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ABSTRACT

Osteoarthritis (OA) is the most prevalent degenerative joint disorder,
affecting hundreds of millions of people globally. Current clinical approaches

Pathogenesis %6 are confined to providing only symptomatic relief. Research over the past
Osteoarthritis Diagnosis and two decades has established that OA is not merely a process of wear and
Treatment 99 tear of the articular cartilage but involves abnormal remodelling of all joint
tissues. Although many new mechanisms of disease have been identified
The Application of Nanoparticlesin in the past several decades, the efficient and sustainable delivery of drugs
Osteoarthritis Treatments targeting these mechanisms in joint tissues remains a major challenge.
Nanoparticles for Diagnosis 105 Nanoparticles re:’cently emerged as favom;ed delivery vehicles in OA
treatment, offering extended drug retention, enhanced drug targeting, and
Ch“lle”gfs and Future 106 improved drug stability and solubility. In this review, we consider OA as a
Perspectives disease affecting the entire joint and initially explore the pathophysiology of
OA across multiple joint tissues, including the articular cartilage, synovium,
fat pad, bone, and meniscus. We then classify nanoparticles based on their
composition and structure, such as lipids, polymers, inorganic materials,
peptides/ proteins, and extracellular vesicles. We summarise the recent
advances in their use for treatment and diagnosis of OA. Finally, we discuss
the current challenges and future directions in this field. In conclusion,
nanoparticle-based nanosystems are promising carriers that advance OA
treatment and diagnosis.
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joint pain, stiffness, tenderness, swelling, and

the formation of bone spurs. It commonly affects
load-bearing joints like the knees and hips. OA is
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the world’s most prevalent joint disorder and a
leading cause of pain and disability, particularly
among the elderly, impacting over 500 million
people globally.” 2 It is also among the most
costly health conditions, consuming up to 2.5%
of the gross national product in countries with
established market economies and incurring an
average cost between $700-$15,600 per person
with OA.* Thus, this condition significantly
diminishes the quality of life for patients and
imposes a substantial socio-economic burden on

society.
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joint injuries, such as tears of the anterior
cruciate ligament (ACL) tears, meniscal tears,
patellar dislocations, or direct impacts on the
cartilage. This type accounts for about 12% of
all symptomatic OA cases and contributes to
most OA occurrences among young healthy
adults.* > On the other hand, age stands as
the principal risk factor for the development
of OA in predisposed joints. Age-related OA
(idiopathic OA) is another major type of OA and
is influenced by other risk factors including, but
not limited to, obesity, gender, physical activity,
diet, and genetic factors.® Irrespective of the OA
type, the disease typically progresses through
three stages. Initially, patients may experience
mild pain and stiffness in the joints, but early-
stage OA is often under-recognised and poorly

95



Review

diagnosed, making early intervention challenging. In the
middle stage, patients experience joint space narrowing, the
formation of osteophytes, and apparent cartilage degradation,
although clinical management mainly aims at pain relief and
inflammation reduction. As OA advances to the late stage with
a high disability rate, surgical intervention is often inevitable
for the patients.”

Despite the pressing need, disease-modifying OA drugs
(DMOADs) have yet to be introduced into clinical practice.
The last twenty years has witnessed the significant progress in
understanding the mechanisms underlying OA, and numerous
potential drug targets have been identified. Nevertheless,
the translation of these discoveries into effective treatments
remains challenging, partly because of the absence of efficient
drug delivery systems that can target joint tissues specifically
and locally while minimising offsite effects. Because of the
unique anatomical features of joints, nanoparticles (NPs)
recently emerged as the most promising drug delivery system
for OA treatment. The concept of nanotechnology, which
involves manipulating materials at nanoscale dimensions
to create remarkably varied and new properties, was first
introduced by physicist Richard Feynman in 1959 and has
since revolutionised medical research, particularly in the areas
of treatment and diagnosis.*!® In this review, we begin by
introducing the pathogenesis of OA with an emphasis on each
type of joint tissue, followed by an overview of the current
treatment options available for OA patients. We then highlight
recent advances in the development of NP-based methods for
OA drug delivery and OA diagnosis. Finally, we discuss the
future prospects and challenges of applying nanomedicine in
the field of OA.

Joint Structure and Osteoarthritis
Pathogenesis

Joint is a complex organ. As a typical example, the knee joint
comprises several key components: articular cartilage, which
covers the ends of the femur and tibia at the load-bearing
points; the subchondral bone, located beneath the articular
cartilage; the synovium, which lines the inner surface of the
joint capsule; the meniscus, acting as a cushion between the
cartilage of the femur and tibia; the infrapatellar and posterior
fat pads, which occupy the extracapsular spaces; and the
ligaments, which provide connection between the femur
and tibia (Figure 1A). While OA is predominantly marked
by the degeneration of articular cartilage, it affects all other
joint tissues as well. The progression of OA is characterised
by various pathological manifestations, depending on the
stage of the disease, including cartilage degradation, synovitis,
subchondral bone sclerosis, osteophyte formation, and fat
pad fibrosis.!! In PTOA, injuries to meniscus or ACL are the
primary causes for cartilage degeneration. The interaction
between different types of tissues within the joint is crucial
not only for the maintenance of joint health but also for the
progression of OA. This interplay underscores the importance
of addressing OA as a whole-joint disease.
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Articular cartilage

The articular cartilage is a hyaline connective tissue that plays
a vital role in enabling smooth and pain-free joint movement.
Its extracellular matrix (ECM) is an interlocking network,
consisting predominantly of 70-80% water, alongside 4-7%
proteoglycans, and 15-22% collagens, with type II collagen
being the most prevalent form.!? Chondrocytes, the sole cell
type within the articular cartilage, constitute less than 10%
of the tissue’s dry weight yet play a significant role in tissue
turnover.”” They contribute to cartilage homogeneous by
secreting all ECM macromolecules and ECM degrading
enzymes, such as the matrix metallopeptidase (MMP) family,
and aggrecanases like the a disintegrin and a metalloproteinase
with thrombospondin motifs (ADAMTS) family.!*

In a healthy state, articular cartilage primarily functions as a
load-bearing and lubricating site. It is structurally segmented
into four distinct layers: the superficial zone, the middle
zone, the deep zone, and the calcified zone (Figure 1B). The
superficial zone at the cartilage surface featured two to three
layers of disk-shaped small chondrocytes with horizontally
arranged collagen fibrils. These cells typically align parallel
to the cartilage surface and are the primary producers of the
proteoglycan lubricant, proteoglycan 4 (lubricin)."® Recent
research also indicates that this zone may host cartilage-
derived stem/progenitor cells.' In the middle or transitional
zone, the chondrocytes are spherical and embedded within a
matrix of diagonally aligned collagen fibres. The deep or radial
zone contains enlarged chondrocytes arranged in columns
perpendicular to the tissue surface, with radially oriented
collagen fibrils. The calcified zone, demarcated from the deep
zone by the tidemark, comprises hypertrophic chondrocytes
and perpendicularly arranged collagen fibrils.”” The variation
in cell orientation and collagen alignment across these layers
enables the articular cartilage to efficiently disperse loads and
facilitate smooth joint movements.

At the onset of OA, the articular cartilage is one of the first to
react even before significant macroscopic alterations in joint
histology become apparent. Abnormal mechanical loading,
sensed by chondrocyte mechanosensors, leads to a decrease
in glycosaminoglycan (GAG) content and an increase in cell
apoptosis within the cartilage, initiating tissue degeneration
(Figure 1B)."* As OA advances, chondrocytes begin to secrete
enzymes that degrade the ECM, undermining the mechanical
integrity and homeostasis of the articular cartilage. In response
to this degradation, chondrocytes attempt to repair the loss of
ECM by enhancing their proliferation, clustering together,
and becoming hypertrophic.” As an avascular and non-
innervated tissue, articular cartilage’s capacity for regeneration
is inherently limited, challenging the restoration of balance
between anabolic and catabolic processes. Current DMOAD
discovery is primarily aimed at identifying compounds that
can either stimulate the anabolic activities of chondrocytes
or inhibit their catabolic functions. Growth factors are
considered promising agents because they can support
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Figure 1. Anatomy of a knee joint in healthy and OA conditions. (A) Schematic illustration of knee joint anatomy.
(B) Comparison between healthy and OA articular cartilage. With the onset of OA, the cartilage experiences various
alterations such as extracellular matrix degradation, surface erosion, and chondrocyte clustering. (C) Comparison
between healthy and OA synovium. In OA, the synovium thickens due to the proliferation of synoviocytes. Additionally,
OA synovium is characterised by macrophage infiltration and the invasion of blood vessels. (D) Comparison between
healthy and OA subchondral bone. As OA progresses, changes in the subchondral bone include sclerosis and increased
remodelling of the trabecular bone. Furthermore, the subchondral bone in OA may exhibit bone marrow lesions,
osteophyte formation, and increased innervation. (E) Comparison between healthy and OA meniscus. Damage to the
meniscus plays a crucial role in the initiation and progression of OA. Created with BioRender.com and Procreate. AC:
articular cartilage; ACL: anterior cruciate ligament; BML: bone marrow lesion; CZ: calcified zone; DZ: deep zone; FLS:
fibroblast-like synoviocyte; IFP: infrapatellar fat pad; MZ: middle zone; OA: osteoarthritis; PCL: posterior cruciate
ligament; SB: subchondral bone; SBP: subchondral bone plate; STB: subchondral trabecular bone; SZ: superficial zone.

chondrocyte proliferation, survival, and matrix production.
The most well-studied ones are insulin-like growth factors
(IGFs),”* fibroblast growth factors,*? transforming growth
factor (TGF) B,%% bone morphogenetic proteins,?! platelet-
derived growth factor,**** and epidermal growth factor family
member TGFa.** Some of these, such as IGF and TGFe,
have been conjugated to cartilage-penetrating NPs, showing
encouraging results in OA treatments.”” ¥4

Synovium

The synovium, encompassing the synovial membrane and the
synovial fluid within, plays a crucial role in joint health. In
healthy joints, synovial membrane is a thin, highly vascularised
connective tissue divided into a lining layer (intima) and a
sublining layer (subintima). It contains two major cell types:
type A synoviocytes (macrophages), and type B synoviocytes
(fibroblasts, also known as fibroblast-like synoviocytes or
FLSs) (Figure 1C). Macrophages play a key role in joint
inflammation.” FLSs, the most prevalent cell type in the
synovial membrane, are responsible for synthesising collagen,
hyaluronic acid (HA), and lubricin, crucial components for
maintaining the synovial fluid’s volume and composition.*
Recent single-cell RNA sequencing studies have unveiled
considerable heterogeneity among macrophages and FLSs
within the synovium.** In addition, the sublining layer is
rich in lymphatics and capillaries, essential for the exchange of
substances between the joint and the rest of the body, with the
lymphatic system playing a key role in clearing NPs from the
joint, complemented by macrophage phagocytosis.*

Biomater Transl. 2024, 5(2), 95-113

Synovitis, a hallmark of OA, is characterised by FLS
proliferation, lining layer hyperplasia, and immune cell
infiltration (Figure 1C). The thickening of the synovial
membrane is closely linked with OA progression and associated
joint pain.**' Interactions between the inflamed synovium
and cartilage significantly contribute to the heightened
catabolic activity in chondrocytes. During OA, FLSs produce
MMP-3, vascular endothelial growth factor, interleukin (IL)-
6, and tissue inhibitors of MMPs which activate macrophages
to release IL-1f, IL-6, tumour necrosis factor (TNF)e, and
other pro-inflammatory mediators.”® These cytokines then
prompt chondrocytes to produce elevated levels of MMPs
and ADAMTSs, leading to accelerated ECM breakdown
and further stimulating a feedback loop that exacerbates the
inflammation and cartilage degradation.*

Given the synovium’s central role in OA inflammation
and cartilage deterioration, targeting synovitis presents a
novel therapeutic avenue for OA treatment. The clinical
application of local and systemic nonsteroidal anti-
inflammatory drugs and corticosteroids has been effective
in modulating synovial inflammation. Additionally, certain
chondroprotective medications, like chondroitin sulfate and
HA, have demonstrated capabilities in reducing macrophage
infiltration and attenuating synovitis in the OA synovium.>
Current research efforts in synovium-targeted therapies
primarily aim to mitigate reactive oxygen species (ROS)
stress and modulate macrophage polarisation. For example,
NPs containing superoxide dismutase (SOD) have been
observed to accumulate in the synovium and significantly
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alleviate oxidative stress in a mouse OA model.* Furthermore,
strategies like knocking down phosphoglycerate mutase 5
(PGAMS5) or activating transient receptor potential vanilloid-1
(TRPV1) in macrophages block OA progression.’> *¢ Despite
these advances, significant challenges remain in identifying the
pathogenic pathways of OA synovitis and in the development
of NP-based DMOAD:s.

Subchondral bone

Subchondral bone is the bone tissue situated below the calcified
zone of articular cartilage. Anatomically, it is divided into
two parts: the subchondral bone plate, a cortical bone layer
beneath the calcified cartilage, and the subchondral trabecular
bone, a spongy bone structure that is subject to ongoing bone
remodelling (Figure 1D).”” This remodelling is regulated by
two primary cell types: osteoblasts, which are responsible for
forming new bone, and osteoclasts, which resorb older bone.
Relatively balanced activities of these cells maintain the health
and functionality of the subchondral bone, thereby providing
necessary mechanical support. The subchondral bone
dynamically adjusts its turnover rate in response to changes in
mechanical load.*

During OA progression, subchondral bone undergoes several
pathological changes. One of the most notable changes in
advanced OA is subchondral bone sclerosis, particularly the
thickening of the subchondral bone plate (Figure 1D).”" ¥
The remodelling rate in the subchondral trabecular bone
accelerates under OA conditions, leading to undermineralised
subchondral trabecular bone and reduced mechanical
integrity.®®* Additionally, bone marrow lesions or bone
marrow oedema, characterised by localised fat necrosis, bone
marrow fibrosis, and heightened bone remodelling, can
result in microfractures within the subchondral trabecular
bone.** In later stages of OA, subchondral bone cysts or intra-
osseous lesions may develop due to bone marrow lesions
and subsequent abnormal bone resorption. The crosstalk
between the subchondral bone and articular cartilage is also
crucial. In a healthy joint, the subchondral bone plate includes
canals allowing for nutrient and molecular exchange with
the cartilage. However, in OA, enhanced bone remodelling
and vascularisation lead to the abnormal invasion of blood
vessels and nerves into the cartilage, contributing to joint
pain and facilitating the transport of inflammatory factors,
which exacerbate the condition (Figure 1D).*” % ¢ Given the
important roles of subchondral bone in OA development,
therapeutic strategies addressing dysregulated remodelling,
abnormal angiogenesis, and excessive innervation are being

actively explored to counteract OA progression.

Meniscus

In healthy individuals, the meniscus is responsible for shock
absorbance, tension resistance and lubrication, contributing
significantly to the mechanical stress distribution across
the knee joint and ensuring the integrity and stability of the
joint during movement (Figure 1E). The meniscus primarily
comprises two cell types, which are distributed differently:
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fibroblasts are predominantly found in the outer region,
whereas the inner and middle regions are composed mainly
of fibrochondrocytes. The inner and middle sections of the
meniscus, in contrast to the outer portion, have a scant blood
supply and few nerves, resulting in very limited intrinsic repair

capabilities.® ¢

Meniscal injury is an important early event in the initiation of
PTOA, which also exacerbates meniscal damage, accelerating
the overall disease progression. Changes in biological
pathways caused by abnormal mechanical loading contribute
to meniscal degradation in OA. For example, increased
abnormal compressive stress can elevate IL-1 and nitric
oxide levels in meniscal cells, which subsequently promotes
tissue degeneration.®® A multicenter OA study also found
that meniscal subluxation/extrusion is linked with other joint
tissue damage, such as tibiofemoral cartilage loss, subchondral
bone marrow lesion, and synovitis, which are all risk factors of
OA.” While surgical interventions such as conservative partial
meniscectomy can alleviate immediate symptoms, they do
not necessarily slow the progression of PTOA and may even
hasten it. Despite the importance of meniscus in OA, currently
few menisci targeting DMOAD are under studied.

Others

As the largest intra-articular adipose tissue, the infrapatellar fat
pad (IFP), is located between patellar tendon, femoral condyle,
and tibial plateau, highly vascularised, and lined with the
synovial membrane. Characterised as a white adipose tissue,
it comprises lobules divided by connective tissue septa, with
adipocytes being the predominant cell type. Additionally,
the IFP contains a significant number of fibroblasts, which
contribute to ECM production, and various immune cells,
such as leukocytes, macrophages, and lymphocytes.”” 7!
Therefore, it is not only a shock absorbent that protects the
joint from mechanical damages, but also an endocrine tissue
that regulates joint homeostasis and inflammation.”® Research
indicates that the volume of the IFP is closely related to the
progression of OA and joint pain. An increased IFP surface
area has been associated with reduced joint damage in OA.”" "2
While the full range of IFP functions remains to be elucidated,
it is clear that it plays a significant role in OA pathogenesis.

Ligament rupture and laxity affect joint stability and accelerate
the progression of OA. The enthesis, where the ligament
attaches to the bone, is vital for the biomechanical functionality
of the knee joint and is implicated in early OA stages.”” For
instance, degeneration in the posterior cruciate ligament and
its synovial-enthesial complex in OA has been evidenced by
neovascularisation, enthesis chondrocyte clustering, and
collagen matrix fissuring.”* Additionally, meniscal enthesis
also undergoes structural changes during OA development.”
While research into the signalling pathways driving intra-
articular ligament degeneration is sparse, certain factors, such
as Mohawk, Sry-type HMG box 9, and TGFf1, are suspected
to play roles.”*’® Given that articular cartilage has minimal
innervation, the joint ligaments, which contain pain receptors,
are also likely contributors to OA pain.” %
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Osteoarthritis Diagnosis and Treatment

The articular cartilage loses its regenerative ability rapidly upon
OA initiation, making joint repair increasingly challenging in
the disease’s middle or late stages. Consequently, a segment of
research has focused on developing diagnostic tools for early
intervention in OA. Radiography, including X-ray imaging,
stands as the most commonly utilised image-based diagnostic
method for OA, offering a cost-effective and straightforward
means to detect cysts, osteophytes, and other ossified structures
in OA. However, radiography falls short in capturing the full
spectrum of pathological changes across all joint tissues.®!
Magnetic resonance imaging, while expensive, has been long
favoured in the clinic. It can illustrate morphological changes in
the cartilage, synovium, ligaments, menisci, and bone marrow,
enabling the detection of early OA signs that radiography
cannot identify.*? Ultrasound imaging presents a less expensive
alternative with higher resolution and is being investigated for
its potential as a diagnostic tool for OA.** Arthroscopy, due to

Table 1. Summary of currently available OA therapies

Biomaterials Translational

its invasiveness, is rarely used solely for diagnostic purposes in
clinical settings. However, it is recommended for patients with
focal cartilage lesions, serving both diagnostic and therapeutic
purposes.®

Currently, there are four major types of OA treatment: non-
pharmacological, pharmacological, biological, and surgical
(Table 1).**” For patients in the early stages of OA, who
primarily experience mild pain and stiffness, the standard
treatment options are nonsteroidal anti-inflammatory
drugs and analgesics that target pain and inflammation.”
Glucocorticoids, such as trenbolone acetate, betamethasone
sodium phosphate, and dexamethasone (DEX), are commonly
used.®°  Additionally, Diclofenac, a cyclooxygenase-2
inhibitor, is a U.S. Food and Drug Administration (FDA)-
approved drug for OA patients to relieve pain and suppress
inflammation.”’ At this stage, the therapeutic approach
primarily focuses on mitigating pain rather than promoting
regeneration or repairing tissue.

Type of treatment Example Pros Cons Reference
Non-pharmacological ~ Exercise, therapeutic Analgesia, joint function ~ Long-term treatment, large 85, 86
ultrasound, phototherapy, restoration, wide access, variation in therapeutic
thermotherapy, electrical recommended to all effects
stimulation, acupuncture patients
Pharmacologic NSAIDs (e.g., glucocorticoids, ~Affordable, analgesia, Side-effects on brain, 87-92
COX-2 inhibitors), anti-inflammation, wide gastrointestinal and
Chondroprotective drugs access, effective on most cardiovascular systems, little
(e.g., chondroitin sulfate, HA) OA patients pro-regenerative and disease-
modifying effects
Biological Platelet-rich plasma, MSC- Providing necessary Complex manufacture, 93,94
based therapy factors to aid cartilage expensive, fibrocartilage
regeneration, improve OA  formation, more effective
injury and patient’s life in symptom relief than
quality regeneration
Surgical Microfracture, autologous Effective end-stage OA Invasive, costly, some require 95-97

graft, partial/total knee
arthroplasty

therapies, necessary for
late-OA patients to reduce

re-surgeries

pain, prevent disability and
improve life quality

Note: COX-2: cyclooxygenase-2; HA: hyaluronic acid; MSC: mesenchymal stem cell; NSAIDs: nonsteroidal anti-inflammatory drugs;

OA: osteoarthritis.

For individuals with middle-stage OA, characterised by
narrowed joint spaces and evident cartilage erosion, more
pharmacologic and biological interventions are required to
halt the disease progression. Chondroprotective drugs, such as
chondroitin sulfate and HA, have demonstrated effectiveness
in alleviating OA symptoms.’ * ' Biological strategies for
OA management include regenerative therapies. Platelet-rich
plasma, for instance, can supply essential growth factors to aid
in the joint’s recovery process.” Another promising approach
involves intra-articular injections of autologous mesenchymal
stem cells (MSCs). As the only cell-based treatment approved
by the FDA for OA, autologous MSC therapy typically involves
harvesting MSCs from the patient’s bone marrow or adipose
tissue, followed by in vitro expansion and re-implantation
into the affected osteochondral area.”* However, regenerative
treatments for OA face several hurdles, including technical

Biomater Transl. 2024, 5(2), 95-113

complexity, unstable chondrocyte-like phenotype, and donor
site limitation.'”!

Surgical interventions become the primary recommendation
for patients with advanced OA when non-surgical management
methods no longer yield effective results. Beginning with
less invasive procedures, perforation and microfracture
are employed to stimulate the migration of self-derived
bone marrow MSCs to the cartilage defect sites to promote
regeneration. Additionally, autologous chondrocytes or
osteochondral grafts are utilised for cartilage restoration.’ ¢ 1%
Partial knee arthroplasty targets the removal of inflamed and
damaged tissue, which can escalate to total knee arthroplasty
in the end stages of OA.” Despite the clinical successes of
surgical approaches, they are often invasive, costly, and might
necessitate subsequent surgeries.
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There is a notable gap in the current spectrum of OA therapies:
the lack of straightforward, effective drugs to directly address
and alter the OA pathological mechanisms to halt or even
reverse its progression. Although substantial research efforts
have been made and many new DMOAD candidates have been
identified, their transition to clinically approved OA treatments
faces significant challenges: structural and compositional
changes of joint tissues would interfere with the fate of
injected drugs, making targeted treatments more difficult to
be achieved. Moreover, the retention of injected substances
within the whole joint is influenced by OA progression, as
the mechanisms for molecular clearance may evolve with the
disease.'0% 104

These obstacles underscore the need for a ‘drug protector’
that can enhance drug bioavailability by minimising clearance
by macrophages and drainage through capillaries while also
improving the drug’s biodistribution by facilitating targeted
delivery. In this context, NPs, with their highly customisable
size, large surface area, and surface properties, have emerged
as promising candidates to address these challenges,

positioning themselves as potential key players in the future

of OA therapy.
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The Application of Nanoparticles in
Osteoarthritis Treatments

Overview of therapeutic nanoparticles

Intra-articular injection is routinely used for the delivery of
drugs in OA treatment because it increases the bioavailability
of therapeutic agents at the affected site while reducing
systemic exposure and potential side effects (Figure 2).
However, the primary limitation of this traditional drug
administration approach is rapid clearance of the drug from
the synovial fluid. Small molecule drugs (i.e., those below 10
kDa) typically undergo clearance through a combination of
fenestrated and non-fenestrated capillaries, whereas larger
macromolecules, like proteins, are cleared via lymphatic
48,103,105, 106 Eyrthermore, changes in
joint tissue structure and composition, along with influxes of

pathways in the synovium.

immune cells (such as macrophages and lymphocytes), fibrosis,
oedema, and the inflamed joint milieu, can all impact the
distribution and retention of administered drugs.'® Lastly, the
penetration of many promising OA therapeutics into the deep
cartilage is hindered by the dense, avascular nature of cartilage
tissue. Hence, targeted drug delivery systems that deliver the
therapeutic agent to the site of interest are typically favoured
to reduce off-target toxicity and improve treatment efficacy.

Cartilage targeting

OA .

> 0q

o =
aa® Q2 Qe
Synovium targeting

|.A. injection

7 InjecteHAN Ps

Figure 2. Schematic diagrams of commonly used NPs and I.A. injection. Commonly used NPs for OA treatments
including liposome, phospholipid micelle, polymeric micelle, polymersome, polyplex, dendrimer, gold NPs and
exosome. Administered through L.A. injection, the NP primarily enhances OA diagnosis/treatment by targeting the
articular cartilage and/or synovium. Created with BioRender.com, Procreate, Microsoft PowerPoint and Protein Data
Bank (PDB ID: 2AVI). L.A.: intra-articular; OA: osteoarthritis; NP: nanoparticle.

NPs represent a broad category of substances defined by their
nanoscale dimensions. NP-based drug delivery system has been
extensively exploited in cancer treatment due to their small
size and large surface area, which endow NPs with distinctive
physical and chemical characteristics.!”” In clinical applications,
NPs can modify the pharmacokinetic behaviour of drugs,
reduce off-target toxicity, and improve the therapeutic effects
by offering improved pharmacokinetics, biodistribution, and
solubility compared to the free drugs. An example of such a
formulation is the mRNA-lipid NP vaccine for coronavirus
disease 2019 (COVID-19), where lipid NPs shield the mRNA
from degradation and boost its intracellular delivery and
endosomal escape.'® There is increasing interest in developing
NP-based delivery systems for OA. Subsequent sections will
discuss the latest advances in NP designs, including lipid-based,

100

polymer-based, inorganic, as well as novel platforms like
avidin, exosomes, and hybrid systems, which could potentially
accelerate their clinical adoption for OA treatment.

Lipid-based nanoparticles

Liposomes

Liposomes are self-assembling spherical vesicles comprised
of one or more phospholipid bilayers encircling an aqueous
core (Figure 2).!” They are among the most extensively
studied drug delivery systems, renowned for their capacity
to encapsulate both hydrophobic and hydrophilic substances
within their phospholipid layers and aqueous interiors, as well
as their favourable safety profiles (Table 2).!1!?! For example,
Doxil®, a liposome-based formulation, is the first nanodrug
approved by FDA.'*?

www.biomat-trans.com
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Table 2. The pros and cons of commonly used nanoparticles

Biomaterials Translational

Nanoparticle Pros Cons Reference
Liposomes Increased drug therapeutic efficiency, increased drug Low solubility, high cost, leakage/ 110
stability, low toxicity, tunability, biocompatibility fusion, short half-life
Micelles Small sizes, simple preparation, high encapsulation Fast clearance, stability concern, 111-113
capacity, increased water solubility limited drug loading, critical
micelle concentration
Polymersomes Chemical versatility, increased stability than liposomes, Inferior biocompatibility/ 114,115
flexible cargo capacity, prolonged half-life biodegradability, low permeability,
disintergration
Polyplexes Tunability, protect nucleic acids from degeneration, Toxicity, biodegradability concern, 116
high water solubility low transfection efficiency
Dendrimers Increased drug solubility, tunability, covalently binding  High cost, toxicity, scalability, 113
cargo, increased drug exposure time/efficiency stability
Gold nanoparticles  Uniformity, tunability, increased surface area, enhanced Toxicity 117,118
loading capacity
Avidin High biotin affinity, preferable versatility, non-toxicity, Immunogenicity, toxicity, 119
electronic interaction denaturation concerns
Exosomes Versatility, biocompatibility, improved targeting Scalability, heterogeneity, the lack 120, 121

of standard administrative protocol

In 2020, Corciulo et al.'? used liposomes to carry either
adenosine or a selective A2A receptor agonist, CGS21680.
Adenosine, serving as a crucial autocrine factor, acts on the
A2A receptor to mitigate the expression of genes regulating
chondrocyte hypertrophy, catabolism, and apoptosis.
Genome-wide analysis of chondrocytes from the treated
obesity-related OA mice or PTOA rats revealed that the
liposomal formulations carrying adenosine or CGS21680
curtailed cartilage degradation by downregulating matrix-
degrading genes and upregulating those involved in cell
proliferation. Similarly, Dravid et al."”** encapsulated Resolvin
D1 within liposomes to modulate inflammation in OA joints.
Resolvin D1, prone to rapid clearance or inactivation in the
inflammatory joint environment, achieved prolonged joint
retention and efficacy at reduced dosages when delivered via
liposomes. In obesity-related OA mouse model, Resolvin
D1 within liposome administration resulted in lower
Osteoarthritis Research Society International (OARSI) scores
and diminished cartilage damage, alongside an increase in anti-
inflammatory M2 macrophages relative to pro-inflammatory
M1 macrophages in the treated groups. In 2023, Zhong et al.'*®
developed a meloxicam and calcium acetate-loaded liposome
to improve the water solubility of meloxicam, a lipophilic anti-
inflammatory drug for temporomandibular joint OA. In a rat
model of unilateral anterior crossbite, intra-articular injection
of this liposomal concoction improved lubrication in the
temporomandibular joint and reduced levels of inflammatory
markers, such as prostaglandin E2.

Phospholipid micelles

Phospholipid micelles, nanoscale spheres formed from
phospholipids, possess a hydrophobic core surrounded by a
hydrophilic shell (Figure 2). While liposomes can encapsulate
both hydrophobic and hydrophilic drugs, phospholipid
micelles are predominantly employed to deliver hydrophobic
agents (Table 2).'*

Although polymers are commonly used to create micelles for
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OA treatment, lipids are also favourable for micelle production.
For example, poly(ethylene glycol) (PEG)-distearoylphosphati
dylethanolamine is recognised for its high biocompatibility and
has received FDA approval, making it a valuable component in
developing lipid micelles aimed at OA therapy.'? In 2021, Wei
etal.’?® developed micelles loaded with secretory phospholipase
A2 inhibitor using a PEG-distearoylphosphatidylethanola
mine-based formulation. Their research demonstrated that
these secretory phospholipase A2 inhibitor-loaded micelles
reduced MMP-13 and ADAMTSS5 expression while increasing
aggrecan and collagen type II alpha 1 (COL2A1) levels in
treated mouse femoral head explants under IL-1p-induced
inflammation. The chondroprotective effect of the secretory
phospholipase A2 inhibitor micelles was further validated in
both destabilisation of the medial meniscus (DMM) mice and
load-induced mouse models of PTOA.

Polymer-based nanoparticles

Polymeric micelles

Polymeric micelles are nanoscopic NPs formed through the
self-assembly of amphiphilic block copolymers (Figure 2).
They offer several advantages over phospholipid micelles, such
as enhanced stability, a reduced critical micelle concentration,
and the capacity to encapsulate substantial amounts of
hydrophobic drugs'® ** (Table 2). The majority of these
micelles are synthesised from diblock copolymers, with PEG
often serving as the hydrophilic segment, exemplified by
poly(caprolactone)-b-PEG micelles. Typically, the size of these
micelles is under 20 nm.'#

In 2021, Wei et al.*! pioneered the development of TGFa-
conjugated polymeric micelles via a copper-free click chemistry
method. Their study highlighted that the overactivation of
epidermal growth factor receptor could significantly promote
the proliferation and viability of chondroprogenitors,
resulting in larger articular cartilage in adolescent conditional
overexpression mice. TGFe, as a ligand of epidermal growth
factor receptor, thus exhibited considerable promise for
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OA therapy. Yet, the quick elimination of this small protein
from the synovial fluid following intra-articular injection
represented a major obstacle for its therapeutic application. To
overcome this, TGFa was introduced onto poly(caprolactone)-
b-PEG-based micelles, which markedly slowed OA progression
in DMM mice relative to those receiving only free TGFa.
Additionally, Kang et al."*' designed acrylate-based micelles for
the controlled release of curcumin, a potent anti-inflammatory
and anti-ROS agent. Using a monosodium iodoacetate
(MIA)-induced mouse OA model, curcumin-loaded micelles
substantially decreased IL-1f and TNFa levels and preserved
joint structure and integrity, maintaining proteoglycan,
aggrecan, and collagen levels comparable to those in the sham-
treated group.

Polymeric micelles can be tailored for targeted delivery to
specific joint tissues (Table 3)."3*'* For instance, a PEG-based
nanoprobe was modified with a cartilage-targeting peptide
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(DWRVIIPPRPSA) and a ROS-responsive thioketal linker
(TKCP), enabling the controlled release of DEX in response to
ROS levels in chondrocytes.*? DEX-TKCP micelles markedly
reduced the expression levels of MMP-13, IL-6, and MMP-3,
while enhancing the expression of Col2al, compared to both
the control and non-functionalised NPs. Additionally, the
therapeutic effectiveness was assessed in MIA-induced OA
mice, revealing that DEX-TKCP micelles demonstrated specific
cartilage targeting and protective effects, along with extended
retention in the joint. In 2020, Urich et al."*® engineered a
polymeric micelle using polyethylene oxide and polypropylene
oxide to transport recombinant adeno-associated viral vectors
carrying the cartilage-associated Sox9 gene that crucial for
chondrogenesis. These NPs were designed to specifically
target chondrocytes, aiming to shield them from IL-1§3-
induced apoptosis and degeneration by overexpressing Sox9,
thus potentially restoring metabolic balance in osteoarthritic
conditions."*

Table 3. Examples of targeted drug delivery of nanomedicines for OA treatment

NP Cargo Target OA model Major finding Reference

DWRVIIPPRPSA- DEX Articular cartilage MIA mice Inhibit the degradation of COLII, 132

modified polymeric superior cartilage targeting property,

micelles prolonged retention time

Polymeric micelles rAAV Sox9 Chondrocytes Human Sustained Sox9 expression, increased 133

chondrocytes COLII deposition
Polyplex IL-1Ra mRNA  IL-1f in cartilage =~ MIA rats Less loss of cartilage matrix, 134
and synovium reduced pain, cartilage loss, and

inflammation

Polyplex Periostin-siRNA Chondrocytes DMM mice Reduce OARSI score and 135
subchondral bone sclerosis

PEG-PAMAM Kartogenin MSCs Papain rats Increased chondrogenic markers, 136

dendrimer distinct chondrogenic properties in
treated BMSCs

PLGA-based PNPs  pé6shc siRNA  Chondrocytes MIA rats Attenuated ROS, inhibited cartilage 137
damage and inflammation, reduced
pain

PLGA-based PNPs p47phox siRNA Chondrocytes MIA rats Attenuated ROS, inhibited cartilage 138

Hemoglobin-PNPs  Notch-siRNA Pro-inflammatory

Papain mice

damage and inflammation, reduced
pain

Reduced pro-inflammatory 139

macrophage cytokines and cartilage erosion
ssDNA Human blood

Multi-arm Avidin ~ DEX Articular cartilage Bovine cartilage  Full penetration of cartilage, 140

explant increased retention in vivo, sustained

drug release

Chondrocyte CRISPR/Cas9 ~ Chondrocytes DMM rats Decreased COLII degradation and 141
affinity peptide- plasmid OARSI score, improved penetration
exosomes and retention
Exosomes miR-9-5p MSCs ACLT rats Decreased inflammatory factors, 142

improved Mankin score and
favoured joint histology

Note: ACLT: anterior cruciate ligament transection; AuNP: gold NP; BMSC: bone marrow-derived MSC; COLII: type II collagen;
CRISPR/Cas9: clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9; DEX: dexamethasone;
DMM: destabilisation of the medial meniscus; IL-1Re: interleukin-1 receptor antagonist; IL-1p: interleukin-1p; MIA: monosodium
iodoacetate; MSC: mesenchymal stem cell; NP: nanoparticle; OA: osteoarthritis; OARSI: osteoarthritis research society international;
PAMAM: polyamidoamine; PEG: poly(ethylene glycol); PLGA: poly(lactic-co-glycolic acid); PNP: polymer-based nanoparticle; rAAV:
recombinant adeno-associated viral; ROS: reactive oxygen species; siRNA: small interfering RNA; Sox9: SRY-box transcription factor

9; ssDNA: single-stranded DNA.
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Polymersomes

Polymersomes are vesicles self-assembled from amphiphilic
block copolymers, featuring an aqueous interior surrounded
by a hydrophobic membrane (Figure 2). Their distinct
architecture enables them to serve as versatile carriers for
both hydrophilic and hydrophobic drugs.'*® Compared with
liposomes, polymersomes typically exhibit greater stability
and reduced membrane permeability. Their durability and
extensive tunability allow for biological functionalisation
(targeting with surface-bound ligands), physical modification
(creating responsiveness to pH, light, or temperature), and

structural alterations (designing porous or hybrid NPs) (Table
2), 14146

Various manufacturing techniques, such as thin film hydration,
electroformation,and doubleemulsion,areemployedtoproduce
polymersomes.'** While the application of polymersomes in
cancer therapy has been extensively explored,'** their use in
OA treatment is less documented. A recent study by Gui et al.**
highlighted the potential of polymersomes in OA management
by encapsulating SOD within porous polymersomes. This
design enables the penetration of ROS into the core and access
SOD, yielding an effective antioxidant effects. The SOD-
loaded polymersomes demonstrated extended retention in
mouse joints, predominantly accumulating in the synovium
rather than in the articular cartilage. Subsequent ex vivo and
in vivo evaluations indicated that these SOD-containing
polymersomes mitigated oxidative damage and slowed down
the progression of OA, as evidenced in a DMM mouse model.
These findings underscore the potential of polymersomes as
innovative drug delivery systems for OA therapy, suggesting a
promising avenue for future research and application.

Polyplexes

To mitigate the undesirable immunological responses elicited
by viral-based gene delivery systems, polyplexes have been
developed as nanoscale carriers that encapsulate nucleic
acids."” Typically ranging from 30 to 200 nm in diameter,
polyplexes are formed through electrostatic interactions
between cationic polymers and negatively charged nucleic
acids (Figure 2). These non-viral vectors offer enhanced
pharmaceutical control, improved safety profiles, and greater
scalability in production compared to conventional viral
vectors (Table 2).'*

Most polyplexes are designed for targeted gene therapies in
the realm of OA (Table 3). In 2022, Deng et al.’** designed
a PEGylated polyplex micelle to deliver mRNA that encodes
the IL-1 receptor antagonist. This agent competes with IL-1p
for IL-1 receptor 1 binding without triggering the receptor’s
activation. Using a MIA-induced rat OA model, the study
demonstrated that the polyplexes curtail the degradation of the
cartilage matrix, reduce chondrocyte clustering, and mitigate
subchondral bone erosion. Furthermore, they modulated OA-
induced inflammation by down-regulating the expression
level of IL-6, a proinflammatory cytokine. In 2021, Duan et
al.'"® delivered Periostin-siRNA using peptide-nucleotide
polyplexes to treat PTOA in mice. Periostin, a matricellular
protein, has been observed to elevate during OA progression.
In a DMM mouse OA model, Periostin siRNA treatment was
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shown to decrease MMP-13 expression and significantly lower
the OARSI score compared to controls, pointing towards
an effective reduction in cartilage degradation. However,
no differences were observed in synovitis, suggesting that
Periostin primarily influences on cartilage rather than the
synovial membrane.

Dendrimers

Dendrimers are tree-like nanoscale carriers constructed from
highly branched polymer units."*” The charge of a dendrimer
is predominantly determined by its surface groups, which
can be anionic, cationic, or neutral. The size of dendrimer is
determined by its generation level,'® thus allowing precise
control over its size, surface charge, and shape through the
selection of chemical components and the generation number
(Table 2). '

Polyamidoamine dendrimers particularly
prominent in OA research (Figure 2). Geiger et al.* developed
an IGF-1-conjugated polyamidoamine dendrimer, modifying
its surface with PEG to regulate surface charge. This dendrimer
was capable of penetrating bovine cartilage to a depth
comparable to human cartilage thickness within two days and
demonstrated retention in rat knees for up to 30 days. In an
ACL transection (ACLT) rat model of OA, a single injection
of these IGF-1-dendrimers significantly reduced cartilage
degeneration by 60% and osteophyte formation by 80%
compared to untreated controls. In 2017, Hu et al."* developed
MSC-targeted polyamidoamine-PEG dendrimers to deliver
kartogenin, aiming to enhance chondrogenic differentiation
in MSCs (Table 3). The kargogenin-conjugated dendrimers
improved the expression of chondrogenic markers such as
aggrecan and Sox9 in bone marrow-derived MSCs (BMSCs),
showing superior chondrogenic properties compared to those
treated with kartogenin alone. Given the ongoing discovery of
new pathological pathways associated with OA, dendrimers’
versatile functionalisation and targeting capabilities hold
promise for the future of OA management and treatment.

stand out as

Gold NPs

Gold NPs (AuNPs) have been synthesised in various shapes
such as nanospheres, nanorods, nanosheets, and nanocages,
exploiting their distinct optical properties for applications in
biosensing and bioimaging.’*> The high surface-to-volume
ratio, adjustable surface chemistry, size tunability, and multi-
functionalisation capabilities enable AuNPs as highly efficient
drug carriers (Table 2). Typically ranging from 0.5 to 25 nm,
the size of AuNPs can be tailored for specific research purposes,
with several synthetic methods available for their production
(Figure 2). 153155

AuNPs combined with other biomaterials have demonstrated
significant potential in OA treatment. Snider et al.*® designed
a porcine diaphragm ECM embedded with AuNPs, curcumin ,
and HA, which showed promise in reducing cellular oxidative
stress and apoptosis in IL-1p-stimulated chondrocytes. In a
related study, Filho et al."*” observed that HA combined with
AuNPs substantially reduced pro-inflammatory cytokines and
oxidative stress markers in a DMM rat model of OA. Further,
Sarkar et al.’®® fabricated a hybrid system by integrating
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dipalmitoyl phosphatidylcholine liposomes with AuNPs for
delivering fish oil proteins (FP-AuNP-DPPC), demonstrating
its efficacy in modulating oxidative stress in an OA context by
down-regulating the expression of prooxidant markers, while
up-regulating the levels of antioxidant markers. In addition,
FP-GNP-DPPC reduced the secretion of serum apoptotic
marker nuclear factor-kappa B (NF-xB) and restored the level
of catalase, an oxidoreductase. In a recent study, Pitou et al.*
designed a single-strand DNA (Aptamers)-modified AuNPs to
identify OA-related miRNA therapeutic targets. Their research
unveiled the potential of miRNA-93 as a novel therapeutic and
diagnostic target in OA, showcasing the versatility of AuNPs in
gene therapy vectors for OA management.

Avidin

Avidin is a small, cationic glycoprotein isolated from egg white,
renowned for its high affinity for biotin (Figure 2).'° Studies
have demonstrated that avidin penetrates cartilage more
effectively than similarly sized neutral NPs, likely due to its
mild electrostatic interactions with the anionic GAGs present
in cartilage. This property underscores avidin’s viability as a

delivery vector for cartilage-targeting therapeutics (Table
2)'161

The adaptability of avidin’s chemical and physical properties
attributes allows it to transport a variety of drugs. In 2020, He et
al.'"*® designed multi-arm Avidin NPs, which provided multiple
active sites for drug conjugation, facilitating deep penetration
into the cartilage (Table 3). Using DEX as a model medicine,
these avidin NPs demonstrated a controlled and extended
release over 2 weeks. Remarkably, a single low dose of the
DEX-conjugated avidin NPs significantly suppressed the IL-
la-induced GAG loss, cell death, and inflammatory response
in calf explants more effectively than free DEX. Kartogenin, a
hydrophobic chondroprotective drug, often shows suboptimal
retention and penetration in OA-affected joints when
administered directly. The same research group showed that
the Avidin-kartogenin NPs modified with 8-arm PEGs rapidly
infiltrate into cartilage and achieve prolonged drug release.'*
Using calf knee cartilage explants, a single administration of
avidin-kartogenin substantially diminished GAG loss, cell
death, and inflammatory response. Collectively, these findings
suggest avidin as a promising nanocarrier for drug delivery
in OA therapy, offering exceptional biocompatibility and an
enhanced penetration profile, which could potentially improve
therapeutic outcomes in OA treatment.

Exosomes

Exosomes, which are extracellular vesicles originating from
endosomes, typically range from 30 to 150 nm in diameter
(Figure 2)."® They are capable of transporting a variety of
cargoes, including nucleic acids, proteins, and bioactive lipids.
However, their significant heterogeneity in size, content,
and source presents challenges for large-scale production
(Table 2).

Exosomes are usually harvested from MSCs and chondrocytes
for OA treatment. Liang et al."' developed a chondrocyte-
targeting exosome system to carry clustered regularly
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interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) plasmids for MMP-13 knockdown
(Table 3). This hybrid exosome approach successfully inhibited
the degradation of type II collagen in chondrocytes treated
with IL-1p. In DMM rats, this engineered exosome mitigated
the degradation of key ECM proteins, including aggrecan and
type II collagen. In 2021, Zhou et al.'** derived exosomes from
human BMSCs for anti-inflammatory treatment of OA. These
BMSC-derived exosomes were effective in downregulating
pro-inflaimmatory genes such as IL-6 and NF-xB, which
were upregulated by IL-1f stimulation, and in restoring the
expression of the anti-inflammatory gene TGFf, which was
suppressed by IL-1p. Additionally, Jin et al.'** highlighted the
therapeutic potential of BMSC-derived exosomes enriched
with microRNA-9-5p (miR-9-5p) (Table 3). Their study
revealed that the miR-9-5p-laden exosomes targeted the gene
syndecan-1, resulting in decreased inflammatory mediators
and markers of oxidative stress injury. Treatment with these
exosomes in an ACLT-induced rat OA model led to a healthier
joint structure, reduced MMP-13 expression, elevated SOD
levels, and diminished inflammatory cell infiltration. These
studies underscore the promising utility of exosomes as vehicles
for delivering therapeutic agents in OA, potentially mitigating
inflammation, oxidative stress, and tissue degradation
associated with the disease.

Hybrid drug delivery systems

While NPs offer advantageous features for drug delivery, the
field faces challenges like restricted drug loading capacity,
premature burst release of drugs, and suboptimal in wvivo
retention.'® Hydrogels, composed of three-dimensional
crosslinked polymer networks, emerge as ideal matrices to
host various NPs, enhancing the therapeutic outcomes by
providing a stable reservoir for them. The combination of NPs
with hydrogel (i.e., NP-hydrogel) can extend drug retention
time and modulate drug release kinetics.'*® ¢
when amalgamated with liposomes, the liposome-hydrogel
constructs can continually refresh their hydration layers,
effectively preventing the surface erosion of the material.'*®

Particularly,

An exemplary implementation of such hybrid systems is the
combination of injectable hydrogels with NPs. In 2022, Zhou et
al.' developed a HA/platelet-rich plasma hydrogel integrated
with bovine serum albumin-MnO, nanozymes. This innovative
hybrid hydrogel demonstrated the ability to foster chondrocyte
proliferation and mitigate severe oxidative stress in vitro.
Furthermore, in a MIA-induced rat OA model, the nanozyme-
enhanced hydrogel significantly mitigated the degeneration
of the cartilage matrix, demonstrating the potential of NP-
hydrogel systems in advancing OA therapeutics.

To mitigate the uneven injection forces associated with
traditional injectable hydrogels, hydrogel microspheres
(HMs) are emerging as a promising alternative for hybrid
drug delivery systems in OA treatment. In 2022, Lei et al.'®®
developed a self-renewable liposomes-HA HMs hybrid system
for the delivery of rapamycin, an immunosuppressive drug and
autography activator (Figure 3). This system demonstrated
superior lubrication performance over HMs alone and also

www.biomat-trans.com



Nanoparticles for OA treatment

enabled prolonged drug release—up to 28 days compared
to just 14 days with liposomes alone. In ACLT OA rats, the
rapamycin-liposome-HMs effectively mitigated joint damage
by reducing osteophyte formation, narrowing joint space, and
preventing the degradation of aggrecan and type II collagen.
In the same year, Jin et al."”’ designed a GelMa HMs-liposome
hybrid system modified with Arbutin for anti-inflammatory
and antioxidant therapy. This system effectively reduced the
inflammatory response in IL-1@-stimulated chondrocytes
by blocking NF-«B signalling and alleviating oxidative stress
through the activation of nuclear factor E2-related factor 2. The
Arbutin-liposome-HMs also attenuated OA progression by
diminishing inflammation and oxidative stress in the articular
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cartilage of DMM mice. Moreover, Yu et al.'*® designed ROS-
responsive GelMa HMs encapsulating polymeric micelles
for DEX delivery. The hybrid nanomedicine was further
modified with a type II collagen-targeting peptide WYRGRL
to improve cartilage targeting. The results indicated that the
DEX-loaded micelle-HMs significantly promote chondrogenic
differentiation and reduce the levels of pro-inflammatory
cytokines such as IL-6 and TNFa. Overall, although their
manufacturing processes can be more complex than those
for conventional NPs, hybrid NP-hydrogel systems offer a
promising and efficacious strategy to increase drug loading
and retention, thereby enhancing therapeutic outcomes in OA
treatment.

Hydration layer ~LiPosome Material abrasion
S Loss of hydration layer
\// | / p . )
/ ‘.t — 'n‘ \ /b,u
Hydrogel —. X
/ Yo

1 \

Release
)
©) e
——— e
o

LA
. » <
ra® 6:’0;

Figure 3. Schematic diagrams illustrating the hybrid liposome-HM system developed by Lei et al.'®® (A) Formation
of liposome-HMs. Initial gel droplets containing HAMA and rapamycin-liposomes are generated using a microfluidic
device. Subsequently, UV exposure crosslinks the mixture, resulting in the formation of liposome-HMs. (B) Operational
mechanism of the liposome-HM: The microgel functions as a reservoir for liposomes, while the liposomes serve as a
platform for drug delivery and aid in replenishing the hydration layer of the HM following material abrasion. Created
with BioRender.com, Procreate and Microsoft PowerPoint. HAMA: methacrylated hyaluronic acid; HM: hydrogel

microsphere; UV: ultraviolet.

Nanoparticles for Diagnosis

Beyond therapeutic interventions, NPs hold substantial
promise for OA diagnosis, leveraging their distinctive optical
properties and adaptability. AuNPs, in particular, have been
extensively investigated for their diagnostic applications
in OA. In 2021, Wang et al."”' developed an AulNP for the
immunodetection of type II collagen urinary C-terminal
telopeptide fragment, a blood-based biomarker for OA. The
system utilised an antibody conjugated to AuNPs, with detection
achieved via the immobilised antibody-AuNP complex on
an interdigitated electrode. Xu et al."”? also developed gold
nanoclusters coated with a peptide for the detection of proteins
with unique sequences associated with OA. The design
allowed these materials to interact with OA-specific proteins
through electrostatic and hydrophobic interactions, leading
to distinctive binding energies and fluorescence lifetimes. OA
diagnosis is thereby feasible by identifying unique biomarker
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‘fingerprints’, differentiating serum samples from severe OA
patients from those of healthy individuals. In 2018, another
diagnostic tool was developed based on a probe consisting of
a fluorogenic peptide conjugated to an AuNP for the detection
of ADAMTS-4."* Comparative tests using synovial fluid from
both adult rabbits and human patients demonstrated the probe’s
ability to detect mild cartilage injuries with 83% sensitivity and
80% specificity. These advancements underscore the potential
of NPs, particularly AuNPs, in revolutionising the early
detection and diagnosis of OA, paving the way for timely and
more effective treatment strategies.

NP-based imaging contrast agents also show promise for OA
diagnosis. Recent advancements include the development
by Zhang et al."’* of multi-arm avidin NPs conjugated with
anionic ioxaglate, designed for computed tomography
imaging (Figure 4A). When these NPs were modified with
a cartilage-targeting cationic peptide, they demonstrated
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rapid penetration through the entire thickness of cartilage
within six hours. Impressively, these modified NPs produced
a comparable computed tomography signal intensity to
anionic ioxaglate alone but at approximately 40 times lower
dose, facilitating the clear distinction between -cartilage,
subchondral bone, and other soft tissues in rat tibial joints
at reduced contrast agent concentrations. Moreover, Chen
et al.'"” developed cationic melanin NPs coated with poly-L-
lysine, which exhibited strong affinity to GAGs in cartilage
(Figure 4B). This property allows these NPs to be used
in photoacoustic imaging for detecting the loss of ECM
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content in OA joints, offering a novel way to monitor disease
progression and ECM degradation.'” Additionally, iron-based
magnetic NPs have gained attention for their biocompatibility
and extensive functionalisation possibilities."”*'”® For instance,
superparamagnetic iron oxide NPs have been explored as
the contrast agents of magnetic resonance imaging (Figure
4C).'” Their ability to enhance image contrast makes them
valuable tools for non-invasively studying biological tissues
and tracking disease progression, including in OA where early
detection and monitoring are crucial for effective management
and treatment.

MRI imaging

- “_‘ // -

Superparamagnetic iron oxide NP
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Avidin in-
(;33 @ Melanin-NP Targeting peptide
%% 8 arm biotin-PEG-10X v\ PLL Iron oxide NP

Figure 4. Imaging techniques for OA diagnosis utilizing NPs. (A) CT imaging employing multi-arm avidin NPs
conjugated with anionic ioxaglate, developed by Zhang et al."”* (B) Photoacoustic imaging facilitated by PLL-coated
cationic melanin NPs, as devised by Chen et al.'"”® (C) MRI employing superparamagnetic iron oxide NPs coated with
PEG and cartilage-targeting peptide, engineered by Wu et al.'”” Created with BioRender.com, Procreate and Microsoft
PowerPoint. CT: computed tomography; IOX: ioxaglate; MRI: magnetic resonance imaging; NP: nanoparticle; OA:

osteoarthritis; PEG: polyethylene glycol; PLL: poly-L-lysine.

Challenges and Future Perspectives

Current OA treatments primarily offer symptomatic relief
rather than halting or reversing the disease’s progression.
Moreover, the effectiveness of many small-molecule drugs is
compromised by the altered structure and composition of OA-
affected joints. The integration of nanotechnology into OA
therapy has markedly enhanced drug performance, including
stability, retention, release, and targeted delivery. NPs, made
from a variety of materials such as lipids, polymers, metals,
peptides, proteins, and extracellular vesicles, can deliver a
range of cargos from small molecules to nucleic acids. By
functionalising NPs with antibodies or specific targeting
peptides, precise drug delivery can also be achieved.

The future direction of NPs in OA management is poised
for diversification, particularly towards more complex
functionalisation of nanomaterials. An increasing amount
of research focuses on immunomodulatory treatments that
target M1 and M2 macrophage polarisation.”®® ! Thus,

it is possible for NPs to shift the joint milieu from pro-
inflammatory to pro-regenerative by acting on macrophages.
Additionally, NPs designed with engineered peptides show
promising prospects for clinical adoption, allowing precise
therapeutic delivery and the capability to diagnose OA at its
early stages simultaneously.'* 717> Beyond nonsteroidal anti-
inflammatory drugs, researchers are delving into enzymes and
siRNAs targeting various inflammatory pathways, oxidative
stress, cellular apoptosis, and other metabolic activities.®” 1914
Consequently, a trend towards combination therapies that
concurrently target multiple pathological processesis emerging.
For example, innovative NPs designed to carry multiple agents
for both ROS neutralisation and chondroprotection could be
developed, representing a holistic approach to managing OA.

Additionally, the next generation of NPs for OA treatment
is also aimed for advancements in structural design. Future
NP development will likely emphasize environmentally-
responsive NPs and biomimetic nanosystems. ROS- and pH-
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responsive materials, such as thioketal linkers, NH,HCO,, and
chitosan, are being integrated into OA nanomedicines to create
smart delivery systems that release their payload in response to
the OA joint environment.'®

Despite the progressin biomedical applications of NPs, concerns
regarding their toxicity and safety remain paramount. Metal
NPs, for example, have been associated with mitochondrial
and DNA damage upon cellular uptake.'® %5 Similarly,
polymer-based NPs face scrutiny over potential issues related
to monomer aggregation, toxic degradation byproducts, and
increased oxidative stress, which could impede their path
to clinical application.®® Although there are limited studies
systematically evaluating the toxicity profiles of various NPs in
OA-specific contexts, strategies like integrating biodegradable
hydrogel scaffolds or combining NPs with natural biopolymers
such as gelatin or chitosan could enhance biocompatibility.
Such approaches may reduce immunogenicity and minimise
the long-term toxicity risks associated with current NP
formulations, thereby aligning more closely with clinical
translation requirements and patient safety standards.

While preclinical studies have underscored the potential of NPs
in various animal models, the transition to clinical trials and
the availability of NP-based nanomedicines on the market that
fulfill clinical needs remain limited. As a multifaceted whole-
joint disease, current understanding of OA pathophysiology is
still in its early stage. Additionally, prevalent animal models for
OA research, primarily those that are surgery- or chemically-
induced, cannot mimic the naturally occurring progression
of the disease in human. These models, while time-saving,
may not ideally represent early-stage OA, as they introduce
extraneous variables from surgical or chemical interventions.
In terms of NPs, their stability during preparation, storage, and
transport can be affected by various environmental conditions,
including light exposure and temperature fluctuations.'®¢ %7
The complexity of manufacturing techniques, coupled with
challenges in scalability, positions NPs among the more
expensive pharmaceutical developments.'® ' During post-
administration, issues such as burst release and off-target
effects still necessitate further investigation. Moreover,
the detailed structure-function relationships of NPs and
their interactions with joint tissues remain inadequately
understood.®” Consequently, gaps in our understanding of OA,
differences between animal models and human pathology, the
absence of standardised manufacturing and administration
protocols, and the need for more refined structural designs
of NPs could impede their clinical application. Nevertheless,
the application of NPs will still extend beyond conventional
drug delivery. Gene therapy represents a promising avenue,
with NPs designed to deliver genetic material, such as siRNA
or CRISPR/Cas9 components, to modulate gene expression
in OA-affected cells.”” Furthermore, regenerative medicine
will benefit from NPs engineered to deliver growth factors,
cytokines, or stem cells to damaged joints, promoting tissue
regeneration and healing.”" In diagnostics, NPs engineered as
contrast agents enhanced with imaging capabilities may also
improve the early detection and monitoring of OA, enabling
interventions at a stage where the disease is most amenable to
treatment.'?> '
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