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ABSTRACT: Chondrocyte senescence, synovitis, and de-

T
creased level of lubrication play pivotal roles in the patho- + ;@k’f‘
genesis of age-related osteoarthritis (AROA). However, there chsma

are currently no effective therapeutic interventions capable of
altering the progression of OA until it reaches advanced stages, \
necessitating joint replacement. In this study, lubricious and L= N
drug-loaded hydrogel microspheres were designed and ;
fabricated by utilizing microfluidic technology for radical
polymerization of chondroitin sulfate methacrylate and
incorporating nicotinamide adenine dinucleotide (NAD)- | '\ [
loaded liposomes modified with lactoferrin that are positively f
charged. Mechanical, tribological, and drug release analyses
demonstrated enhanced lubrication properties and an extended
drug dissemination time for the NAD@NPs@HM microspheres. In vitro assays unveiled the ability of NAD@NPs@HM to
counteract chondrocyte senescence. RNA sequencing analysis, untargeted metabolomics analysis, and in vitro experiments on
macrophages revealed that NAD@NPs@HM can regulate the metabolic reprogramming of synovial macrophages, promoting
their repolarization from the M1 to M2 phenotype, thereby alleviating synovitis. Intra-articular injection of NAD@NPs@HM
in aged mice reduced the mechanisms associated with AROA. These results suggest that NAD@NPs@HM may provide
extended drug release, improved joint lubrication leading to better gait, and attenuation of AROA pathogenic processes,
indicating its potential as a therapeutic approach for AROA.
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INTRODUCTION

It is widely accepted that age is the primary risk factor for the
development of osteoarthritis (OA)," which is a condition that
involves progressive cartilage degeneration and structural—
functional deterioration of the entire synovial joint, including its
synovium, ligaments, and subchondral bone.” Nonetheless, the
complex nature of age-related OA (AROA) pathogenesis
presents a significant challenge, as there are currently no
effective medications available to arrest or decelerate the
progression of AROA before it reaches its advanced stage.
Consequently, for patients with end-stage knee arthritis, knee
replacement surgery frequently emerges as a necessary treat-
ment intervention.” However, the inherent risks and substantial
financial burdens associated with this surgical procedure cannot
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be overlooked.* Consequently, there exists a pressing, unmet
medical need for the development of novel pharmacological
interventions aimed at enhancing the efficacy of AROA therapy.

The primary structural and biological constituents of joints
encompass cartilage, synovium, and synovial fluid. As organisms

age, senescent chondrocytes accumulate prominently in the
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Figure 1. Synthesis protocols and underlying mechanisms of NAD@NPs@HM. (A) The composition of NAD@NPs. (B) Synthesis process of
ChSMA. (C) Preparation of NAD@NPs@HM by microfluidic device and photopolymerization process. (D) Mechanistic schema delineating
the therapeutic modulation of boundary lubrication, chondrocyte senescence, and macrophage polarization for OA intervention (Created in

BioRender. Wu, H. (2025) https://BioRender.com/ rr8tovk).

cartilage lesions of elderly individuals and those with OA,
causing a decline in cellular proliferation and impairing tissue
regeneration and functionality.” Senescent chondrocytes exhibit
senescence-associated secretory phenotype (SASP), secreting
proinflammatory factors and MMPs that drive inflammatory
microenvironment formation, oxidative stress, and cartilage
degradation.® This degradation disrupts the original integrity of
the articular cartilage surface, increasing its roughness and
susceptibility to erosion.”® This pathological result from
extracellular matrix (ECM) degradation fragments activates

17607

inflammatory cells, inducing proinflammatory cytokine release
and driving synovitis.”'® The synovial fluid is secreted by the
synovium functions as a biolubricant on the surface of articular
cartilage, effectively lubricating the cartilage even under heavy
joint loads."' However, synovitis alters the composition of
synovial fluid, thereby reducing its lubricating efficiency.'” The
increased intra-articular friction resulting from this, in turn,
exacerbates synovitis, which further leads to cartilage degener-
ation.'” These degradations are accompanied by the develop-
ment of pain and dysfunction, ultimately resulting in the onset of
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Figure 2. Preparation and characterization of NAD@NPs@HM. (A) A TEM image and the particle size for the blank NPs. (Scale bar: 100 nm).
(B) A TEM image and the particle size for the NAD@NPs. (Scale bar: 100 nm). (C) The zeta potential for the blank NPs and the NAD@NPs.
(D) "H NMR spectrum of hydrogel microsphere composition. (E, G) Bright-field plot of NPs@HM, a fluorescent image of Dil-labeled NPs@
HM, and a TEM image of NPs@HM. (Scale bar: 25 gm). (H) The particle size for the hydrogel microspheres. (I, J) COF analysis of PBS, blank
HM, and NPs@HM. (K, L) Quantification of intracellular NAD (H) level, NAD*/NADH ratio, ATP level, and cellular uptake fluorescent images
in chondrocytes and macrophages (scale bar: 50 pm). (M) Drug release profile of NAD@NPs@HM. (N) Degradation curve of NAD@NPs@
HM. Data from >3 independent experiments (mean + SD) were analyzed using one-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001, **¥#P <

0.0001.

OA. To interrupt this degenerative loop mechanism, a
synergistic therapeutic approach that integrates inhibiting
cartilage senescence, regulating synovitis, and enhancing
lubrication holds promise as a promising strategy for managing
and reversing the progression of AROA."*

Nicotinamide adenine dinucleotide (NAD) functions as an
essential coenzyme in diverse biochemical redox processes,
which are closely associated with energy metabolism."> The age-

dependent decline in NAD bioavailability contributes to the
acceleration of age-related pathologies through dysregulated
cellular metabolism.'® Notably, increasing cellular levels of the
metabolic cofactor NAD has been demonstrated to reverse key
indicators of aging.17 Furthermore, NAD also functions as an
immune modulator, with increased NAD concentrations
capable of alleviating macrophage-mediated inflammation."®"”
Direct supplementation of the intracellular NAD represents an
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attractive strategy for mitigating chondrocyte senescence,
inhibiting macrophage-mediated synovitis, and consequently
sustaining the homeostasis of the bone microenvironment in the
knee joint.””*' However, this process has been infrequently
explored in the current literature. Moreover, NAD’s anionic
nature and membrane impermeability mechanistically constrain
cellular uptake, necessitating extracellular catabolism into
precursors (NAM/NR) for intracellular biosynthesis, thereby
requiring supraphysiological concentrations to achieve ther-
apeutic efficacy.”> Furthermore, intra-articular drug delivery
confronts dual physicochemical barriers: anionic dense ECM-
mediated penetration resistance and ragid clearance through
articular lymphatic-capillary networks.”> Therefore, in the
treatment of AROA, the pressing concerns lie in overcoming
these obstacles and augmenting the effective concentration and
duration of drugs within the intra-articular cavity.

To address these limitations, we devised a three-pronged
AROA treatment strategy that was realized through the
utilization of self-lubricating, injectable nanoliposome-encapsu-
lated hydrogel microspheres (Figure 1). Specifically, we selected
liposomes as the carrier for NAD and modified them with
lactoferrin (Lf), leveraging their substantial benefits, including a
lipid bilayer membrane, exceptional biocompatibility, and safety.
Lf, an iron-binding glycoprotein ubiquitous in secretory fluids,
enters cells via electrostatic interactions between its positive
charge and anionic cell surface glycosaminoglycans (GAGs).”*
This mechanism enables Lf-modified nanoparticles (NPs) to
target chondrocytes through the ECM charge complementarity.
The fabrication of injectable hydrogels has witnessed remark-
able advancements in tissue engineering applications, partic-
ularly through innovations in biomaterial design that enable
superior biocompatibility and precise spatiotemporal regulation
of therapeutic payload release.” Inspired by this, we engineered
photo-cross-linkable chondroitin sulfate-based hydrogel micro-
particles through methacryloyl-functionalized covalent mod-
ification (ChSMA), establishing an injectable intra-articular NPs
delivery system. The interfacial interactions between HM
polymeric chains and the surrounding aqueous species facilitate
the generation of a hydration shell. Subsequently, the
incorporation of nanoliposomes into the HM matrix enhances
its hydration capacity, thereby resulting in marked tribological
properties.”””” Furthermore, HM possesses the ability to
transform unstable sliding friction into rolling friction, similar
to the mechanism of a ball bearing, ultimately minimizing
cartilage wear.”® These microspheres serve as efficient reservoirs
for NAD-loaded nanoliposomes, capable of slowly and
continuously releasing NAD, thereby significantly extending
the effective duration of the drug within the knee joint. This
sustained drug delivery provides long-lasting protection against
chondrocyte senescence and exhibits anti-inflammatory effects.
Concurrently, transcriptome sequencing, metabolomics anal-
ysis, and in vitro and vivo assays revealed that NAD@NPs@HM
exhibited targeted suppression of Src-regulated glycolytic flux,
initiating a macrophage polarization shift from the M1 pro-
inflammatory phenotype toward the M2 anti-inflammatory
phenotype. This metabolic modulation consequently attenuated
inflammatory cascades while facilitating articular tissue regen-
eration. We administered this hydrogel microspheres into the
knee joints of aged mice and found that NAD@NPs@HM
displayed excellent therapeutic effects, as well as good biosafety.
In summary, NAD@NPs@HM emerges as a three-pronged for
AROA, prolonging intra-articular drug bioavailability, enhanc-
ing synovial lubrication for gait optimization, and targeting

chondrocyte senescence/macrophage plasticity to mitigate
pathological progression.

RESULTS AND DISCUSSION

Preparation and Characterization of NAD@NPs@HM.
Phospholipid molecules, including hydrogenated soya phospha-
tidylcholines (HSPC), can create stable lipid bilayers that
decrease friction in synovial fluid, protecting joint cartilage from
damage.”” Compared to traditional lubricants, phospholipid
lubrication boasts advantages such as excellent biocompatibility,
long-lasting lubrication effects, and friendliness to the joint
environment.>’ Hence, we chose HSPC for liposome
production because its nanoliposomes create a lubricating film
on the cartilage. This film enhances the lubricating property of
the articular cartilage and minimizes damage to the cartilage
resulting from mechanical friction.”** Conventional liposomes
lack targeting functionality and exhibit restricted penetration
through articular cartilage’s anionic proteoglycan-collagen fibril
matrices, prompting the development of lactoferrin-function-
alized liposomes.33 As depicted in Figure 2A,B, both blank NPs
and NAD@NPs were spherical when observed under a
transmission electron microscopy (TEM) observation, and
they had hydrodynamic diameters around 78.52 + 7.36 and
73.29 =+ 2.12 nm, respectively, and the drug loading efficiencies
of NAD@NPs were 56.68 + 3.08% (Table S1). Prior results
revealed that nanoliposomes in their unmodified state without
Lf bore a negative charge (Table S1). However, upon
modification with Lf, the zeta potential of both blank NPs and
NAD@NPs shifted, with values of approximately 2.51 + 0.42
and 9.99 + 0.87 mV, respectively. These nanocarriers with a
positive net charge form weak electrostatic interactions with the
anionic ECM surface of cartilage, leading to their adhesion to the
cartilage tissue and subsequent retention and penetration
throughout the full layer of cartilage.”**

The capacity to sustain an extended retention period and
ensure stable drug release within the articular cavity serves as a
crucial benchmark for intra-articular injections aimed at OA
treatment.”® To prolong the retention time of nanoliposomes
within joints, we embedded them in an injectable hydrogel. We
chose chondroitin sulfate, a prevalent glycosaminoglycan in joint
cartilage, commonly used for its biocompatibility, anti-
inflammatory, and antioxidant effects in joint.>”*® ChS was
functionalized with methacrylic anhydride to yield photo-cross-
linkable ChSMA. The successful grafting of methacrylate groups
onto ChS was verified by '"H NMR spectroscopy. Methacrylic
anhydride (MA) peaks at 5.75 and 6.20 ppm, due to double
bond protons, were not present in chondroitin sulfate spectra.
Chondroitin sulfate methacrylation was 43%, as shown in Figure
2D. Microfluidic assisted photopolymerization was employed to
fabricate the ChSMA microspheres. After being left to stand in
solution, the hydrogel microspheres underwent precipitation,
and upon gentle agitation, they reconstituted into a uniformly
dispersed semitransparent suspension (Figure SI1D,E). The
hydrogel microspheres were imaged from optical microscopy,
which demonstrated that the ChsMA microspheres had the
required morphology of intraarticular injection (Figure 2E and
Figure S1F) and possessed an average dimension of ~57.31 +
3.84 yum (Table S2). To demonstrate the successful incorpo-
ration of nanoliposomes into the hydrogel microsphere, a
fluorescence microscope was employed to observe the HM
containing Dil-stained nanoliposomes. As depicted in Figure 2F,
the Dil-stained nanoliposome hydrogel microsphere exhibits an
orange-red fluorescence. Upon examination with scanning
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Figure 3. In vitro evaluation of NAD@NPs@HM biocompatibility. (A) Viability assessment of ATDCS chondrocytes and RAW264.7
macrophages in LPS-stimulated models following 24 h culture with hydrogel microsphere formulations (live/dead staining; scale bar: 500 gm).
(B) Cytoskeletal organization in microsphere-treated cells (scale bar: 100 gm). (C, D) Quantitative viability analysis. (E) Hemocompatibility
evaluation via erythrocyte incubation assay (2 h coculture). (F) Hemolytic ratio quantification. All experiments were performed in triplicate (n
= 3). Data represent mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

electron microscopy (SEM), the prepared microspheres
exhibited a porous spherical morphology (Figure 2G) with
nanoliposome aggregates exposed on their surfaces (Figure
S1G). These phenomena indicated that the liposomes were
successfully loaded into the microspheres. Lubrication defi-
ciency increases friction between joint surfaces, exacerbating
cartilage damage and OA progression.”” Reciprocating
tribometry revealed significantly reduced COF values in
NPs@HM compared to controls (PBS or HM), with kinetic
friction profiles and statistical distributions detailed in Figure
2L]. The COF for NPs@HM was determined to be 0.040, which

17610

was substantially distinct from the COF of blank HM at 0.088
and the PBS group at 0.189. Furthermore, as the friction
duration elapsed, the COF of NPs@HM remained stable within
arange of 0.03—0.04. This suggests that, as the external hydrogel
layer of the microspheres wears away, the encapsulated Lf-
modified nanoliposomes continually replenish the lubricating
layer, thereby ensuring the material’s sustained and stable
lubricating properties over time. Overall, the tribological tests
showed that NPs@HM improved the lubrication effectively.
NPs tagged with Dil were used to track NAD@NPs@HM in
cells, with cell nuclei visualized by using Hoechst 33342. We
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evaluated the cellular uptake of NAD @NPs by using RAW264.7
macrophages and ATDCS chondrocytes. Following 4 h of
incubation, both ATDCS and RAW264.7 cells exhibited intense
red fluorescence, suggesting significant cellular uptake (Figure
2K,L). In the incubation with free Dil, only a weak red
fluorescence was observed in some cells. This difference is
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attributed to two factors. First, our approach used Lf as a
targeting ligand for delivery, utilizing its natural receptor, LRP-1,
which is overexpressed on activated macrophages, enhancing
cellular uptake of NAD@NPs through the specific interaction
between Lf and LRP-1.*>*' Second, cationic nanoliposomes
form weak electrostatic interactions with the anionic cartilage
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ECM, which can overcome the electrostatic barrier and allow
entry into the chondrocytes and be rapid ingestion.*””**
Besides, nanoliposomes’ uptake by cells was studied for their
impact on NAD(H) levels, NAD*/NADH ratios, and ATP
levels in RAW264.7 and ATDCS cells, which are key indicators
of cellular metabolism and redox status. Notably, NAD-loaded
nanoparticles effectively improved cellular NAD(H) levels,
raised NAD*/NADH ratios, and increased ATP levels in both
cell types (Figure 2K,L). These nanoparticles showed significant
potential in maintaining cellular energy and preventing damage
during inflammation.

Drug Release. Ensuring stable drug release and degradation
is crucial for managing OA with intra-articular biomaterials.*
Figure 2M illustrates that both control and friction groups
exhibited biphasic drug release, characterized by an initial rapid
release followed by prolonged sustained release. Under control
conditions, approximately 58% of the nanoliposomes were
released from the hydrogel microspheres within 21 days, while
this proportion increased to about 82% under frictional
conditions, indicating a friction-responsive sustained release.
The rapid release in the friction group was attributed to shear
force-induced erosion of surface liposomes, while the sub-
sequent sustained release resulted from gradual hydrogel matrix
degradation and diffusion of embedded liposomes.* This
biphasic release behavior aligns with previous studies on shear-
responsive hydrogels,”> where mechanical forces dynamically
regulate drug release kinetics through transient pore enlarge-
ment and controlled matrix degradation. Similar to prior
research,”” NAD@NPs@HM retained over 28 days even
under frictional conditions in a collagenase-containing environ-
ment (Figure 2N), indicating reduced biodegradation rates that
prolonged its in vivo residence time to enable sustained
lubrication and therapeutic efficacy. Drug effectiveness is closely
related to intra-articular retention duration.** IVIS monitoring
of Dil-labeled nanoliposome microspheres showed a gradually
decreasing fluorescence intensity of NAD@NPs@HM, with
weak fluorescence still detectable at 28 days (Figure S2). Both in
vitro and in vivo studies confirmed that the nanoliposome-
incorporated hydrogel prolonged retention time, reduced
infection risks associated with repeated intra-articular injections,
and enhanced sustained lubrication, thereby extending the
therapeutic duration of NAD.

Cytotoxicity and Cytocompatibility of NAD@NPs@HM
Were Assessed In Vitro. To ensure the good biocompatibility
of NAD@NPs@HM as an implantable lubricating biomaterial,
it was imperative to assess its cytotoxicity and cytocompatibility
in chondrocytes in vitro. Viability assessment via live/dead
staining (Figure 3A) and subsequent quantification (Figure
3D,E) demonstrated >95% cellular survival in both RAW264.7
macrophages and ATDCS chondrocytes across all hydrogel
formulations after 24 h culture, with nonsignificant variation
between experimental groups. This underscores the excellent
cytocompatibility of the hydrogel microspheres. Furthermore,
cytoskeleton staining results revealed no discernible variations in
cell morphology for both cell lines when incubated with various
hydrogel microspheres compared to the control group (Figure
3B). Notably, all hydrogel microspheres exhibited hemocom-
patibility with hemolysis ratios below 2%, substantially lower
than the 5% safety threshold specified by ASTM F756-08
standards (Figure 3F,G). This underscores the excellent
cytocompatibility of the hydrogel microspheres.

NAD@NPs@HM Attenuates Chondrocyte Senescence
and Enhancing Regeneration In Vitro. Articular cartilage

undergoes senescence and decay over time, with the number of
senescent chondrocytes exhibiting a strong correlation with
age.”” Cellular senescence is commonly characterized as an
irreversible cessation of the cell cycle in response to replicative
stress and the process of aging.”® We coincubated various
hydrogel microspheres with chondrocytes in senescent con-
ditions. EdU staining revealed a notable decrease in the
percentage of EdU-positive cells when induced by LPS (Figure
4A,G), indicating a decrease in the cellular proliferative capacity.
The number of newly proliferating EdU-positive cells in the
NAD@NPs@HM group (with an equivalent concentration of
NAD at 10 ym) was higher than those in Ctrl, HM, NPs@HM,
free 10 yum@HM, and free 100 um@HM. This was further
confirmed by the CCKS8 assay (Figure 4H). The results of a
scratch assay indicated that NAD@NPs@HM exhibited higher
migration rates (Figure 4B and Figure S3F). Therefore, NAD@
NPs@HM may play an essential role in promoting chondrocytes
regeneration. Subsequently, Toluidine blue staining and
senescence f-galactosidase staining (SA-f-Gal) were assessed
in chondrocytes treated with distinct hydrogel formulations
under senescence-inducing conditions. As depicted by the SA-f-
Gal staining in Figure 4C,H, the NAD@NPs@HM group
exhibited a limited number of blue-stained spots approaching
baseline levels observed in normal controls. In stark contrast,
significantly higher quantities of stained masses were detected in
the other groups. Similarly, Toluidine blue staining (Figure 4D)
revealed an increased intensity of staining in the cartilage matrix
of the NAD@NPs@HM, demonstrating enhanced proteogly-
can deposition within the chondrocyte extracellular matrix.
Notably, the NAD@NPs@HM group demonstrated substantial
upregulation of COL2A1 and a notable decrease in MMP13 and
ADAMTSS levels in chondrocytes induced by LPS, closely
mirroring the trends observed in the NC group (Figure 4F).
Furthermore, aggrecan, a crucial structural component of the
extra chondral matrix, and SOX9, which governs cartilage
development, exhibited significant elevations in mRNA
expression in chondrocytes treated with NAD@NPs@HM.
Consequently, NAD@NPs@HM can significantly enhance
chondrocyte proliferation and migration, exert chondroprotec-
tive effects, and inhibit chondrocyte senescence.
Mitochondrial dysfunction, characterized by a reduced
transmembrane potential, is associated with cellular aging and
serves as a key indicator of it. This leads to increased ROS
production, worsening mitochondrial damage and dysfunction
and creating a vicious cycle.”"”>> Therefore, we examined the
condition of aging chondrocytes by measuring the mitochon-
drial membrane potential and their sensitivity to oxidation. The
protective potential of NAD@NPs@HM was evidenced by the
potent red fluorescence and weak green fluorescence due to JC-1
accumulation in the mitochondria (Figure S3A). ROS staining
with DCFH-DA demonstrated the remarkable ROS scavenging
capacity of the NAD@NPs@HM group compared to that of the
positive control (Figure 4E,I). Elevated generation of mtROS
renders mitochondrial DNA more prone to mutations. This not
only interferes with the process of ATP synthesis but also leads
to mitochondrial malfunction, eventually culminating in ATP
shortage.53 Similarly, mitochondrial ROS (mtROS) staining
with MitoSOX red also revealed the superior mtROS scavenging
ability of the NAD@NPs@HM group (Figure S3A). We found
that NAD@NPs@HM effectively sustained the NAD level
(Figure S3B) and enhanced the cellular ATP level (Figure S3D)
in senescent chondrocytes and improved the ATP supply as well
as cell viability for cells (Figure S3E) undergoing oxidative stress
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Figure 5. NAD@NPs@HM regulates inflammation in LPS-stimulated macrophages. (A) EdU staining in RAW264.7 cell line after coculture
with different hydrogel microspheres in LPS-mediated cellular inflammation model (scale bar: 200 gm). (B) Transwell assay in RAW264.7 cell
line. (Scale bar: 500 um). (C) ROS positive cells in RAW264.7 cell line. (Scale bar: 500 gm). (D) Flow cytometry detection of cell apoptosis. (E)
Flow cytometry detection of macrophage types. (F, G) The expression of M1 or M2 macrophage marker genes. All experiments were performed

in triplicate (n > 3). Data represent mean + SD (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

or NAD depletion. Furthermore, heightened ROS levels
stimulate the sustained release of vast quantities of SASP
cytokines, which are detrimental to cellular health.*>> The
expression levels of pivotal SASP genes, including IL-1a, P16,
P21 and P53, were significantly increased in LPS-induced
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senescent chondrocytes (Figure 4F). These SASP-related
factors, in conjunction with excess ROS, are extruded into the

extracellular milieu, fostering a localized pathological micro-
environment. This not only accelerates the senescence of
adjacent normal chondrocytes but also intensifies mitochondrial
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damage, thereby culminating in a vicious cycle of cellular
senescence,’® ultimately contributing to the gradual degener-
ation of the ECM.”’ In addition, as illustrated by the qPCR
findings, NAD@NPs@HM could significantly reduce the
expression of these factors, thereby alleviating the phenotypes
associated with chondrocyte senescence.

Consequently, NAD@NPs@HM effectively reverses the
senescence process of chondrocytes by promoting chondrocyte
proliferation, migration, and matrix secretion while down-
regulating SASP gene expression and mitigating mitochondrial
damage, thereby enhancing the ATP levels and cellular viability
of chondrocytes.

NAD@NPs@HM Blocks the Inflammatory Cascade and
Regulates of Macrophages M1-to-M2 Polarization In
Vitro. Synovitis is linked to cartilage degeneration and is key in
OA pathogenesis.”® The main feature is the buildup of
numerous activated M1 macrophages in the synovial membrane,
which secrete proinflammatory factors and MMPs and engage
with chondrocytes.””*® While NAD has been implicated in
inflammation, the precise role it plays, whether suppressing or
exacerbatin§ inflammation, remains a subject of ongoing
debate.”°"> To address this query, we exposed LPS-stimulated
RAW264.7 cells to different hydrogel microspheres. Our goal
was to assess whether NAD@NPs@HM could mitigate the
features of proinflammatory cytokines under in vitro conditions.
Consistently, the levels of NAD(H) (Figure S4C) and ATP
(Figure S4E) were reduced in the LPS-activated macrophages.
The number of activated macrophages correlated with OA
severity pain and stiffness.”* In our study, we utilized a CCK-8
assay (Figure S4B) along with Edu staining (Figure SA and
Figure S4F) to assess the proliferation of RAW 264.7 cells when
treated with various hydrogel microsphere groups. The results
showed that after LPS activation, NAD@NPs@HM effectively
inhibited the proliferation of RAW 264.7 cells. This finding was
further confirmed by transwell assay results (Figure SB). These
results demonstrate that NAD@NPs@HM can attenuate the
proliferation and migration of activated macrophages.

The activation of the macrophage by LPS triggers
mitochondrial dysfunction, resulting in heightened ROS
production and oxidative stress, thereby markedly enhancing
macrophage polarization toward the M1 phenotype.***® To
assess the integrity of mitochondrial function, we measured the
depolarization of the mitochondrial membrane potential using
JC-1 as a probe. Figure S4A indicates that cells exposed to LPS
have intense green fluorescence and diminished red fluo-
rescence, suggesting that LPS causes mitochondrial membrane
depolarization. However, cells receiving NAD@NPs@HM
treatment show markedly enhanced red fluorescence, suggesting
our approach effectively alleviates mitochondrial dysfunction
caused by LPS and maintains normal mitochondrial activity.
Oxidative stress and chronic inflammation constitute the
ultimate common pathway underlying the development of
OA.>® We further assessed the antioxidative effects of our
nanoliposome hydrogel microspheres on RAW264.7 cells by
evaluating their efficacy in scavenging ROS by using DCFH-DA
as a probe. LPS was incubated with RAW264.7 cells to induce
oxidative stress. The green fluorescence signaling in different
treated cells was detected by a fluorescence microscope and
depicted in Figure 5C and Figure S4G, and a noticeable increase
in the ROS signal was observed in the LPS-treated group,
indicating that LPS successfully induced cellular oxidative stress.
In contrast, treatment with NAD @NPs@HM led to a significant
reduction in fluorescence, providing strong evidence for their

ability to effectively mitigate intracellular ROS production and
exhibit potent antioxidative properties. Similarly, treatment with
NAD@NPs@HM significantly reduced the mtROS level of
LPS-activated macrophages (Figure S4A).

To further investigated the impact of our NAD@NPsHM on
the anti-inflammatory effect of RAW264.7 cells, we analyzed the
apoptosis of the macrophage cells in each treatment group by
flow cytometry. Our findings revealed that the anti-inflamma-
tory effect of the nanoliposome hydrogel microspheres did not
stem from an increase in macrophage apoptosis (Figure SD).
Macrophages are crucial for balancing inflammation by changing
their polarization states, which can be broadly classified into two
distinct subtypes: M1 and M2. In the chronic inflammatory
microenvironment of OA, macrophages often have difficulty
undergoing smooth polarization from the M1 to M2 state,
resulting in a significantly elevated ratio of M1 to M2
macrophages in synovial fluid in knee OA patients compared
to the healthy control.®® These findings indicate that an
imbalance between M1 and M2 synovial macrophages is
strongly correlated to the severity of OA, leading us to
investigate whether our nanoliposome hydrogel microspheres
possess the capability to regulate macrophage polarization. LPS-
activated macrophages in vitro, polarized toward the MI
phenotype, secrete an array of proinflammatory cytokines,
notably IL-18, IL-6, and TNF-a. These cytokines, in turn,
promote inflammation, chondrocyte senescence, and ECM
degradation, leading to the deterioration of cartilage and the
advancement of OA.®”%® The LPS-treated group exhibited a
significant upregulation of these proinflammatory cytokines,
suggesting an M1 state in macrophages. However, NAD@
NPs@HM significantly reduced the level of secretion of IL-1/,
IL-6, and TNF-a (Figure SF), demonstrating a potent anti-
inflammatory effect attributed to cytosolic NAD delivery, while
the expression of M2 macrophages surface markers such as
MRC1 (CD206), YM1, and ARG1 was significantly increased
after NAD@NPs@HM treatment. It is worth noting that even
the empty NPs@HM showed a reduction in cytokine
production, which aligns with previous studies reporting that
lipid-coated NPs can sequester LPS, thereby partially mitigating
its inflammatory effects.””’ Additionally, we observed a
concentration-dependent downregulation of inflammatory
factor expression in the free NAD treatment group (Figure
SF). To further monitor macrophage polarization, the
expression levels of M2 marker CD206 and M1 marker CD86
were evaluated using flow cytometry. As depicted in Figure SE
and Figure S4H,I, NAD@NPs@HM elevated the proportion of
CD206"'CD86~ M2 macrophages while decreasing the
proportion of CD206-CD86" M1 macrophages, resulting in a
significant increase in the M2/MI ratio. This finding validates
the repolarizing effect of our NAD@NPs on macrophages.

In summary, macrophages treated with NAD@NPs@HM
following LPS exposure exhibited elevated total NAD levels and
an altered NAD*/NADH ratio. This led to enhanced ATP
production, maintenance of mitochondrial function and
homeostasis, and reduction in ROS production. Furthermore,
the treatment modulated macrophage polarization, down-
regulating M1 proinflammatory genes while upregulating M2
macrophage-specific genes.

NAD@NPs@HM Regulated the Transcriptomics of
Macrophages. To understand how NAD@NPs@HM affects
macrophage polarization, we evaluated the differentially ex-
pressed genes in the control group, the LPS plus HM (model)
group, and the LPS plus NAD@NPs@HM (treatment) group
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using mRNA-seq. The resultant principal component analysis
(PCA) plot showed tight clustering among the five replicates
within each group, with clear segregation observed among the
three distinct groups, control, model, and treatment, indicating
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substantial differences at the transcriptome level (Figure SSA).
Differential gene expression analysis showed that, compared to
the control group, the treatment group had 3645 differentially
expressed genes (764 upregulated, 2881 downregulated), the
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model group had 5251 (525 up, 4726 down), and when
comparing the model and treatment groups, there were 1734
genes (1550 up, 184 down) with differential expression (Figure
6A—C, Figure SSB). The gene ontology analysis identified
several terms related to cellular metabolism in pairwise
comparisons of differentially expressed genes, as illustrated in
Figure 6D—F. The corresponding NAD binding was upregu-
lated in the GSEA enrichment meta-analysis when comparing
the model and treatment group (Figure SSC). Moreover, 303
differentially expressed genes, which are associated with cellular
metabolism, were identified as common among the comparison
groups (Figure 6G). Using MCODE, the most significant
modules were extracted from a protein—protein interaction
(PPI) network. Subsequently, 10 core gene targets were
identified using CytoHubba, namely, SRC, PECAM1, PLAUR,
PTGS2, IL6, SERPINE], IL1A, IL1B, CSF3, and CCL4 (Figure
SSE). As depicted in the heatmap illustrating differential gene
expression (Figure 6H), the expression of IL-1a, IL-15, IL-6,
and IL-11 that belonged to the interleukins family decreased
significantly by NAD @NPs@HM. We observed that Src, a hub
gene, was highly expressed in the model group, but its expression
returned to near control levels in the treatment group. The
physiological Src proto-oncogene, also known as c-Src, is a
protein-tyrosine kinase that plays key roles in cellular
metabolism, cell growth, division, migration, and survival
signaling pathways.”' Similar to previous findings (Figures
5A,B and 6H), following treatment with NAD@NPs@HM, the
expression of Src genes in LPS-activated macrophages was
significantly downregulated, leading to decreased cellular
proliferation and migratory capabilities and consequently
exhibiting an anti-inflammatory effect. Chen et al.”* found that
SRC may link lipid metabolism and macrophage polarization.
Inhibiting Src effectively can significantly reduce LPS-induced
macropha_;;e activation and also affect M2 macrophage polar-
ization.”””* Molecular docking simulations predicted NAD and
Src binding affinities, yielding binding free energy values ranging
from —6.411 to —5.801 kcal/mol (Table S4). The findings
indicate that Src plays a pivotal role in inflammatory responses
mediated by macrophages, and the anti-inflammatory properties
of NAD@NPs@HM may control macrophage polarization
through the modulation of Src.

NAD@NPs@HM Regulates the Metabolomics of
Macrophages Stimulated with LPS. To further study the
metabolic changes in LPS-induced macrophages affected by
NAD@NPs@HM, we used an untargeted metabolomics
approach. OPLS-DA analysis was utilized to distinguish between
the control group, the model group, and the treatment group.
The resulting OPLS-DA score plot demonstrated tight
clustering of the five replicates within each respective group as
well as distinct separation among the three differing groups
(Figure S6A—C). This separation indicates a distinct metabolic
signature of the control, model, and treatment groups. The
composite scatter plot (Figure S6D), which visualizes the overall
alterations in metabolites conducting pairwise analyses, uses
orange and green colors to indicate downregulated and
upregulated metabolites, respectively. Metabolomic heatmap
analysis revealed significant intergroup variations in metabolite
abundance, with downregulated (red) and upregulated (blue)
compounds clustered by differential expression patterns (Figure
6K). Previous research has demonstrated that M1 and M2
macrophages display unique metabolic profiles that are
distinctly different from those of macrophages in their resting
state.”>”® Upon stimulation with LPS, resting macrophages

undergo a phenotypic shift toward a proinflammatory M1 state,
which is reliant on glycolysis. Conversely, the activation of M2
macrophages is contingent upon fatty acid oxidation.”’
Similarly, our findings revealed a significant elevation in both
adenosine monophosphate (AMP) and pyruvate (PA)—the
ultimate product of glycolysis—in M1 macrophages within the
model group. In the treatment group, within the blue box
highlighting significantly distinct metabolites, an increase in the
lipid metabolite content was observed, accompanied by a
notable decrease in AMP and pyruvate levels (Figure 6K). The
results of metabolite enrichment analysis indicated that the
treatment group tended to focus on f-oxidation of medium-
chain fatty acids and ultra long chain fatty acids in mitochondria
(Figure 6]). These results suggested that NAD@NPs@HM can
reprogram LPS-induced M1 macrophages into M2 macro-
phages in vitro through metabolic reprogramming. This process
entails an augmentation in lipid metabolism, thereby trans-
forming M1 macrophages, which originally exhibited a tendency
toward aerobic glycolysis, into M2 macrophages.”” The PA
content detection kit (Solarbio, China) was used to further
verify the PA content (Figure S6E). Given the role of Src in
cellular metabolic reprogramming, qPCR was employed to
assess the expression levels of Src and the key glycolytic enzyme
hexokinase 2 (HK2) in each group. Similarly, Src and HK2 were
highly expressed in the model group and lowly expressed in the
treatment group (Figure S6F ,G). Src can interact with HK2 and
phosphorylate it. This phosphorylation modification generally
increases the catalytic activity of HK2, thereby enhancing its
affinity for glucose and promoting glucose uptake and the
glycolytic process.”® Using O2PLS for joint analysis of
transcriptome and metabolome data (Figure S6H), the resulting
gene-metabolite association loading plot revealed tight cluster-
ing of hub genes and differential metabolites, indicating a close
correlation between hub genes and differential metabolites.
These data revealed that NAD@NPs@HM modulates the Src-
HK2 pathway, inhibiting glycolysis catabolism and promoting
fatty acid p-oxidation in LPS-stimulated macrophages, thereby
inducing metabolic reprogramming in M1 macrophages and
driving a phenotypic shift toward the M2 type.
NAD@NPs@HM-Treated Macrophages Against Chon-
drocyte Degeneration. To explore the potential protective
effects of NAD@NPs@HM-treated macrophages against
cartilage degeneration, we developed a coculture system
comprising macrophages and ATDCS cells (Figure S7A).
Initially, ATDCS cells were exposed to LPS conditions, followed
by the addition of macrophages that had been stimulated with
LPS alone (designated as the CM-LPS group) or LPS in
combination with NAD@NPs@HM (CM-NAD@NPs@HM
group), along with their respective conditioned media, to the
chondrocytes. The f-gal staining (Figure S7B) demonstrated a
notable increase in the number of senescent chondrocytes in the
CM-LPS group, whereas macrophages treated with LPS plus
NAD@NPs@HM inhibited the degeneration of ATDCS cells in
the presence of LPS. Toluidine blue staining (Figure S7C)
revealed enhanced proteoglycan deposition within chondro-
cytes of the LPS plus NAD@NPs@HM group, while the results
of a scratch assay indicated higher migration rates for this group
(Figure S7D,E). The expression levels of key SASP genes (IL-1a
and P21), the cartilage synthesis gene (COL2A1), and the
cartilage degradation gene (MMP13) were further evaluated. As
shown in the qPCR results (Figure S7F), the CM-NAD@NPs@
HM group exhibited decreased expression of SASP genes and
the cartilage degradation gene compared with the other groups,
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Figure 7. Gait analysis for the mice after intra-articular injection with hydrogel microspheres. (A) Methodological workflow for establishing the
AROA murine model (Created in BioRender. Wu, H. (2025) https://BioRender.com/rr8tovk). (B) Representative gait screen shot and gait
intensity. (C) Quantification of Rear Left limb average print area. (D) Quantification of Rear Left limb gait angle. (E) Quantification of Rear
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accompanied by an increase in the expression of the cartilage
synthesis gene. These data indicate that macrophages activated
by LPS and treated with NAD@NPs@HM can significantly

mitigate chondrocyte senescence, demonstrating its great

potential in the treatment of AROA.

Biosafety Assessments In Vivo. The biocompatibility of
NAD@NPs@HM was evaluated through the histology of major
organs, blood routine tests, and blood biochemistry analyses in

mice. After various treatments, histopathological evaluation of

major organs (heart, liver, spleen, lungs, and kidneys) revealed
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ical markers (CREA-S, UREA, ALT, and AST) showed levels
consistent with those of young controls, demonstrating no

no pathological alterations (necrosis, congestion, or hemor-
rhage) post-treatment (Figure S8). Comprehensive hemato-
logical profiling—encompassing erythrocyte (RBC, HGB, hepatorenal toxicity from hydrogel microspheres (Figure S10).
MCV, MCH, and MCHC) and leukocyte (WBC, Neu, Lym,
and EOS) parameters, alongside platelet indices (MPV)—
demonstrated all values within physiological reference ranges

(Figure S9). Notably, platelet levels in elderly mice were
79

Overall, all investigations demonstrated that our hydrogel

microspheres exhibited favorable biocompatibility in vivo.
Evaluation of In Vivo Treatment of AROA. Intra-articular

injection of hydrogel microspheres was administered to mice at

significantly increased, consistent with previous studies,
whereas PLT levels returned to those of young mice after
NAD@NPs@HM treatment (Figure S9). All serum biochem-

15 months of age, followed by gait analysis at 18 months to
assess therapeutic efficacy, with the experimental procedures
presented in Figure 7A. The gait index, encompassing gait
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screenshots and gait intensities, revealed that elderly mice
exhibited higher gait intensities compared with younger samples
(Figure 7B). To further investigate the changes across all
treatment groups, an independent analysis was conducted
specifically on the rear left limb that underwent intra-articular
injection with hydrogel microspheres. This analysis yielded
parameters indicative of left hind limb function, including print
area, gait angle, mean stride length, mean brake time, mean

17619

stride time, and mean stance time (Figure 7C—H). Due to
cartilage damage and joint pain, aged mice with OA exhibited
gait abnormalities marked by a decrease in print area, an increase
in gait angle, a shortening of stride length, a prolongation of
stride time, an extension of brake time, and an elongation of
stance time, all indicative of a reduced walking speed. In stark
contrast, all therapy groups showed improvement in gait
velocity, with NAD@NPs@HM exhibiting the most pro-
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nounced therapeutic effect thanks to the effective lubrication
imparted by our hydrogel microspheres. These findings
suggested that intra-articular injection of hydrogel microspheres
not only did not impede knee motion but also significantly
improved knee joint function and gait patterns in aged mice.

To investigate the potential of NAD@NPs@HM in delaying
OA progression, a range of histological staining assays were
performed on cartilage tissues, including hematoxylin-eosin
(H&E) staining (Figure 8A), Safranin O-fast green (SO/FG)
staining (Figure 8B), and Toluidine blue staining (Figure
S11A). The findings revealed that the 18 month (18M) group
exhibited characteristic OA features such as surface disconti-
nuity and erosion fissures. However, groups that received intra-
articular injections of hydrogel microspheres, particularly the
NAD@NPs@HM group, demonstrated notable improvements
in morphological changes, matrix staining, and tidemark
integrity. Specifically, the NAD@NPs@HM group showed the
most favorable results, with upregulated COL2A1 levels and
substantially reduced MMP13 levels (Figure 8C), as well as the
most favorable OARSI score (Figure 8F), the optimal
hyaluronan (HC)/collagen type II (CC) ratio (Figure 8G),
and the highest relative glycosaminoglycan (GAG) content
(Figure S11G) compared to other treatments. Histomorpho-
metric analysis via Masson’s trichrome staining demonstrated
NAD@NPs@HM’s mitigated fibrosis efficacy in a cartilaginous
tissue (Figure S11B). Additionally, the SASP of the cartilage was
evaluated through immunofluorescence staining of P53 and IL-
6, revealing a significant decrease in these markers in the NAD@
NPs@HM group compared with the 18 M and HM groups
(Figure 8D). These data suggest a decrease in the number of
senescent cells in the NAD@NPs@HM-treated group.
Furthermore, subchondral bone degradation constitutes a
central pathogenic mechanism in OA progression, driving
subsequent articular cartilage deterioration.”” We examined the
impact of various treatments on the subchondral bone in elderly
mice using microcomputed tomography (micro-CT) scans
(Figure 8E,H). The results showed that the aging induced
numerous osteophytes, which appeared (red arrows marked
osteophyte) in each group of joint cavities in OA. By contrast,
the NAD@NPs@HM group displayed minimal osteophytes,
comparable to those in the 3 month (3M) group, but offered
limited assistance in combating bone mass loss induced by
AROA (Figure S11C—E).

In addition to cartilage degeneration, the study focused on the
pathological changes in the synovium associated with OA. The
native synovial membrane demonstrates a paucicellular
histoarchitecture, featuring a discrete intimal monolayer (1-3
cell thickness) and a sparsely cellular sublining compartment.
Ultrastructural analysis reveals this specialized connective tissue
contains vascular channels, adipocytes, and fibroblast-like
synoviocytes, with only a few macrophages.” Revealed by
H&E and Masson staining (Figure 9A,B), synovial tissue in aged
mice became proliferative and hypertrophic, with abundant cell
infiltration and higher synovitis scores (Figure S11F) than
normal controls. However, the synovium in the NAD@NPs@
HM group showed minimal proliferation. Macrophage accu-
mulation, as indicated by an increase in F4/80"-stained cells, was
observed in the synovium’s intimal lining of aged mice (Figure
9D). To further investigate the effects of NAD@NPs@HM on
macrophage polarization, the study conducted immunofluor-
escence staining to assess M1 (CD86") and M2 (CD206%)
phenotype markers in synovial tissues (Figure 9D). The results
demonstrated that NAD@NPs@HM effectively inhibited M1

macrophage polarization and promoted M2 macrophage
repolarization in the synovial tissue, as evidenced by a decrease
in red fluorescence (M1) and an increase in green fluorescence
(M2) in the presence of NAD@NPs@HM treatment. Addi-
tionally, NAD@NPs@HM reduced the proinflammatory
mediator iNOS in synovial membranes (Figure 9C,E). Notably,
while the synovitis score and the percentage of CD86" cells
decreased in the NPs@HM group, there was no significant effect
on the percentage of CD206" cells (Figure 9F,G). This indicated
that the reprogramming of M1 into M2 macrophages was
achieved through NAD regulation. In general, the above results
indicate that NAD@NPs@HM exhibits a prominent perform-
ance in mitigating the progression of AROA. Therefore, this
represents a desirable method for the treatment of the disease.

CONCLUSIONS

In this study, we introduce a promising and three-pronged
therapeutic strategy for AROA, which involves the use of
injectable hydrogel microspheres encapsulated with positively
charged NAD-loaded Lf-modified nanoliposomes, designated as
NAD@NPs@HM. First, these microspheres serve as biomi-
metic lubricants, improving gait in mice. Second, they function
as reservoirs for NAD-loaded nanoliposomes, prolonging drug
action time. Third, in terms of the pathogenesis of AROA, we
have demonstrated through transcriptome analysis, untargeted
metabolomics, and in vivo/in vitro experiments that NAD@
NPs@HM can reduce cartilage aging, maintain chondrocyte
metabolic balance, and alleviate synovitis by regulating the
metabolic reprogramming of proinflammatory M1 macrophages
into anti-inflammatory M2 macrophages. In conclusion,
although further research is needed to decipher the detailed
mechanisms, our study paves the way for future nonsurgical
treatments of AROA.

EXPERIMENTAL SECTION

Materials. Chemical constituents, including chondroitin sulfate
(ChS), lactoferrin (Lf), nicotinamide adenine dinucleotide (NAD), soy
lecithin, and DSPE-mPEG2000 were acquired from Aladdin Bio-
chemical Co., Ltd. (Shanghai, China). Cell culture components
comprising Dulbecco’s Modified Eagle Medium (DMEM) basal
medium and fetal bovine serum (FBS) were sourced from Gibco
(Thermo Fisher Scientific Inc., MA, USA). Metabolic assays including
NAD*/NADH quantification kit, ATP detection kit, calcein-AM/PI
viability staining system, CCK-8 proliferation assay, apoptosis detection
module, and senescence-associated f-galactosidase staining kit were
procured from Beyotime Biotechnology (Jiangsu, China). Lip-
opolysaccharide (LPS) was acquired from Sigma-Aldrich (MO,
USA); macrophage polarization markers (iNOS, F4/80, CD86,
CD206) and extracellular matrix antibodies (COL2A1, MMP13)
were acquired from Proteintech Group Inc. (Hubei, China); Alexa
Fluor-conjugated secondary antibodies (488/594 nm) were acquired
from Thermo Fisher Scientific (MA, USA). Histological staining
systems including H&E, Masson’s trichrome, Safranin O-fast Green,
and Alcian blue cartilage staining kits were acquired from Solarbio Life
Sciences (Beijing, China). Molecular biology reagents: RNA extraction
kit was acquired from Accurate Biology (Hunan, China); EdU
proliferation assay and Phalloidin-TRITC cytoskeleton probe were
acquired from Yeasen Biotech (Shanghai, China); NGS library
preparation kit was acquired from Hieff Biotech (Shanghai, China).
Cell lines: ATDCS chondrocytes and RAW264.7 macrophages were
acquired from Merck KGaA (Darmstadt, Germany). Mounting media:
Fluoroshield with DAPI was acquired from Sigma-Aldrich; neutral
balsam was acquired from Sangon Biotech (Shanghai, China). All other
analytical-grade chemicals were obtained from Aladdin without
additional purification.
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Preparation and Characterization of NPs. NAD@NPs were
fabricated through an emulsion solvent evaporation method, where an
aqueous phase containing 40 mg of NAD and 16 mg of lactoferrin in 4
mL of deionized water was emulsified with an organic phase of 4 mL of
dichloromethane containing 100 mg/mL soy lecithin and 20 mg/mL
DSPE-mPEG2000 under ice-cooled conditions. The emulsion was
homogenized by sonication (100 W, 10 min), followed by solvent
evaporation and centrifugation (8000 rpm, 1S min, 4 °C). The
nanoparticles were purified through 0.1 ym polycarbonate membrane
extrusion (Avanti Polar Lipids) and characterized for size distribution
(DLS) and surface charge (ELS) by using a Malvern Zetasizer Nano
Z590. Morphological analysis was performed by TEM (Talos L120C)
after negative staining with 1% uranyl acetate. Control nanoparticles
were prepared identically without NAD incorporation. Finally, with
reference to established methodologies from previous studies,®' ~**
total NAD concentration was quantified using the Beyotime NAD*/
NADH Detection Kit (S0175) via the WST-8 assay, and the
encapsulated drug amount was determined. Based on prior research,’
drug encapsulation parameters were quantitatively determined using
established mathematical formulations:

encapsulation efficiency(%)

mass of encapsulated drug
= X 100%
mass of drug added

mass of encapsulated drug
X 100%

drug loading capacity(%) = -

mass of nanoparticles

Synthesis of ChSMA. ChS (2 g) was dissolved in PBS (50 mL, pH
7.4) at 25 °C, followed by dropwise addition of methacrylic anhydride
(10 mL) under dark conditions at 4 °C with continuous pH
maintenance (8—9) during an overnight reaction. The product was
purified through 3.5 kDa MWCO dialysis against distilled water (daily
replacement) for 7 days, lyophilized to obtain a white porous matrix,
and characterized by "H NMR spectroscopy prior to storage at —4 °C.

Preparation and Characterization of Hydrogel Micro-
spheres. Briefly, a 10% (w/v) ChSMA solution in PBS containing a
0.25% (w/v) LAP photoinitiator was prepared as the aqueous phase.
The aqueous and oil phases were slowly infused into the microfluidic
chip (DT-80, ibiochip, China) using a dual-channel syringe pump
(XFP02, Zhongxingiheng, China) at flow rates of 0.5 and S mL/h
(inner diameter: SO um), respectively, achieving a droplet generation
frequency of approximately 200 droplets per minute. The hydrogel
microspheres were photopolymerized by 365 nm UV irradiation (6.9
mW/cm?, 20 s), followed by sequential washing with acetone and 75%
ethanol to eliminate residual oil/surfactants then PBS rinses (4 h
intervals, 24 h). Microsphere morphology was characterized using
optical microscopy (Olympus) and high-resolution SEM (Apreo S,
Thermo Fisher), while the size distribution and surface charge were
analyzed via dynamic light scattering (Malvern Nano-ZS90). Nano-
liposome incorporation was achieved by blending with the ChSMA
precursor solution prior to cross-linking.

Drug Release Test and Degradation Test In Vitro. Refer to
previous works,”>*” glass vials containing 5 mL of NAD@NPs@HM
suspension were incubated in a 37 °C thermostatic shaker at 100 rpm,
with four 3 mm diameter zirconia-grinding beads added to simulate
frictional conditions. (The workflow is schematized in Figure SIH.) For
the drug release study, samples were collected at predetermined time
points (1,2, 3,7, 14, 21, and 28 days) and centrifuged (1000 X g, 3 min,
4 °C), and supernatants were analyzed for NAD concentration using
the Beyotime NAD*/NADH Detection Kit (S0175) via the WST-8
assay to generate release profiles. The standard curve of NAD is shown
in Figure S1C. For degradation assessment, NAD@NPs@HM was
suspended in PBS containing 0.2% type II collagenase (40S08ES60,
Yeasen) to mimic physiological enzymatic conditions. The suspension
(5 mL, consistent with the drug release study) underwent identical
incubation and mechanical simulation (zirconia beads, 100 rpm, 37
°C). At each time point, samples were centrifuged (1000 X g, 3 min, 4
°C), and the pellets were lyophilized. Residual mass was quantified
using a precision electronic balance (TH7394, Kunshan Tuoheng

Precision Instrument Co., Ltd., China) and compared with initial
weights to evaluate degradation kinetics.

Tribological Evaluation. Friction characterization was performed
on an UMT-3 tribometer (Bruker Nano, Germany) under reciprocat-
ing motion (600 cycles, ambient conditions). The pin-on-disk
configuration comprised a PTFE spherical probe (S mm bearing
surface) articulating against a silicon substrate. Lubrication protocols
involved dispensing 20 uL of microsphere suspensions (S mg/mL in
PBS) or PBS control at the tribocontact interface. Operational
parameters included the following: 4 mm oscillatory displacement; 1
Hz reciprocating frequency; 12 N applied normal force.

Biocompatibility. Chondrocyte-macrophage cocultures (1 X 10*
cells/well) were seeded in 24-well plates and coincubated with
microspheres for 24 h. Post-treatment processing included sequential
4% paraformaldehyde fixation (1S min), 0.5% Triton X-100
permeabilization (15 min), and cytoskeletal staining with Phalloidin-
TRITC in 1% BSA blocking buffer (30 min). Nuclear visualization was
achieved through DAPI counterstaining (Solarbio Life Sciences,
China) prior to epifluorescence microscopy (Nikon Eclipse Ti2,
N31373). Parallel experiments involved calcein-AM/PI dual-staining
(30 min, dark) following 24 h of material exposure for viability
assessment. The live and dead cells were then visualized and imaged by
using a fluorescence microscope. The captured images were then
processed for quantification and statistical analysis using Image]
software. Furthermore, in the context of the hemolysis test, healthy
mouse blood was coincubated with diverse groups of materials in 1.5
mL EP tubes under thermostatic incubation at 37 °C for an hour.
Following this incubation, the color changes of the solutions within
each group were meticulously monitored. Subsequently, the super-
natant was carefully aspirated and transferred to a fresh 96-well plate.
Using a microplate reader, the ODs,, value was measured for each well
and calculate the hemolysis rate

Evaluate Chondrocyte Senescence. Cellular senescence was
quantified via senescence-associated f-galactosidase (SA-f3-gal) histo-
chemistry. Chondrocytes (5 X 10°/well) cultured in 6-well plates
underwent 4% paraformaldehyde fixation (20 min), SA-f-gal substrate
incubation (37 °C, 16 h), and PBS counterstaining prior to bright-field
microscopy quantification. Cartilage matrix integrity was concurrently
assessed through sequential histochemical protocols: 80% methanol-
fixed samples received Toluidine blue staining (2 h) or underwent
Safranin O-fast green staining (S min) with acidic differentiation (0.1%
HCl/ethanol, 15 s). Proteoglycan distribution and cellular morphology
were documented using microscopy with semiquantitative analysis
performed using Image] FIJI.

Imaging of Reactive Oxygen Species. RAW264.7 and ATDCS
cell lines were plated in 96-well plates (1 X 10* cells/well) and treated
with LPS (1 pg/mL for RAW264.7; 40 ug/mL for ATDCS). After 24 h
stimulation, group-specific interventions were administered followed
by 30 min incubation with 10 uM DCFH-DA. Intracellular ROS
generation was quantified via fluorescence microscopy using 488 nm
excitation/525 nm emission parameters, with image analysis conducted
in Image] using background-subtracted mean fluorescence intensity.

Cellular Apoptosis Assay. RAW264.7 macrophages were seeded
in six-well plates (1 X 10° cells/well) and polarized with LPS (1 ug/mL)
for 24 h. Poststimulation, group-specific interventions were adminis-
tered for an additional 24 h culture. Apoptotic profiling was performed
via dual Annexin V-FITC/PI staining (S uL each in 500 uL PBS
suspension), followed by flow cytometric analysis (BD FACSVerse)
using 488 nm excitation with 530/575 nm emission filters. Apoptotic
cells were quantified with FlowJo software (v10.8.1) applying quadrant
gating strategies.

ATP Level Assay. The ATP level was evaluated by utilizing an ATP
assay kit sourced from Beyotime. Prior to analysis, chondrocytes and
macrophages underwent sequential processing: PBS rinsing, lysis buffer
treatment, and centrifugation (12,000 X g, 10 min, 4 °C). Subsequently,
50 L of the supernatant from each group was extracted and combined
with 100 L of ATP detection solution. The luminescence intensity of
the mixture was then measured by using a luminescence microplate
reader. ATP concentrations were normalized to total cellular protein
quantified via the BCA assay.
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NAD Level Assay. NAD level was assessed using an enhanced NAD
assay kit (Beyotime, China). According to the reagent manual, the cells
were washed with PBS and lysis buffer was added to the culture plate.
After being centrifuged (12,000 X g 10 min, 4 °C), 20 uL of
supernatant from each group was extracted and mixed with 90 uL of
NAD detection solution to detect absorbency at 450 nm by a
microplate reader.

JC-1 Staining. Mitochondrial integrity in chondrocytes and
macrophages was evaluated using a JC-1 fluorescent probe (Beyotime)
through standardized membrane potential assays. Cells were loaded
with JC-1 (S pg/mL) at 37 °C for 20 min, followed by three PBS-T
washes (0.1% Tween-20) to remove unbound dye. The samples were
observed and imaged under an inverted fluorescence microscope
manufactured by ZEISS, Germany. A decrease in the ratio of the red to
green fluorescence intensity serves as an indicator of mitochondrial
dysfunction.

Flow Cytometry. Intracellular immunophenotyping was per-
formed using Fc receptor blocking buffer (5% BSA/PBS) prior to
dual-color staining with FITC-conjugated anti-CD86 (Biolegend,
1:200) and APC-conjugated anti-CD206 (Biolegend, 1:200) antibod-
ies under light-protected conditions (4 °C, 1 h). Poststaining, cells
underwent three PBS washing cycles (S min) before flow cytometric
acquisition. Fluorescence data were compensated and analyzed using
FlowJo v10.8.1 software.

RNA Extraction and RT-qPCR Analysis. Nucleic acid isolation
commenced with AG RNAex Pro Reagent-mediated RNA extraction,
followed by cDNA synthesis using the PrimeScript reverse transcription
system. SYBR Green-based qPCR amplification was performed with
custom-engineered primers purchased from Yeasen Biotechnology.
The expression levels were normalized to the mean CT value of
GAPDH. A comprehensive list of all primers utilized in the RT-qPCR is
provided in Table S3.

RNA Sequencing. Transcriptome profiling commenced with
Trizol-based RNA isolation, followed by nucleic acid integrity
verification through RNase-free agarose gel electrophoresis and quality
assessment via Agilent 2100 Bioanalyzer per manufacturer protocols.
Qualified specimens underwent commercial sequencing (Gene Denovo
Biotechnology) employing Illumina HiseqTM 2500/4000 platforms.
Library preparation utilized Yeasen’s Ultima Dual-mode mRNA Prep
Kit, featuring mRNA enrichment via Oligo(dT) magnetic beads,
fragmentation, and sequential cDNA synthesis: first-strand generation
followed by second-strand synthesis using DNA polymerase I/RNase H
system. Amplified cDNA libraries underwent PCR enrichment prior to
sequencing. Differential expression analysis implemented DESeq2
(group comparisons) and edgeR (individual samples) with significance
thresholds (IFCI > 2, p < 0.0S). Functional enrichment of deregulated
genes was interrogated through GO term analysis and Reactome
pathway mapping.

Metabolome Sequencing. Macrophages from different treatment
groups were collected after 24 h of cultivation under various conditions.
Metabolomic profiling was initiated with cryopreservation of cellular
specimens: aliquots containing 1 X 10° cells were pelleted via low-speed
centrifugation (1200 X g, 10 min, 4 °C), flash-frozen in liquid nitrogen,
and archived at —80 °C. Subsequent metabolite extraction and LC-MS
analyses were contracted to Gene Denovo Biotechnology, employing
an Orbitrap Exploris 120 mass spectrometer coupled to an electrospray
ionization source. Raw spectral data underwent format conversion via
ProteoWizard MSConvert (v3.0.6428) prior to feature extraction using
the XCMS platform (v3.7.1) for peak alignment and metabolite
annotation. Multivariate statistical modeling was implemented through
partial least-squares-discriminant analysis (PLS-DA) using R-based
computational frameworks, while structural elucidation of deregulated
metabolites was performed through mass spectral library matching.

Animal Model and Treatment. This study employed male
CS57BL/6] mice sourced from Southern Medical University under
institutional ethical approval (SMUL202406020), compliant with the
guidance of the esteemed National Research Council’'s Guide for the
Care and Use of Laboratory Animals. Aged cohorts (14 month
senescence model) and young controls (3 month) were maintained in a
specific pathogen-free (SPF) barrier housing with controlled photo-

period (12 h light/dark), thermoregulation (18—22 °C), and humidity
(50—60%). The senescence cohort (n = 24) was stratified into four
experimental groups (n = 6/group) versus young controls (3 M group,
n = 6). Intraarticular administration protocols were implemented via a
Hamilton microinjector: PBS sham injection for control groups (3 M
and 18M), blank microspheres for vehicle control, NPs@HM for
nanoliposome carriers, and NAD@NPs@HM for therapeutic for-
mulations. Ad libitum access to food and water was ensured throughout
the experimental timeline.

Gait Analysis. Locomotor kinematics were quantified via the
DigiGait imaging platform (XL Gait Controller; Columbus Instru-
ments, USA) following established analytical protocols.** In brief, each
mouse was required individual subjects to traverse the test runway
unimpeded, while the software captured and assessed changes in their
gait. The observed indices for the rear left limb encompassed the
average print area, gait angle, stride length, stride duration, braking
phase, and stance phase.

Evaluation of In Vivo Retention Time. Retention time of
hydrogel-encapsulated nanoliposomes was conducted through intra-
articular administration of Dil-labeled formulations in murine knee
joints. Fluorescence tracking using lipophilic near-infrared dye Dil (dex
= 549 nm, lem = 565 nm) was performed with the IVIS Spectrum
imaging platform (Xenogen, USA) at predetermined postadministra-
tion intervals.

Microcomputed Tomography Analysis. High-resolution micro-
tomographic imaging (SkyScan 1172; Bruker) was performed on knee
joint specimens at 50 kVp/200 pA with a 9 um isotropic voxel
resolution. Raw projection data underwent filtered back-projection
reconstruction using NRecon v1.6, followed by morphometric analysis
in CTAn v1.9 with subchondral bone compartment segmentation.
Volumetric renderings were generated via #CTVol version 2.0 using 3D
adaptive histogram equalization. Quantitative trabecular architecture
parameters (Tb.Pf, BV/TV, SBP.Th) were derived from the entire
calcified zone spanning the osteochondral junction to a 500 um
subchondral depth.

Histological Evaluation. Specimens underwent 24 h fixation in 4%
paraformaldehyde (PFA, pH 7.4) followed by EDTA-based decal-
cification (10% w/v, pH 7.4) under constant agitation (80 rpm, 37 °C)
for 7 days. Paraffin embedding was performed after ethanol gradient
dehydration. Coronal sections (S ym) were subjected to multiplex
histological staining (H&E, Masson’s trichrome, Safranin O/fast green,
Toluidine blue) for cartilage architecture evaluation. Calcified/hyaline
cartilage (CC/HC) thickness ratios were quantified via OARSI-
modified Mankin criteria. Systemic biocompatibility was assessed
through H&E-stained visceral organ sections (heart, liver, spleen, lung,
kidney) combined with hematological/biochemical profiling (complete
blood count, ALT, AST, BUN, creatinine) across experimental cohorts.

Immunofluorescence Staining. Following deparaffinization and
graded ethanol rehydration, antigen retrieval was performed using Tris-
EDTA buffer (pH 9.0) at 75 °C for 45 min. Nonspecific binding was
blocked with 5% BSA (Beyotime) prior to overnight incubation (4 °C)
with primary antisera (1:500 dilution in blocking buffer) targeting
collagen I, MMP13, PS3, IL-6, iNOS, CD86, CD206, and F4/80.
Fluorophore-conjugated secondary antibodies (Proteintech; Alexa
Fluor 488/594/700, 1:1000) were applied for 2 h at room temperature.
Multiplex immunofluorescence was achieved through tyramide-based
signal amplification (AFIHC026, Hunan Aifang Biological Technology,
China) with subsequent nuclear counterstaining using a Hoechst 33342
instrument (Solarbio). The tissue and cell sample slides were
photographed using a fluorescence microscope (Nikon N31373)
followed by quantitative analysis of mean fluorescence intensity (MFI)
using an Image] FIJI distribution.

Statistical Analysis. All statistical analyses and data visualizations
were performed using GraphPad Prism version 9.0 (GraphPad
Software, La Jolla, CA). Data are shown as mean =+ standard deviation
(SD). Multiple comparisons for more than two groups were analyzed
using multiple—factorial analysis of variance (ANOVA) to determine
the statistically significant differences. Student’s ¢ test or Welch’s t test
was employed to determine the statistically significant differences
between the two groups up to the homogeneity of variance. *P < 0.05;
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*#*P < 0.01; *¥**P < 0.001 and ****P < 0.0001 were considered to be
significant.
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