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Osteoarthritis (OA) is a chronic joint disease characterized by degenerative changes in articular cartilage and
chronic inflammation. Recent studies suggest that intra-articular (i.a.) injection of magnesium salts holds
promise as a therapeutic approach for OA. However, the rapid diffusion of magnesium ions limits their
efficacy, resulting in a short duration of action. To overcome this limitation, we developed a nanoparticle
delivery system using MgO@SiO, core/shell nanoparticles, designed as a depot for the controlled release of
magnesium ions. Electron microscopy confirmed the formation of the core/shell structure with silica shells
of varying thickness. Release studies demonstrated that the silica coating effectively slows nanoparticle
degradation, extending magnesium release to over 72 hours. In a rabbit OA model, i.a. injection of these
nanocapsules significantly mitigated the pathological progression of OA within four weeks without inducing

systemic toxicity. Immunohistochemical analysis further revealed that MgO@SiO, nanocapsules alleviate
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Accepted 17th January 2025 e inflammatory response in cartilage by inhibiting the kB/p65 signaling pathway. In summary, this
study confirms the potential of intra-articular magnesium supplementation as a therapeutic option for OA

DOI: 10.1039/d4na00900b and introduces a novel approach to enhance the delivery and efficacy of magnesium ions in OA treatment,
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1 Introduction

Osteoarthritis (OA) is a common and disabling disease that not
only causes significant pain and economic burden to patients,
but also has a profound impact on society as a whole."? It is
characterized by an inflammatory environment and articular
cartilage damage, leading to more severe synovial edema,
osteophytes and subchondral bone sclerosis, which cause joint
dysfunction, pain, stiffness, functional limitations and loss of
valued activities.®* The pathogenesis of OA remains unclear
because it is not caused by a single factor but rather results from
a combination of multiple factors. Clinically available inter-
ventions are limited to palliative care to relieve symptoms, with
total joint replacement as an option for advanced symptoms or
significant dysfunction.* Currently, the commonly used drugs
for treating OA include selective COX-2 enzyme inhibitors, non-
steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids,
viscosupplements, and other traditional medications. Direct
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addressing a relatively underexplored area in the field.

intra-articular injection of these drugs is widely practiced due to
its advantage of bypassing the poor joint bioavailability asso-
ciated with systemic administration. However, rapid drug
clearance from the joint remains a significant limitation,
reducing the efficacy of most therapeutic molecules. More
importantly, while intra-articular drug injections can alleviate
inflammatory symptoms and slow disease progression, they
cannot reverse the course of the disease or provide a cure for
OA. Therefore, continued efforts to develop new treatment
approaches for OA are critical.

There has been growing interest in the role of Mg”* in the
pathophysiological changes of osteoarthritis (OA) in the last
decade.>® Mg>" has been shown to promote the proliferation
and differentiation of ATDC5 cells while inhibiting their
mineralization.” It also enhances the adherence of mesen-
chymal stem cells (MSCs) through integrins, thereby supporting
the early synthesis of the cartilage matrix.® In addition to its
direct effect on chondrocyte metabolism, elevated magnesium
levels influence the efficacy of growth factors during chondro-
genesis.” In our previous study, a significant presence of chon-
drocytes was observed around the degradation products of
magnesium-based implants.”® Conversely, magnesium defi-
ciency is associated with inflammation, cartilage damage,
defective chondrocyte biosynthesis, aberrant calcification, and
reduced analgesic efficacy.* Mg®" supplements, such as MgCl,
and MgSO,, have been administered orally or intra-articularly to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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treat OA in clinical settings. Recent studies have shown that
intra-articular injection of MgCl, can inhibit the NF-xB
pathway, reduce the expression of inflammatory factors, and
alleviate the inflammatory response in OA cartilage."” However,
Mg salts are rapidly cleared from the injection site and lose their
therapeutic effect.” Increasing the injection dose easily exceeds
the toxicity threshold of the treatment window, making the
treatment less effective and even causing toxic events. There is
an urgent need for delivery methods that allow for sustained
release of Mg™" in the joint space.

To deliver Mg>" into the joint cavity, it is essential to identify
a suitable carrier. While metallic magnesium contains the high-
est Mg content, its high reactivity poses significant biosafety
concerns, making it unsuitable for clinical applications. Addi-
tionally, although MgCO; and Mg(OH), are more stable, their
magnesium content is lower than magnesium oxide (MgO)
content. More importantly, MgO can be prepared into nano form,
demonstrating unique advantageous properties, including a large
surface area-to-volume ratio, high chemical stability, and non-
toxicity.™ A large number of studies have reported that MgO NPs
have been used in various biomedical applications, such as
cancer treatment, antibacterial activity, antioxidant effect, and
anti-aging therapy.”*” Recently, MgO nanoparticles (NPs) have
been incorporated into a water-soluble phosphocreatine-
functionalized chitosan solution to form a hydrogel, which has
shown potential for promoting bone regeneration.'® Additionally,
MgO@PLGA nanocapsules, prepared using polylactic-glycolic
acid (PLGA) copolymer microspheres loaded with MgO NPs, have
been reported as a potential treatment for OA." More impor-
tantly, the adjustable particle size of MgO NPs makes them well-
suited for intra-articular administration. Our previous study
demonstrated that MgO NPs can prolong the release time of Mg>*
by adjusting the particle size, and can effectively alleviate cartilage
injury and degeneration associated with OA.>® However, we also
found that the release duration of MgO NPs does not align with
the typical clinical schedule for intra-articular injections, which
are often administered weekly.”* Therefore, a delivery system that
provides a more sustained release of magnesium is needed.

To address this need, we developed and evaluated a nano-
capsule technology. Specifically, we synthesized MgO@SiO,
core/shell nanoparticles. The silica coating prevents the rapid
degradation of the magnesium core in aqueous environments,
enabling gradual nanocrystal degradation and controlled
magnesium release. This technology allows for the intra-
articular injection of a high magnesium dose, providing effec-
tive OA treatment without causing local or systemic toxicity. In
this study, we focused on evaluating the in vitro release profile
and toxicity of the nanocapsules. Furthermore, their protective
effects against OA-related cartilage destruction and their
potential mechanism for reducing inflammation were assessed
using a rabbit knee OA model.

2 Materials and methods
2.1 Materials and preparation of samples

The synthesis of MgO NPs was based on a previously reported
protocol with minor modifications.?” Briefly, 2 mmol (0.445 g) of
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magnesium 2,4-pentanedionate hydrate (Mg(acac),-2H,0,
Sigma-Aldrich, USA) was used as the precursor and added into
a three-necked flask (100 mL) containing 16 mmol (4.288 g) of
oleylamine (Sigma-Aldrich, USA), 4 mmol (1.128 g) of oleic acid
(Sigma-Aldrich, USA), and 20 mmol (5.05 g) of 1-octadecene
(Sigma-Aldrich, USA). The mixture was heated to 150 °C under
an argon atmosphere and reacted for 15 min. After the solution
turned light yellow, the temperature was raised to 300 °C and
the reaction continued for an additional 60 min. The reaction
mixture was then cooled to room temperature, and the MgO
NPs were precipitated by adding an excess of ethanol and
glycerol (3 :1). The process was repeated three times to remove
excess 1-octadecene, unreacted precursors and surfactants.

To slow the degradation of the as-synthesized MgO NPs, the
nanoparticles were coated with a silica layer using the Stober
method. Briefly, the MgO NPs were dispersed in a mixture of
ethanol and 0.2 mL ammonia (28%), and mixed at room
temperature and added dropwise (10 s per drop) with 90 uL and
180 pL of tetraethyl orthosilicate (TEOS, Sigma-Aldrich, USA)
with continuous stirring for 24 h to obtain MgO@SiO, nano-
capsules of varying thicknesses. The obtained samples were
dried with a rotavapor (Rotavapor R II, BUCHI, Switzerland) at
60 °C and collected for further research.

2.2 Characterization

The elemental composition and site phase composition of the
MgO NPs were investigated by X-ray diffraction analysis (XRD,
Model D8/Advanced, Bruker, Germany). The diffusion diame-
ters of the samples in ethanol solution were determined by
dynamic light scattering (DLS). The zeta potential of the MgO
NPs in aqueous solution was measured using a Zetasizer
(University of Georgia, Georgia, USA). The overall appearance
and morphology of the MgO NPs and MgO@SiO, nanocapsules,
including the thickness of the SiO, shell, were characterized by
scanning transmission electron microscopy (STEM, University
of Georgia, Georgia, USA). The elemental distribution and
encapsulation of the silica shell were assessed by energy-
dispersive X-ray spectroscopy (EDS, University of Georgia,
Georgia, USA).

2.3 Drug release tests

Equal amounts of Mg** from MgO NPs and MgO@SiO, nano-
capsules were added to 10 mL of deionized water and incubated
for 1-5 days. The effect of SiO, encapsulation thickness on the
degradation of the samples was assessed by measuring the Mg”>*
content by inductively coupled plasma mass spectrometry (ICP,
University of Georgia, Georgia, USA) and plotting the corre-
sponding release curves.

For the control experiments, equal amounts of Mg”* (5 mM)
from MgO@SiO, nanocapsules and MgO NPs were added into
10 mL of deionized water with an initial pH of 7.3 and incubated
for 37 °C with gentle shaking for 7 d using an incubator shaker
(Marshall Scientific, USA). The pH fluctuations of the mixture
were monitored at intervals of 0.5 h,1h,3h,6 h,12h,1d,2d, 3
d, 5 d and 7 d. The release of Mg®" from the different samples
was evaluated based on the changes in pH value of the solution.

Nanoscale Adv., 2025, 7, 1814-1824 | 1815
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2.4 Cell viability assay

Chondrocytes were isolated and cultured following the methods
we previously reported.”® Briefly, cartilage tissues were isolated
from the hip and knee joint of a 10 day-old rat (University of
Georgia, Laboratory Animal Center, USA), finely chopped, and
rinsed repeatedly with PBS solution. The tissues were digested
with 2 mg per mL collagenase II (Solarbio, USA) at 37 °C for 4 h,
followed by treatment with 0.25% trypsin/EDTA (Solarbio, USA) at
37 °C for 30 min. The obtained chondrocytes were cultured in
culture flasks (37 °C, 5% CO,, 95% humidity) with 10% (v/v) fetal
bovine serum (FBS, Gibco, USA) and 1% (v/v) penicillin/
streptomycin in the medium (Gibco, USA). Cells from the
second and third passages were used for subsequent experiments.

The chondrocytes were then seeded in 96 well plates at
a concentration of 1 x 10* cells per well and incubated for 24 h.
The medium was replaced, and different concentrations of MgO
NPs and MgO@SiO, nanocapsules, MgCl, and SiO, (as control
group) were added. After incubation for 24 h, the absorbance of
the medium was measured at 570 nm using a plate reader
(Biotek Synergy HT, USA) following an MTT assay.

2.5 Animal experiments

This study was approved by the Affiliated Xinhua Hospital of
Dalian University Institutional Animal Care and Use Committee
(No. 2023-04-01). The animals were provided by the Animal
Experiment Center of the Affiliated Xinhua Hospital of Dalian
University. Fifteen New Zealand rabbits (2.5-3.0 kg) underwent
bilateral anterior cruciate ligament transection (ACLT) and
medial meniscectomy operation (MMO) to induce OA. The
bilateral knees were shaved and disinfected with an iodine
complex prior to surgery. Using an anterior approach to the
knee and lateral patellar dislocation, access to the medial
compartment of the knee was achieved. The anterior cruciate
ligament was carefully severed, and the medial meniscus was
completely removed. The joint capsule and skin were sutured
and bandaged with sterile dressings.

The rabbits received 1.6 million units of penicillin intra-
muscularly once a day for 7 days after surgery. They were
allowed to eat, drink and move freely in the cages for 4 weeks to
develop OA. Next, the animals were randomly assigned to
different groups (n = 3). The knee joints were injected with 3 mL
of either normal saline (control group), MgCl, MgO NPs, or
MgO®@sSiO, with varying shell thicknesses. Intra-articular
treatments were initiated 30 days after the OA model induc-
tion and were administered every 7 days until the 28th day, for
a total of four applications.

2.6 Histological observation

After four weeks of treatment, the animals were anesthetized
and sacrificed by exsanguination. The bilateral knee joints were
collected and the gross changes in the articular cartilage of the
femoral condyles were assessed using the OARSI scoring
system,** including surface integrity, fissures and erosion. Next,
the femoral condyles were fixed in 10% buffered formalin
(Beijing Yili, China), decalcified in 10-20%

1816 | Nanoscale Adv.,, 2025, 7, 1814-1824

View Article Online

Paper

ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich, USA),
and embedded in paraffin. Then, sections were stained with
Safranin O-Fast Green Stain Kit (Sigma, USA) according to the
manufacturer's instructions. Photographs were taken through
an optical microscope (Olympus CKX 41, Japan) to evaluate
microscopic cartilage alterations using the OARSI scoring
system, including assessments of proteoglycan loss (0-6
points), structural lesions (0-11 points), chondrocyte density (0-
4 points) and cluster formation (0-3 points). All scores were
independently evaluated by three experienced investigators.

2.7 Immunohistochemical staining

Femoral condyles tissue sections were prepared as described
above. First, the sections were deparaffinized and rehydrated
through a graded ethanol series. Then, the sections were
immersed in a citric acid repair solution (0.01 mol L™, pH = 6.0)
for 5 min, and rinsed with PBS, following which 3% hydrogen
peroxide was added and incubated at room temperature for
20 min to quench endogenous peroxidase activity. Next, the
samples were blocked with normal goat serum for 30 min and
incubated with primary antibodies against IL-13, P65 and MMP-
13 at 4 °C overnight. The next day, the sections were washed three
times with PBS and incubated for 20 min with horseradish
peroxidase (HRP)-conjugated secondary antibodies (Abcam's 1:
300-1: 600 dilution, Ab6789, and 7074, followed by visualization
with a Diaminobenzidine (DAB) kit (TA-060-QHDX, Thermo
Fisher)). Images of the positive cells and relative intensity were
captured using an Olympus photomicroscope (Olympus, Japan).

2.8 Hematologic and biochemical analyses

Blood samples from the rabbit were obtained via cephalic or
jugular venipuncture prior to sacrifice. Samples for hematologic
analyses were collected in tubes containing EDTA (Venosafe
Plastic Tubes K2EDTA, Terumo Europe N.V., Leuven, Belgium),
while samples for serum biochemical analyses were collected in
plain tubes (Venosafe Plastic Tubes with a clot activator, Ter-
umo Europe N.V.). Hematologic analyses were performed
within 4 hours of sampling using a Sysmex XN1000 automatic
analyzer (Sysmex, Jiangxi, China). Serum biochemical analyses
were conducted using a Hitachi 7600 automatic clinical chem-
istry analyzer (Hitachi Limited, Japan).

2.9 Histopathological examination

The samples of organ tissues, including heart, liver, brain,
spleen, lung and kidney, were collected immediately after the
animals were sacrificed. All samples were fixed in 10% buffered
neutral formalin (Beijing Yili, China). Each specimen was
sectioned (5 pm thick), deparaffinized and stained using the
hematoxylin-eosin (HE) method. Then, the sections were pro-
cessed for histopathological assessment and examined under
a light microscope at 400x magnification.

2.10 Statistical analysis

Data were processed using GraphPad Prism 9.5 software (Graph
Pad, San Diego, CA, USA) and presented as the mean + SEM.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Statistical analysis was performed using one-way ANOVA, and
statistical significance was set at P < 0.05.

3 Results and discussion

3.1 MgO@SiO, nanocapsule synthesis, characterization and
degradation

Firstly, the internal element composition of the synthesized
MgO NPs was characterized by X-ray diffraction (XRD), and the

100 — MgO Sample
80
2
7]
c 60+
[
S
£
40
21 Al 1y “Muhl:l L
30 40 50 60 70 80
2Theta
b 300
— MgO Standard
250 4
.‘:0200-
»
£ 150
[}
F-]
5100_
50
0 b — 1 il
40 60 80
2Theta

Fig. 1 (a) XRD pattern of the MgO NP sample. (b) XRD pattern of the
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results are shown in Fig. 1. Pattern peaks corresponding to the
lattice planes (111), (200), (220), (311), and (222) of MgO were
identified (Fig. 1a), and Energy Dispersive Spectroscopy (EDS)
confirmed that the Mg/O ratio of samples was close to 1:1
(Fig. 2b), confirming that MgO was the primary component of
the nanoparticles. DLS revealed that the diameter of the MgO
nanoparticles was 62.23 + 10.41 nm in ethanol solution
(Fig. 2¢). A similar size distribution was observed using STEM,
while the nanoparticles were observed to be spherical (Fig. 2a).
The size and shape of nanoparticles are well known to be critical
factors influencing their cellular uptake mechanisms, biolog-
ical distribution patterns, and pharmacokinetics.”® The spher-
ical structure of MgO NPs offers better curvature and is less
prone to phagocytosis and cellular internalization compared to
nanorods and nanoplates, which helps maintain a consistent
concentration within the joint.** In additional, the surface
potential of nanoparticles is another major factor affecting the
stability and properties of nanoparticles, with those having high
a negative or positive surface charge being electrostatically
repelled and those with a neutral surface being prone to floc-
culation.”” In the current study, the average zeta potential of the
nanoparticles was +25.99 + 10.67 V in PBS (Fig. 2d), which
makes it easier for the MgO NPs to maintain stability. Our
results were also consistent with earlier research, in which the
zeta potential value was —15.4 mV, which can effectively stabi-
lize the MgO nanoparticles.”® Moreover, the positively charged
surface is more helpful for the electrostatic adsorption of
nanoparticles to articular cartilage, because articular cartilage is
often negatively charged.* Furthermore, the size of the nano-
particles plays a key role in determining their mode of
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(@) The shape of MgO nanoparticles using scanning transmission electron microscopy (STEM). (b) Element composition of samples using

an energy dispersive spectrum (EDS). (c) DLS of MgO nanoparticles in ethanol. (d) The zeta potential range of MgO nanoparticles in PBS.
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endocytosis. Studies have shown that larger particles are inter-
nalized through phagocytosis, while smaller nanoparticles are
taken up via pinocytosis.** These distinct endocytosis mecha-
nisms ultimately affect the retention time and ion release rate of
nanoparticles, ensuring a more uniform distribution. Our early
study results also confirmed that after injecting MgO NPs with
different particle sizes into the joint, there were different slow-
release Mg>" situations, and samples with larger particle sizes
showed a stronger cartilage protection effect.> However, we also
found that this slow-release effect was relatively weak and can
not match the needs of clinical applications.

To slow down the degradation of MgO nanoparticles and
improve their ability for sustained release of Mg>*, we coated
them with a layer of silica using the Stober method. Mesoporous
silica shells are known for their excellent biocompatibility, low
cytotoxicity, and high drug loading capacity and efficiency,
making them widely used in cell imaging and drug delivery
applications.®* In the current study, STEM analysis confirmed
the formation of a core/shell structure, and EDS further verified
that Mg was located in the core, surrounded by a shell of silica
(Fig. 3). By varying the amount of tetraethyl orthosilicate
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(TEOS), we adjusted the silica coating thickness from 30 to
60 nm, which was also confirmed by STEM. These two formu-
lations were referred to as MgO@SiO,30 and MgO®@SiO,60,
respectively. Previous studies have shown that the dense
structure of articular cartilage acts as a barrier to macromo-
lecular drugs and drug delivery systems larger than 100 nm,
limiting their effective penetration into deep cartilage and
subchondral bone.** Therefore, the nanocapsules, being larger
than 100 nm, may facilitate early retention in the joint space,
enabling the sustained release of magnesium oxide nano-
particles. We subjected the MgO@SiO, nanocapsules to dialysis
in deionized water and quantified magnesium release using
Inductively Coupled Plasma Mass Spectrometry (ICP-MS,
Fig. 4a). Uncoated MgO NPs released 80% of their total
magnesium content within 12 hours of exposure to deionized
water. The time required to release 80% of the contained
magnesium increased to ~24 hours (81.63% release) with
a 30 nm coating, and further extended to ~72 hours (79.27%
release) with a 60 nm coating. These results confirmed that
silica encapsulation effectively prolongs the release of MgO NPs,
with a thicker coating providing a longer release duration. In

 — 1 —

Teneo

100 nm i
Teneo

(@) The shape and element composition of MgO@SiO,30 nanocapsules using scanning transmission electron microscopy (STEM) and an

energy dispersive spectrum (EDS). (b) The shape and element composition of MgO@SiO,60 nanocapsules using STEM and EDS.
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Fig. 4 (a) The released Mg?* fluctuation curve of MgO NPs, MgO@SiO,30 and MgO@SiO,60 nanocapsules (Mg?*, 5 mM) monitored by ICP-MS
at different times in 10 mL deionized water. (b) The pH value fluctuation curve of MgO NPs, MgO@SiO,30 and MgO@SiO,60 nanocapsules

monitored during immersing for 1 week in 10 mL deionized water.

addition, the degradation behavior and Mg”* release was eval-
uated indirectly by monitoring the pH variation in water. The
degradation reaction for MgO-based materials can be repre-
sented as follows: MgO + H,0 — Mg>* + 20H . This indicates
that the generation of 1 mol of Mg”" consumes 1 mol of MgO
while producing 2 mol of OH™. In this study, the MgO group
exhibited more significant pH value changes than all other
groups, particularly during the initial 12 h (Fig. 4b). In contrast,
the pH value of the MgO®@SiO, groups increased steadily and
slowly in 72 h; more importantly, we found that with the
increase of thickness of SiO, cladding, the rising trend of pH
decreased, indicating SiO, can effectively prevent MgO
degradation.

3.2 MgO@SiO, nanocapsule cytotoxicity, efficacy and bio-
safety

Next, we evaluated the cytotoxicity of MgO@SiO, nanocapsules
on articular chondrocytes isolated from rat knee joints using an
MTT assay. In a normal culture medium, chondrocyte viability
was 82% and 75% for magnesium chloride (MgCl,) and silicon
dioxide (SiO,) at a concentration of 5 mM (Fig. 5). Meanwhile,

Cell viability
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s ; == MgCl,
~ I
2 I = MgO
2 504 MgO@Si0,30
2> mm MgO@SiO,60
3
c T T T T
03125 0625 125 25 5

Concentration (mM)

Fig.5 Cellviability evaluation by the CCK-8 assay after treatment with
MgO NPs, MgO@SiO,30 and MgO@SiO,60 nanocapsules on viability
and proliferation of chondrocytes.

© 2025 The Author(s). Published by the Royal Society of Chemistry

levels of chondrocyte viability of MgO NPs, MgO@Si0,30, and
MgO@Si0,60 nanocapsules were 72%, 71% and 74%, respec-
tively. In contrast to the comparable levels of chondrocyte
viability at 5 mM, the levels of MgO@Si0,30 and MgO@8Si0O,60
nanocapsules increased to 80% and 79% at 2.5 mM, while the
levels of MgO NPs and SiO, groups were stable at 71% and 73%.
Note that according to the ISO 10993 standard, samples with
cell viability below 70% are considered cytotoxic.*® Although the
viability of all samples was more than 70% at both 5 mM and
2.5 mM concentrations, for safety purposes we used
a maximum concentration of 2.5 mM MgO®@SiO, nanocapsules
in subsequent experiments.

The efficacy of MgO@SiO, nanocapsules was further evalu-
ated in a New Zealand rabbit OA model that had undergone
bilateral anterior cruciate ligament transection (ACLT) and
medial meniscectomy operation (MMO) surgery. One month
after the surgical procedure to induce OA, the animals were
randomly assigned to four groups (n = 12) and received weekly
intra-articular (i.a.) injections of 1.5 mL of either MgCl, salt,
MgO NPs, MgO@Si0,30, or MgO@Si0,60 nanocapsules, all at
a magnesium concentration of 2.5 mM. A total of four injections
were administered, and the animals were euthanized after 4
weeks. Medical saline (NaCl) was used as a control throughout
the experiment, and no signs of acute inflammation were
observed in any of the treatment groups. In the NaCl-treated
group, characteristic OA features such as erosion, osteophyte
formation, and large areas of lesions were evident (Fig. 6a).
Treatment with MgCl, led to moderate OA regression, consis-
tent with previous observations.** In comparison, the groups
treated with MgO NPs showed significantly reduced cartilage
damage, likely due to the slower clearance of nanoparticles
compared to Mg salts. Early studies have also shown that MgO
NPs not only could promote the differentiation of chondrocytes
and inhibit the destruction of the extracellular matrix (ECM) by
releasing magnesium ions,**” but also played an anti-ROS role
to reduce the inflammatory response in local -cartilage
tissue,*®** thus playing an anti-OA role. The OARSI scores for the
general appearance of cartilage were also evaluated, with the
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Fig. 6 Representative photographs showing the macroscopic and histology appearance of the cartilage from the femoral condyles after
treatment for 4 weeks. (a) General appearance, (b) safranin O-fast green staining, (c) macroscopic evaluations of cartilage changes after
treatments according to the OARSI standard (p < 0.05). (d) Microscopic OARSI scores of articular cartilage changes (p < 0.05).

NaCl group scoring 6.33 £ 0.33 and the MgCl, group scoring
4.56 + 0.41. After nanoparticle treatment, the OARSI scores
decreased to 3.56 + 0.67, 2.61 £ 0.3, and 1.22 + 0.22, for the
MgO, MgO@S5i0,30, and MgO@Si0,60 groups, aligning with
the general appearance results (Fig. 6¢). In our study, the
MgO@5i0,30 and MgO@Si0,60 groups demonstrated better
preservation of articular cartilage structure, presumably due to
the prolonged Mg release and extended action time provided by
the silica-coated formulations.

Next, in order to further verify that SiO, sustained-release
MgO NPs can help to combat the pathological process of OA,
the histological analysis of cartilage changes was conducted
using safranin O-fast green staining (Fig. 6b and d). Typical OA
features, such as fibrillated lesions, chondrocyte clusters, and
loss of GAG, were observed in the NaCl group. Compared to the
NaCl control, all treatment groups showed varying degrees of
improvement in morphological changes, proteoglycan reten-
tion, and tidemark integrity. Among the treatments,
MgO®@Si0,60 was the most effective in maintaining the normal
columnar architecture of cartilage, as evidenced by less severe
lesions on the condyle surface, decreased fibrillation/fissures,
and increased tissue cellularity and cloning (Fig. 6b). Addi-
tionally, the MgO@SiO,60 group exhibited more intense
safranin O-fast green positive staining than the control groups.
The OARSI histological scores were consistent with these find-
ings (Fig. 6d). Specifically, the scores were 18.72 + 1.3 and 14 +
2.44 for the NaCl and MgCl, groups, respectively, while the MgO
NPs and MgO@8Si0,30 groups scored 12.44 + 1.04 and 7.56 +

1820 | Nanoscale Adv., 2025, 7, 1814-1824

0.74. The MgO@SiO,60 group achieved a favorable OARSI
histological score of 3.17 £ 1.22. These results are also similar
to the general appearance, which fully indicates that sustained
release of MgO and Mg”" is closely related to the injury degree of
OA cartilage tissue.

Finally, we assessed the bio-safety of MgO@SiO, nano-
capsules using hematologic and histopathological methods.
Hematologic and serum biochemical indices, including WBC,
RBC, hemoglobin (HGB), hematocrit (HCT), glutamic-pyruvic
transaminase (ALT), glutamic-oxaloacetic transaminase (AST),
alkaline phosphatase (ALP), creatinine (CREA), blood urea
nitrogen (BUN), Na*, K", Mg?", and Ca**, were examined and are
presented in Table 1. Histopathological sections from major
organs, including the heart, liver, brain, spleen, lung, and
kidney, were stained using the H&E method to assess cell
structure and morphology (Fig. 8). Our results indicated that all
hematologic and biochemical indices remained stable
throughout the experiment, and no significant abnormalities
were observed in the pathology of major organs. Overall,
MgO®@SiO, nanocapsules appear to be safe for administration
via intra-articular injection.

3.3 Mechanism of MgO@SiO, nanocapsules for treatment of
OA

To further explore the potential mechanism of MgO®@SiO,
nanocapsules in the treatment of OA, we also assessed the
impact of samples on OA-related catabolic markers. As is well

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effect of MgO@SiO, nanocapsules on hematologic and serum biochemical analyses®

NacCl MgCl, MgO NPs MgO/Si0,30 MgO/Si0,60 P value
WBC 7.98 +1.61 7.39 £ 1.14 7.90 £+ 2.30 8.06 £ 2.45 7.99 £+ 0.59 0.99
RBC 6.19 + 1.48 6.21 + 0.45 5.87 £ 0.48 6.02 £ 0.57 6.25 + 1.82 0.992
HGB 119.33 + 29.26 117 + 4.00 109.33 £ 7.57 114.33 £ 15.7 118.67 + 28.54 0.97
HCT 39.63 + 6.34 38.83 £1.25 35.27 £ 2.15 37.93 £ 2.66 33 +£13.29 0.742
ALT 37.13 £ 11.00 35.67 £ 17.98 37.23 £5.48 39.67 £ 6.22 40.37 £ 11.29 0.984
AST 28.27 + 5.44 25.93 + 13.37 19.17 £+ 3.52 25.1 + 12.62 28.47 £+ 5.90 0.727
ALP 80.03 + 23.55 76.43 + 1.94 56.77 + 48.49 41.33 £+ 21.85 43.67 + 43.26 0.484
CREA 86.33 £ 21.55 97 £ 14.73 82.33 £ 16.5 81.00 £ 11.79 86.67 £ 37.07 0.909
BUN 6.33 = 0.98 8.43 +2.48 5.8 +£1.13 6.77 + 2.23 7.57 £ 2.05 0.489
Na* 144.33 £+ 2.76 142.5 £ 3.75 142.67 £+ 1.55 142.17 + 3.18 142.67 £+ 0.15 0.863
K 7.99 + 0.38 6.5 + 0.43 6.54 + 0.56 6.39 + 0.56 6.65 + 1.11 0.901
Ca*" 3.71 + 0.10 3.68 + 0.24 3.38 + 0.45 3.62 £ 0.10 3.41 + 0.20 0.413
mg* 1.09 £ 0.17 1.17 £ 0.29 1.06 + 0.27 1.1 £ 0.02 1.09 + 0.25 0.999

“ HGB: hemoglobin; HCT: hematocrit; ALT: glutamic-pyruvic transaminase; AST: glutamic-oxaloacetic transaminase; ALP: alkaline phosphatase;

CREA: creatinine; BUN: blood urea nitrogen.

known, OA results from the failure of the repair process of
damaged cartilage by aseptic inflammation caused by biome-
chanical and biochemical changes in the joints. Therefore,
inflammatory cytokines play a crucial role in the pathological
process of OA. IL-1f is currently recognized as one of the most
important cytokines in the OA inflammatory response. It is
synthesized locally by synoviocytes and chondrocytes*® and can
enhance the expression of NF-kB/p65, thereby activating the NF-
kB/p65 signaling pathway, which is proinflammatory.* Mean-
while, excessive activation of p65 and subsequent trans-
activation of effector molecules play a crucial role in the
pathogenesis of many chronic diseases,” including OA.** In
addition, MMP-13 is a central node in the cartilage degradation
network, being significantly overexpressed in the joints and
articular cartilage of patients with OA, while being scarcely
detected in normal adult tissues.** Therefore, the MMP-13 levels
correlate with the presence of pathological chondrocytes

NaCl Mg_;CIz

Mg_;O

undergoing hypertrophic differentiation in the early stages of
OA development,*” and its overexpression can induce OA
through excessive ECM degradation.*®

In the current study, we observed significant increases in IL-
1B, p65 and MMP13 expression in the NaCl-treated group
(Fig. 7), which fully confirmed that the NF-kB/p65 signaling
pathway was activated to induce inflammation, causing injury
and degeneration of cartilage in knee joint of rabbits under-
going ACLT + MMO surgery. Moreover, our analysis showed that
MgCl, treatment inhibited IL-1f3, p65, and MMP-13 levels in OA
cartilage compared to NaCl alone, which suggests that magne-
sium supplementation in the joint can reduce inflammatory
response.”* More importantly even greater suppression of
these markers was observed in the groups treated with MgO
NPs, MgO@8Si0,30, and MgO@Si0,60, with MgO@Si0,60
demonstrating the most significant inhibition, suggesting that
inflammation in OA cartilage was sustainably relieved with

MgO@Si0:30 MgO@Si0260
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Fig. 7 The image of immunohistochemical staining on OA-related catabolic markers, including IL-1B, NF-kB/p65, and MMP13 expression after
treatment with NaCl, MgCl,, MgO NPs, MgO@SiO,30 and MgO@SiO,60 nanocapsules.
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Fig. 8 H&E staining images of organ histological evaluation, including heart, liver, spleen, lung, kidney and brain treated with NaCl (normal
saline), MgCl,, MgO NPs, MgO@SiO,30 and MgO@SiO,60 nanocapsules after 4 weeks.

continuous release of magnesium ions. Combined with the
gross appearance and histological results described above, our
results suggest that Mg nanoparticles exert their effects by
inhibiting IL-1B expression and blocking the NF-kB/p65
pathway. The silica coating likely contributes to the enhanced
suppressive effects by enabling the sustained release of
magnesium ions.

There are several limitations to the current study. First, the
potential cross-reactions between the nanoparticles themselves
and articular cartilage or cells have not been studied in depth,
which could lead to potential risks when used clinically.
Second, the release of MgO NPs and Mg”" in the MgO@85iO,
nanocapsules in articular cartilage was not clearly measured,
which needs further study to clarify. At last, it will also be
important to understand the metabolism behavior of MgO and
magnesium ions in joints. These investigations are underway.

4 Conclusion

In this study, we developed an innovative magnesium ion
delivery system to achieve controlled release of Mg” in the joint
space, which will help further clarify the promotion and appli-
cation of nanocapsule technology in the field of OA therapy.
Using the Stober method, we encapsulated MgO nanoparticles
within a SiO, capsule, with the core/shell structure verified by
microscopic and elemental analysis. The MgO®@SiO, nano-
capsules enhanced the bioavailability of Mg>', resulting in
significantly improved moderation of OA progression and
effective cartilage protection. These nanocapsules also demon-
strated excellent biosafety throughout the experiments. The
inhibition of OA progression is likely due to the sustained

1822 | Nanoscale Adv, 2025, 7, 1814-1824

release of Mg®" from the nanocapsules, which reduces the
production of inflammatory factors associated with the NF-kB/
p65 pathway. Overall, this study represents a novel approach
for effective and low-toxicity OA treatment with significant
potential for clinical application, which is helpful to solve the
problem of expanding the production scale of nanocapsules.
This method can be extended to the controlled release of other
electrolytes for broader applications.
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