo=20 mL), V, referred to the sampling volume (V, = 1
mL), C, referred to the concentration of Que at the n
sampling, and M referred to the total amount of Que.

OA cell model
The rat chondrocytes were purchased from Wuhan
Sunncell Biotechnology Co., Ltd (Wuhan, China). To
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simulate the environment of excess ROS present in OA,
chondrocytes were seeded in the lower chambers of
Transwell plates and exposed to 100 uM H,O,. The sub-
sequent experiments were categorized into six groups:
the Control group (PBS), the model group (H,0,), and
four administration groups, including H,0,+ Que,
H,0, + Que-Mg, H,0,+SA, and H,0,+Que-Mg@SA.
Based on the concentration screening results from the
preliminary experiment shown in Fig. S2, the adminis-
tered dose of Que was determined to be 30 uM.

Live/dead cell staining

To evaluate the biosafety of different materials and their
effects on chondrocyte survival, live/dead cell staining
was performed via a Calcein-AM/propidium iodide (PI)
assay kit (Sigma, USA). Chondrocytes were incubated
with calcein and PI for 20 min in the dark. After rinsing
with PBS, the live and dead cells were visualized under a
microscope (Olympus BX53, Tokyo, Japan).

Cell counting Kit-8 (CCK-8)

The chondrocytes were seeded in a 96-well plate at a den-
sity of 1 x 10* cells per well and cultured for 24 h to allow
full adherence. Once confluence was reached, different
materials were added to each well for a 24-hour treat-
ment period. Cell viability was then assessed using the
CCK-8 assay kit (Beyotime, Shanghai, China), and absor-
bance at 450 nm was measured using a microplate reader.

Detection of intracellular ROS levels

Chondrocytes were seeded in 24-well plates and incu-
bated overnight. Following 30 min of stimulation with
H,0O,, different materials were added for 24 h of co-
culture. DCFH-DA was utilized to detect total ROS,
HPF was used to detect -OH, and DHE was employed to
detect O,". Finally, fluorescence microscopy was used to
visualize the cells, and various forms of ROS levels were
quantified using Image] software.

Enzyme-linked immunosorbent assay (ELISA)

The levels of TNF-a and IL-1f in cell supernatant were
determined with the ELISA kits (Solarbio) as per the
manufacturer’s instructions. The absorbance was mea-
sured at 450 nm with a microplate reader.

Immunofluorescence staining

Rat chondrocytes were fixed with 4% paraformalde-
hyde for 15 min, permeabilized with 0.1% Triton X-100
for 5 min, and blocked with 5% bovine serum albumin
(BSA) for 1 h. Then, the samples were incubated with
the indicated primary antibodies MMP13 (1:200; Affin-
ity; AF5355) overnight at 4 °C. The following day, cells
were washed three times with PBS and further visual-
ized under a fluorescence microscope with Alexa 488
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secondary antibody at room temperature. DAPI was uti-
lized for nuclear staining.

Western blot

The total protein was extracted from chondrocytes, fol-
lowed by centrifugation at 12,000 rpm at 4 °C for 10 min,
with the protein sample collected from the supernatant.
The proteins were then separated via 10% SDS-dena-
turing polyacrylamide gel electrophoresis (PAGE) and
transferred to a PVDF membrane. After washing the
membrane with tris-buffered saline (TBS) at room tem-
perature, it was blocked with skimmed milk in TBS for
1 h. The membrane was incubated overnight at 4 °C with
primary antibodies: Collagen type II (COL II; 1: 1000;
Affinity; AF0135), MMP13 (1: 1000; Affinity; AF5355),
IL-1p (1: 1000; Affinity; AF5103), and TNF-a (1: 500;
Affinity; AF7014). The following day, the membrane was
washed three times with TBS for 10 min each, then incu-
bated for 2 h at room temperature with an HRP-conju-
gated IgG secondary antibody. After washing with TBS,
protein detection was performed using an ECL chemilu-
minescence detection kit, with GAPDH (1:5000; Affinity;
AF7021) as the internal reference. The grey values of the
protein bands were quantified through Image J software.

Statistical analysis

The entire dataset was analyzed using SPSS 18.0 and
GraphPad Prism 7.0. The experimental results are
expressed as the means+standard deviation (SD). Dif-
ferences between groups were evaluated using Student’s
t-test and one-way analysis of variance (ANOVA). A
p-value of less than 0.05 was considered statistically
significant.

Results

Characterization of Que-Mg NPs and Que-Mg@SA
microspheres

Firstly, the synthesis of the Que-Mg complex was evalu-
ated by ultraviolet (UV) and infrared (IR) spectroscopy.
Compared to the UV spectrum of Que, the incorporation
of Mg** induced electron transitions, which caused a shift
in electron cloud density. Consequently, the absorption
peak of Que at 371 nm exhibited a red shift of approxi-
mately 60 nm, accompanied by the emergence of a new
peak at 430 nm in the Que-Mg spectrum (Fig. S3A),
confirming the formation of a complex between Que
and Mg. Further verification by IR spectroscopy showed
that the C=0 stretching vibration of free Que appeared
at 1684 ¢cm™, which shifted to 1636 cm™ in the Que-Mg
spectrum, indicating the coordination of the C=0 and
Mg*. Moreover, the appearance of an Mg-O stretching
vibration peak at 568 cm™ in the Que-Mg spectrum also
suggested the formation of the metal complex (Fig. S3B).
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These results collectively demonstrate the successful syn-
thesis of Que-Mg NPs.

The structures and morphologies of the synthesized
Que-Mg NPs and Que-Mg@SA microspheres were char-
acterized. TEM results indicated that the particle size
of Que-Mg NPs was around 30 nm and well dispersed
without noticeable aggregation (Fig. 1A). DLS analysis
showed the hydrodynamic particle size of Que-Mg NPs
was 35.27+£2.99 nm, Zeta potential was —(17.65+0.77)
mV, and polydispersity index (PDI) was 0.233, displaying
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a uniform particle size distribution (Fig. 1B-C). More-
over, Que-Mg NPs exhibited almost no fluctuation in
their hydrated particle sizes and PDI over a continuous
period of seven days, demonstrating their great stabil-
ity (Fig. 1D). After successfully synthesizing Que-Mg@
SA microspheres, the EE% of the microspheres was
determined to be (82.71+4.11) %, and the LE% was
(10.17 £0.51) %. Furthermore, optical microscopy images
revealed the morphology of SA (Fig. 1E) and Que-Mg@
SA microspheres (Fig. 1F). For particle size comparison,

C D

Que-Mg 60 0.8
0-
s 45+ L 0.6
€ s H }'\Q—H—{*‘{”‘{ )
= = 30~ L 0.4
5 8 2
€ i »n
E7] -10 15 o~ —o—"—eo—o [02
°
e
& 154 0 r r r 0.0
N 0 2 4 6 8
.20 Time (day)

°

% 120- — Free Que

E — Que-Mg@SA

2 90_

)

3

[ 60_

=

©

S 304

€

3

2 0 1 1 1 1 1 1 1 1
o~ 0 5 10 15 20 25 30 35 40

Time (h)

Fig. 1 Characterization of Que-Mg NPs and Que-Mg@SA microspheres. (A) TEM image, (B) Size distribution, (C) zeta potential, and (D) Seven-day stability
of the Que-Mg NPs; Optical microscope image of (E) SA microspheres and (F) Que-Mg@SA microspheres; (G) SEM image of Que-Mg@SA microspheres;
(H) The hygroscopicity of SA microspheres and Que-Mg@SA microspheres; (1) Release curve of Que



Chen et al. Journal of Orthopaedic Surgery and Research

precise statistical analysis using Nano Measure software
indicated that the particle sizes of SA and Que-Mg@SA
microspheres were approximately 210 nm and 187 nm,
respectively, with Que-Mg@SA microspheres exhibiting
a significantly smaller diameter than SA microspheres
(p<0.01). This size discrepancy is hypothesized to result
from the encapsulation process of NPs within the micro-
spheres. When NPs are effectively loaded into the micro-
spheres, they tend to internal voids, leading to a denser
overall structure, and this structural compaction is mac-
roscopically reflected as a reduction in microsphere size.
Additionally, upon loading Que-Mg nanoparticles, the
presence of Que-Mg nanoparticles within the Que-Mg@
SA microspheres was distinctly visible, indicating the
successful encapsulation of Que-Mg NPs (Fig. 1F). SEM
images further demonstrated the porous structure of the
synthesized Que-Mg@SA microspheres (Fig. 1G), which
not only facilitate drug loading and sustained release but
also provide a complex spatial structure and an efficient
material exchange system for chondrocytes. Altogether,
these aforementioned beneficial characteristics are
important for cellular growth and repair at the OA lesion
sites.

The water absorbency of microspheres plays a crucial
role in lubricating joint surfaces and alleviating inflam-
matory responses. As shown in Fig. 1H, the swelling ratio
results indicate that at 12 h, both the SA microspheres
and Que-Mg@SA microspheres exhibited water absorp-
tion swelling ratios exceeding 400% in PBS solution,
demonstrating that the drug-loaded microspheres still
retained strong hygroscopicity capabilities. In addition,
the in vitro release results revealed that Que-Mg@SA
microspheres exhibited a good sustained release com-
pared to free Que, with the cumulative release of Que
reaching (72.58+3.50) % at 36 h (Fig. 1I). The kinetic
model fits for the free Que and Que-Mg@SA release pro-
files were presented in Table S1. This extended residency
duration facilitates the maximized therapeutic potential
of Que for OA.

Biosafety and cell viability assessment

As depicted in Fig. 2A, the live/dead assay was conducted
to assess the biosafety of Que, Que-Mg NPs, SA micro-
spheres, and Que-Mg@SA microspheres on chondro-
cytes. At one and three days of culture, the density of live
cells in the different administration groups continued to
increase over time, and there were no dead cells in any
group, which was not significantly different compared to
the Control group, suggesting that the Que and above-
mentioned materials possess good biosafety.

In addition, the high concentration of ROS notably pro-
motes chondrocyte apoptosis, cartilage matrix degrada-
tion, and the progression of joint inflammation. Among
ROS, H,0, is distinguished by its prolonged biological
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lifespan and its capacity for efficient diffusion both within
and between cells [27]. Thus, H,O, was employed in this
study to induce inflammation in chondrocytes. To simu-
late the excessive ROS environment in OA, chondrocytes
were exposed to 250 pM H,O, and followed by various
treatments, the cell viability of chondrocytes was evalu-
ated using the CCK-8 assay (Fig. 2B) and live/dead assay
(Fig. 2C). The results demonstrated that H,0O, consider-
ably decreased the cell viability of normal chondrocytes
(p<0.001), suggesting that excessive ROS led to chondro-
cyte apoptosis. Following administration with Que, Que-
Mg, or Que-Mg@SA, cell viability improved remarkably
compared to the H,O, group (p<0.01, p<0.001). Among
all groups, Que-Mg@SA microspheres exhibited the
most pronounced improvement in cell viability, sub-
stantially restoring the viability of H,0,-induced chon-
drocytes to levels comparable to the Control group
(100 + 8.65%).

ROS scavenging activity of Que-Mg@SA microspheres

The ROS scavenging capacity of Que-Mg@SA micro-
spheres was assessed by measuring the fluorescence
intensity of total ROS and common ROS, including
‘OH and O,"). The results revealed that upon stimula-
tion with 250 uM H,O, markedly elevated ROS produc-
tion in chondrocytes (p<0.001), as sensitively detected
by DCFH-DA, a fluorescent probe for intracellular ROS
(Fig. 3A-B). Additionally, the presence of O,” and -OH
radicals was identified using DHE and HPE, with the cor-
responding signals observed in the red and green chan-
nels, respectively. By observing the intense and extensive
green/red fluorescence signals in the H,O, group, it is
clear that a substantial amount of -OH and O, were gen-
erated in most cells upon H,O, stimulation (Fig. 3C-F).
Notably, compared to the H,O, group, free Que, Que-
Mg, and Que-Mg@SA all weaken the intensity of the
increased fluorescence signals induced by H,O,, with the
Que-Mg@SA group showing the weakest fluorescence.

Anti-inflammatory capacity and regulatory effect on ECM
metabolism of Que-Mg@SA microspheres

Studies have reported that when exposed to ROS, chon-
drocytes trigger an increased production of inflamma-
tory factors, such as TNF-a and IL-1f, resulting in an
imbalance in ECM metabolism and a tendency towards
ECM degradation [28]. Both ELISA and Western blot
analyses revealed remarkably elevated inflammatory lev-
els under H,O, stimulation (p<0.001), as evidenced by
the markedly increased IL-1 and TNEF-a levels and pro-
tein expression. After incubation with Que-Mg@SA, the
concentrations of TNF-a and IL-1p in the cell superna-
tant were restored to levels close to those of normal cells
(Fig. 4A-B). Similarly, Western blot analysis confirmed
that the expression of IL-1p and TNF-a in chondrocytes
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SA

Que-Mg@SA

Fig.2 Que-Mg@SA microspheres possess good biosafety and substantially restore the viability of H,0,-induced chondrocytes. (A) Live/dead cell staining
of Que, Que-Mg NPs, SA microspheres, and Que-Mg@SA microspheres after 1 and 3 days of co-culture with chondrocytes; (B) CCK-8 assay and (C) live/
dead cell staining to evaluate the impact of different administration groups on H,O,-induced chondrocyte viability. **, p <0.01; ***, p <0.001

aligned with these findings (Fig. 4C), indicating that Que-
Mg@SA could suppress the H,0,-induced expression of
inflammatory factors.

Moreover, the reduction of inflammatory factors
notably promoted ECM synthesis. As shown in Fig. 5A-
B, H,O, remarkably upregulated MMP13 expression
(p<0.001), whereas incubation with Que-Mg@SA
resulted in a substantial decrease in red fluorescence
intensity and protein expression (p<0.05), indicating
that Que-Mg@SA inhibited MMP13 expression, thereby
preventing ECM degradation in chondrocytes. Addi-
tionally, under H,O, stimulation, the expression of COL
II, a key component of ECM, was considerably reduced
(p<0.001). In comparison to the free Que, the interven-
tion with Que-Mg@SA resulted in a more substantial
restoration of COL II protein expression to levels compa-
rable to the Control group (Fig. 5B), suggesting that Que-
Mg@SA alleviated ECM metabolic imbalance.

Discussion
OA is the most prevalent arthritic disease, with its patho-
genesis and progression involving various mechanisms.
Aside from joint replacement surgery, OA is generally
regarded as incurable [29]. Consequently, there is a press-
ing need to develop safe and impactful therapeutic strate-
gies to alleviate or halt the progression of OA. Excessive
H,O, plays a pivotal role in cellular damage processes,
such as chondrocytes, where it inhibits ECM synthesis,
induces chondrocyte apoptosis, triggers lipid peroxida-
tion, and promotes the overproduction of inflammatory
cytokines, which further contribute to the formation of
MMPs [30, 31]. Thus, this study employs H,O,-induced
OS to establish an OA model, aiming to investigate the
therapeutic potential of the synthesized drug delivery
system. The results demonstrate that SA microspheres
loaded with Que-Mg nanoparticles protect chondro-
cytes, exhibit anti-inflammatory and antioxidative prop-
erties, and notably mitigate ECM metabolic imbalance.
In the present study, we designed and synthesized the
Que-Mg@SA microsphere drug delivery system for OA.
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Here, characterization results revealed that Que-Mg NPs
possess the advantages of nanoscale diameter, exceptional
stability, and good dispersibility. What’s more, We deter-
mined the EE% of Que-Mg@SA to be (82.71+4.11)%,
meeting the requirements of the 2020 edition of the
Chinese Pharmacopoeia, which stipulates that micro-
sphere EE% must not be less than 80% [32], and the LE%
of Que-Mg@SA was (10.17 +0.51)%, surpassing the LE%
of normal nano-drug formulations (below 10%) [33].

Nano-carriers, possessing suitable size and encapsulation
efficiency, can function as micro-environmental modu-
lators, facilitating the targeted and regulated delivery of
biomolecules [34]. Furthermore, as an effective carrier,
the strong hygroscopic property of SA microspheres is
conducive to the reduction of chondrocyte friction and
damage on the microsphere surface, thereby promot-
ing chondrocyte repair and proliferation. Additionally,
biopolymer carriers are frequently recommended for
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controlled and sustained delivery over extended periods
[35]. As anticipated, the drug release profiles of free Que
and Que-Mg@SA demonstrate that the utilization of the
SA microsphere prevents rapid drug depletion and facili-
tates sustained, efficient release at the osteoarticular site.
This controlled, extended drug delivery within the joint
eliminates the requirement for frequent injections while
ensuring consistent therapeutic efficacy.

Biological safety is an essential prerequisite for the clin-
ical use of nanomaterials. Live/dead cell staining results
proved that Que, Que-Mg NPs, SA microspheres, and
Que-Mg@SA microspheres exhibit good biocompatibil-
ity and an absence of cytotoxicity on chondrocytes, which
is a prerequisite for in vivo experiments and applications
in clinical practice [36]. Prior studies have identified OS-
induced chondrocyte apoptosis as a key factor in the pro-
gression of OA [37]. Thus, cell viabilities under various
treatment conditions were evaluated through CCK-8 and
AM/PI analyses. The results confirmed that Que-Mg@
SA microspheres inhibited chondrocyte apoptosis, offer-
ing superior protection against the harmful influence of
H,0O, compared to free Que. Moreover, the imbalance
between ROS production and the protective antioxi-
dant mechanisms in chondrocytes is a critical factor in
the progression of OA [38]. The outcomes of our study
revealed that H,0O,-induced OS notably elevated ROS
levels in chondrocytes, a process suppressed by Que-
Mg@SA, illustrating that SA microspheres loaded with
Que-Mg NPs exhibited substantial efficacy in scaveng-
ing various forms of ROS. Mg®* can promote the synthe-
sis of cartilage matrix, yet OS exacerbates inflammation,
thereby compromising the therapeutic effect of Mg®* in
OA [39]. Que is a potent free radical scavenger with sig-
nificant antioxidant properties, that can neutralize ROS
and alleviate oxidative damage to chondrocytes, thereby
protecting their structure and function [40]. By combin-
ing Que with Mg* to form Que-Mg@SA, the synergis-
tic benefits of both are fully realized. On one hand, Que
scavenges ROS, mitigating OS-induced damage to chon-
drocytes, and enhancing the role of Mg®" in cartilage
matrix synthesis and repair. On the other hand, the addi-
tion of Mg** further stimulates chondrocyte metabolism
and repair, boosting Que’s antioxidant effects. Therefore,
Que-Mg@SA microspheres hold considerable potential
in improving OA by increasing chondrocyte viability and
mitigating OS in chondrocytes.

ROS in deteriorating joints disrupts cellular processes
and activates pro-inflammatory factors [41], with IL-1p
and TNF-a being the most prominent contributors. Our
in vitro experimental results revealed that H,O, expo-
sure substantially upregulated the levels of TNF-a and
IL-1PB, whereas Que-Mg@SA considerably mitigated this
inflammatory response. In addition, these pro-inflam-
matory cytokines are key drivers of ECM degradation,
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a hallmark of OA [42], with MMPs serving as the pri-
mary enzymes responsible for the degradation of ECM
in OA chondrocytes [43]. Among the MMP family,
MMP-13 exhibits the highest potency in degrading the
chondrogenic gene COL II [44]. In our research, H,0O,
significantly upregulated MMP-13 gene expression in
chondrocytes, while simultaneously suppressing the
expression of COL II. This imbalance between MMP13
and COL II contributes to ECM degradation and acceler-
ates cartilage deterioration [45]. However, the Que-Mg@
SA intervention reversed these trends, indicating that the
damaged chondrocytes were protected against OS.

Conclusions

In the present study, we introduce an innovative thera-
peutic strategy by synthesizing Que-Mg NPs integrated
with SA microspheres for treating an OA cell model.
The Que-Mg@SA microspheres demonstrated an excep-
tional water absorption capacity and sustained drug
release properties. Additionally, in vitro cellular assays
revealed that the biocompatible Que-Mg@SA micro-
spheres markedly restored chondrocyte viability, scav-
enged H,0,-induced excessive ROS, reduced the levels
of inflammatory cytokines, upregulated cartilage ana-
bolic gene expression, downregulated cartilage catabolic
protease gene expression, and maintained the metabolic
balance of cartilage tissue. Overall, the functionalized
microspheres developed herein hold great promise as a
drug delivery system for OA treatment and potentially
other biomedical applications, yet further investiga-
tion through in vivo studies, followed by clinical trials, is
essential before the microspheres are authentically used
in the clinical management of OA.
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