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Osteoarthritis (OA) is the most common type of arthritis and the leading cause of disability
globally. It tends to occur in middle age or due to an injury or obesity. OA occurs with the
onset of symptoms, including joint swelling, joint effusion, and limited movement at a late
stage of the disease, which leads to teratogenesis and loss of joint function. During the
pathogenesis of this degenerative joint lesion, several local inflammatory responses are
activated, resulting in synovial proliferation and pannus formation that facilitates the
destruction of the bone and the articular cartilage. The commonly used drugs for the
clinical diagnosis and treatment of OA have limitations such as low bioavailability, short
half-life, poor targeting, and high systemic toxicity. With the application of nanomaterials
and intelligent nanomedicines, novel nanotherapeutic strategies have shownmore specific
targeting, prolonged half-life, refined bioavailability, and reduced systemic toxicity,
compared to the existing medications. In this review, we summarized the recent
advancements in new nanotherapeutic strategies for OA and provided suggestions for
improving the treatment of OA.
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1 INTRODUCTION

Arthritis is a clinically common and frequently-occurring disease. According to its etiology, clinical
manifestations, biochemical tests, and genetic examinations, arthritis can be divided into several
types; however, osteoarthritis (OA) is clinically the most common type. The incidence of knee OA is
33% in the population aged 60–70 and about 43.7% in the population over the age of 80. It is the main
bone disease causing disability (Shane and Loeser, 2010). Pathological features of OAmainly include
the degradation of the cartilage extracellular matrix (ECM) components, synovial inflammation,
osteophyte formation, joint space narrowing, ligament and meniscus changes, subchondral bone
remodeling, and the loss of joint functions (Yuan et al., 2020; Peng et al., 2021). Patients with
advanced OA rely on joint replacement surgery to restore joint functions. This causes a huge social
and economic burden and impairs the quality of life of the patients (Hiligsmann et al., 2013).
Osteoarthritis (OA) most commonly affects the knee joints, and the next most commonly affected
sites are the hands and hips. No specific treatment can reduce the progression of hand OA (Favero et
al., 2022).

The progression of OA is complex with the involvement of the whole joint, which is involved and
driven by a variety of inflammatory cytokines, including cytokines, reactive oxygen species and
nitrogen species, and matrix metalloproteinases. The disease alters the articular cartilage, meniscus,
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synovial membrane, subchondral bone, ligaments, capsule, and
periarticular musculature (Loeser et al., 2012). It also has a strong
hereditary background (Ratneswaran and Kapoor, 2021). Variant
alleles of several genes are often highly expressed in the cartilage,
which increases the risk of developing OA (Richard et al., 2020).
Additionally, the risk factors of OA also differ between sexes
(Mchugh, 2021). During the development of primary
osteoarthritis caused by aging and genetics and secondary
osteoarthritis induced by trauma and obesity, fibrillation
appears on the cartilage surface, with gradual degradation of
the collagen II network and glycosaminoglycans (Mort and
Billington, 2001). OA is also associated with a variable degree
of synovial inflammation that can be induced by the damage and
dysfunction of the cartilage (Scanzello, 2017). During the
progression of OA, macrophages, synovial fibroblasts, and
chondrocytes produce cytokines, chemokines, proteases, and
reactive oxygen species (ROS) (van den Bosch, 2021; Wang
et al., 2021). Cytokines such as interleukin-1 (IL-1) and tumor
necrosis factor-α (TNF-α) promote synovitis, inhibit chondrocyte
viability, and induce the production of many proteases. The
degeneration and remodeling of different tissues in the joint
highly depend on the activity of different proteases, such as
matrix metalloproteinase (MMP) (Xia et al., 2014; Grassel
et al., 2021), which can degrade the cartilage matrix. Other
growth factors are also involved in the progression of OA,
such as transforming growth factor β (TGF-β), fibroblast
growth factor (FGF)-2, and FGF-18 (Fortier et al., 2011). The
related signaling pathways in the progression of OA might be
therapeutic targets.

Besides physiotherapy and exercise, available drug therapies
for OA, such as non-steroidal anti-inflammatory drugs
(NSAIDs), opioids, and glucocorticoids, are the main ways to
treat OA. However, the long-term systemic administration of
drugs can cause severe side effects, such as gastrointestinal
complications, an increase in cardiovascular risk, and
osteoporosis, which are well-known limitations (Da et al.,
2017). Most clinical therapy mainly targets pain reduction,
functional improvement, and artificial joint replacement. Some
molecular therapies, such as the injection of the hyaluronic acid
polymer in the intra-articular cavity, are also widely used in
osteoarthritis treatment for lubricating joints and promoting
bone repair. This delays the development of arthritis and
improves joint mobility but does not reverse the progression
of OA (Kavanaugh et al., 2016; Maudens et al., 2018a). Besides
joint replacement surgery, there is no effective treatment to
decelerate the progression of OA or retard the irreversible
degradation of cartilage. Therefore, the development of novel
drugs and therapeutic strategies is necessary for more effective
OA treatment.

Nanotechnology is an interdisciplinary field of science for
studying and manipulating nanoparticles that are usually
between 1 and 100 nm. Nanoparticles (NPs) often have unique
properties due to their scale structure, such as size effects,
interfacial phenomena, and quantum effects, and thus, they
have multiple advantages and novel functions (Jeevanandam
et al., 2018). Numerous nanoparticle-based drug delivery
systems such as polymer, micelles, liposomes, dendrimers,

polymer nanoparticles (PNPs), and inorganic NPs have been
investigated for intravenous and intra-articular (IA) injection
therapy of OA. These nanotherapeutic strategies not only
improve drug targeting and efficient drug delivery but also
improve drug solubility and stability. Additionally, they
prevent drug dispersion and degradation in body fluids and
prolong drug circulation and retention time, thus improving
drug efficacy and reducing adverse drug reactions (Rothenfluh
et al., 2008; Gu et al., 2013). Many works of nanomaterials in OA
treatment have been excellently summarized (Bottini et al., 2016;
Cheng et al., 2017). However, nanotechnology and materials are
developing rapidly, and the functions to meet different needs are
constantly improving. Various biomimetic camouflage strategies
have also been developed and studied in the treatment of various
diseases including OA. Cell membranes derived from
erythrocytes, platelets, and tumor cells have been used for
camouflage and modification of nanoparticles. These
nanocarriers can obtain more advantages in drug delivery and
surface function after being coated with biomembranes (Zhang
et al., 2021). Thus, in this review, we discussed the recent
advances of OA-related novel nanotherapeutic strategies based
on different NPs (Figure 1) and mainly focused on the following
aspects to summarize, including nanotechnologies for small
molecule drug delivery, nanoparticles for biomacromolecule
therapy, cell-based nanotherapeutic strategies, and other
functional nanomaterials that attracting more and more
attention.

2 NOVEL NANOTHERAPEUTIC
STRATEGIES FOR OA THERAPY
2.1 Nanotechnology for Small Molecule
Drug Delivery in OA Treatment
Short biological half-lives significantly limit the application of
numerous pharmacologically active small-molecule drugs.
Studies have demonstrated the beneficial properties of
nanocarriers for targeted drug delivery and sustained release,
which makes them an effective tool for enhancing the efficacy of
multiple drugs or helping in the diagnosis of OA. Liu et al.
reported the synthesis and activity of six targeted polymeric
(PEG-b-PLA) nanoparticles for OA treatment as adenosine
receptor agonists (Liu et al., 2019), which suggested that the
combination of adenosine with biodegradable nanoparticles can
significantly extended the therapeutic effects. The oral
administration of NSAIDs (such as diclofenac, DIC) and the
intra-articular injection of glucocorticoids (such as
dexamethasone, DEX) are the common therapeutic strategies
in OA (Nakata et al., 2018). However, both drugs show severe
adverse effects, including the risk of toxicity (Roth and Fuller,
2011).

Liposomal nanoparticles can optimize the therapeutic and
delivery efficiency of various formulations and have been used
clinically for several decades (Eldem and Eldem, 2018). Chang
et al. designed a novel OA treatment formulation, hyaluronic
acid (HA)-Liposomal (Lipo)-DIC/DEX, to combat joint pain.
The nanoparticles were formulated by constructing DIC with
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DEX-loaded nanostructured lipid carriers Lipo-DIC/DEX
mixed with hyaluronic acid (HA) for prolonged OA
treatment (Chang et al., 2021). The study suggested that HA-
Lipo-DIC/DEX might be a promising system for osteoarthritis
pain control as it reached the effective working concentration in
4 h and sustained the drug-releasing time for at least 168 h with
no significant toxicities. The intra-articular injection of HA-
Lipo-DIC/DEX considerably inhibited knee joint inflammation
over 4 weeks. The injection of a single dose could also decrease
the inflammation to 77.5 ± 5.1% from the initial level of
inflammation over that duration. Rapamycin might be
administered for treating osteoarthritis (OA) (Matsuzaki
et al., 2014; Pal et al., 2015). Low-intensity pulsed ultrasound
(LIPUS) also exhibits anti-OA effects (Ji et al., 2015; He et al.,
2018). Chen et al. combined liposome-encapsulated rapamycin
(L-Rapa) with LIPUS to promote the anti-osteoarthritic effects
of rapamycin. This nanotherapeutic strategy had the most
consistent and effective anabolic and anti-catabolic effects on
human OA chondrocytes (HOACs) and spontaneous OA
guinea pigs. These results indicated that IA delivery of
liposome-encapsulated rapamycin has significant anti-
inflammatory effects on spontaneous OA guinea pigs (Chen
et al., 2020).

Among the potent inflammatory mediators involved in the
progression of OA is the family of secreted phospholipase A2
(sPLA2) enzymes, a heterogeneous group of enzymes that can
specifically recognize and catalytically hydrolyze the sn-2 ester
bond of glycerophospholipids, releasing free fatty acids such as
arachidonic acid (AA) and lysophospholipids (Burke and Dennis,
2009). Wei et al. found that the concentration of the sPLA2
enzyme increases in the articular cartilage in human and mouse
OA cartilage tissues, and the inhibition of sPLA2 activity might be
an effective pharmacological treatment strategy for OA (Wei
et al., 2021). They developed an sPLA2-responsive and
nanoparticle (NP)-based intervention platform for OA
management by incorporating an sPLA2 inhibitor (sPLA2i)
into the phospholipid membrane of micelles. The engineered
sPLA2i-loaded micellar NPs (sPLA2i-NPs) penetrated the
cartilage matrix, inhibited sPLA2 activity strongly, suppressed

the inflammatory signals, and mitigated the progression of OA
following direct delivery into knee joints. This indicated that
sPLA2i-NPs can be a promising therapeutic tool for the treatment
of OA.

Furthermore, the challenges of drug delivery to the cartilage
can be overcome by using cationic nanoparticles less than 10 nm
in diameter (e.g., Avidin) that have ideal characteristics for
targeted intra-cartilage drug delivery (Bajpayee et al., 2014).
Bajpayee et al. proposed a nanotherapeutic strategy that
conjugated Avidin with dexamethasone (DEX) using fast
(ester) and slow, pH-sensitive release (hydrazone) linkers.
DEX was rapidly released from the Avidin-delivered DEX with
high bioactivity, and a single dose of Avidin-DEX significantly
inhibited the cytokine-induced loss of sulfated-
glycosaminoglycan (sGAG), suppressed IL-1α-induced cell
death, and enhanced the sGAG synthesis level in vitro
(Bajpayee et al., 2016). Signaling through the p38α/β mitogen-
activated protein kinase (MAPK) plays an important role in OA.
PH-797804 (PH) is a potent and selective inhibitor of p38α/β
MAPK but failed to demonstrate clinical results (Haller et al.,
2020), suggesting that PH requires a delivery system with
sustained/extended release that can last for months. Maudens
et al. proposed (PH-797804)-loaded nanostructures (PH-NPPs)
for the management of OA (Maudens et al., 2018c). PH-NPPS
were prepared by wet milling and stabilized with D-ɑ-tocopheryl
polyethylene glycol 1,000 succinate and then embedded into
fluorescent particles (Figure 2). The PH-NPPs were large
(diameter: 14.2 µm), showed high drug loading (31.5%),
effectively prolonged drug release, and exhibited good
biocompatibility. Additionally, PH-NPPs remained in the joint
and adjacent tissues for 2 months and decreased the levels of
inflammatory factors, including IL-1β, IL-6, and IL-17, which
inhibited inflammation and joint damage.

2.2 Nanotechnology for Biomacromolecule
Therapy in OA Treatment
Different from small-molecule therapeutics, peptides and
biologics provide unique opportunities to modulate particular

FIGURE 1 | Various nano-therapeutic strategies based on different nanoparticles for osteoarthritis (OA) treatment.
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intracellular targets, with high selectivity, high potency,
predictable behavior, and limited side effects. Biologics, such
as therapeutic peptides and RNA-based formulations for gene
therapy, were investigated for regulating their intracellular
targets, but had a low clinical impact (Skalko-Basnet, 2014;
Sharfstein, 2018). However, these intracellularly acting
peptides, proteins, and nucleic acids are often less effective in

therapeutics as they cannot penetrate the cellular and
endolysosomal membranes effectively. Some delivery systems
lack potency due to low uptake and/or entrapment and
degradation in endolysosomal compartments (Evans et al.,
2019). As summarized in Table 1, novel nanocarriers and
nanotechnologies for biomacromolecule therapy are promising
in OA treatment.

FIGURE 2 | Drawing of the PH-797804 (PH-NPPs) with extendedrelease properties over several months compared to conventional PH microparticles for intra-
articular treatment inflammatory and mechanistic murine models. Reproduced with permission (Maudens et al., 2018c). Copyright 2018, Elsevier.

TABLE 1 | Nanotechnology for biomacromolecule therapy in OA treatment.

Table Cargo Composition Model Animal/
Delivery
route

Outcome Ref.

Nanotechnology for gene
therapy

MMP13
siRNA.

MMP13 siRNA, mAbCII,
PEG and DB

PTOA induced by
noninvasive repetitive
joint loading

Mice/i.a. MMP-13 ↓, protected against
meniscal mineralization and
osteophyte formation

Bedingfield
et al. (2021a)

siRNA
(Postn)

Peptide-nucleotide
polyplex and sirna (Postn)

OA induced by DMM. Mice/i.a. Subchondral bone sclerosis, BV/TV,
vBMD, and heterotopic ossification,
MMP-13, ADAMTS-4 ↓

Duan et al.
(2021)

miR-140 G5-AHP and miR-140 OA induced by DMM. Mice/i.a. Col2 ↑, MMP, ADAMTS5 ↓ Li et al. (2022)

Other NP-based
biomacromolec-ule
therapy

IGF-1 IGF-1; PEGylated PAMAM
dendrimer cationic
nanocarrier

OA induced by ACLT
+ MMx

Rats/i.a. Degenerated cartilage area,
degenerated surface cartilage width,
total osteophyte volume ↓

Li et al. (2015)

HAS2 Biodegradable
mesoporous silica
nanoparticles and HA.

OA induced by
injecting CFA.

Rats/i.a. Improved HA retention rate, IL-1β,
TNFα ↓

Li et al. (2019)

Abbreviations: ACLT, anterior cruciate ligament transection; ADAMTS, a disintegrin and metalloproteinase with thrombospondin motifs; CFA, complete Freund’s adjuvant; Col2: type II
collagen; DB, DMAEMA (2-(dimethylamino)ethyl methacrylate)-co-BMA (butyl methacrylate); DMM, Destabilizedmedial meniscus; G5-AHP, generation 5 polyamidoamine; HA, hyaluronic
acid; HAS2, hyaluronan synthase type 2; IGF, insulin-like growth factor; IL-1β, interleukin 1β;mAbCII, Col2monoclonal antibody;MIA, Monosodium iodoacetate;miR-140,microRNA-140;
MMP13, matrix metalloproteinases; MMx, medial meniscectomy; Postn, Periostin; PAMAM, polyamidoamine; PEG, poly (ethylene glycol); PTOA, Post-traumatic OA; siNPs, siRNA
nanoparticle complexes.
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2.2.1 Nanotechnology for Gene Therapy
Gene therapy might be used for the treatment of human diseases,
including cancer, hereditary diseases, and other disorders,
through the delivery of therapeutic nucleic acids (DNA or
RNA) to targeted tissues or cells (Kaufmann et al., 2013).
However, gene therapy has major challenges, mainly related to
the improvement of the delivery efficiency and the in vivo stability
of functional genes or nucleic acids, to prolong the effective
functional time of gene carriers and perform on-demand
treatment of diseases by microenvironmental responses.
Therefore, multiple local delivery approaches have been
applied to improve the distribution of therapeutic genes in

target tissues (Emanueli et al., 2001) and also promote non-
viral gene delivery using nanocarriers. Additionally, scaffolds
might be an excellent approach for disease therapy, including
OA treatment (Gonzalez Fernandez et al., 2018). Some studies
have shown the role of periostin in OA. The expression of
periostin aggravates the damage of articular cartilage after a
knee injury. Duan et al. found that the expression of periostin
in mice with post-traumatic OA was significantly inhibited using
intra-articular (IA) delivery of a peptide-siRNA nanoplatform.
Moreover, the expression of matrix metalloproteinase 13 (MMP-
13), subchondral bone sclerosis, bone volume/total volume,
volumetric bone mineral density, and heterotopic ossification

FIGURE 3 | Gene-hydrogel microspheres for the treatment of OA. (A) preparation of G5-AHP and G5-AHP/miR-140. (B) Gene-hydrogel MSs. (C) Injection with
MS@G5-AHP/miR-140 into the articular space to alleviate the progression of OA. (D) Endocytosis of G5-AHP/miR-140 polyplexes and the release of miR-140.
Reproduced with permission (Li B, 2022). Copyright 2022, Nature Publishing Group.
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were also significantly lower in treated mice. The Osteoarthritis
Research Society International (OARSI) cartilage damage score
was also considerably lower in mice that were administered
periostin siRNA (Duan et al., 2021). The administration of the
periostin-siRNA nanocomplex is a promising approach to
alleviating the severity of joint degeneration in OA.

Bedingfield et al. locally injected nanoparticles modified with
antibodies targeting type II collagen and carrying small
interfering RNA targeting MMP-13, they reduced the
expression of MMP-13 and protected the integrity of the
cartilage and the joint structure (Bedingfield et al., 2021b). The
researchers also designed small interfering RNA (siRNA)-loaded
nanoparticles (siNPs) that were encapsulated in shape-defined
poly(lactic-co-glycolic acid) (PLGA)-based microplates to
maintain siNPs in the joint significantly longer than delivery
of free siNPs. They enabled long-lasting therapy for post-
traumatic OA by silencing MMP13 (Bedingfield et al., 2021a).
Li et al. constructed a responsive MS@G5-AHP/miR-140 “nano-
micron” combined microfluidic gene-hydrogel microspheres
(MSs) to alleviate the degradation of articular cartilage as a
novel strategy for regional gene therapy (Li et al., 2022). They
used a multifunctional gene vector, arginine, histidine, and
phenylalanine-modified generation 5 polyamidoamine (G5-
AHP) to prepare G5-AHP/miR-140 nanoparticles and then
trapped them in GelMA MSs (Figure 3). The system not only
increased the cellular uptake efficiency of the therapeutic
microRNA-140 and the transfection efficiency but also
extended the effective functional time of microRNA-140 after
injection and facilitated the on-demand response of the disease
microenvironment. Chen et al. constructed photothermal-
triggered nitric oxide (NO) nanogenerators NO-Hb@siRNA@
PLGA-PEG (NHsPP). NHsPP, combined with siRNA, could
efficiently convert absorbed NIR light energy into sufficient
heat to trigger NO production. The platform demonstrated
controlled NO release in RAW 264.7 cells and live OA mice.
It efficiently treated OA by inhibiting macrophage inflammation
and effectively prevented cartilage erosion (Chen et al., 2019).

2.2.2 Other NP-Based Biomacromolecule Therapy
For the efficient treatment of osteoarthritis (OA), the local release
of a high therapeutic dose over a long time is advantageous.
Several biomacromolecules, such as anabolic growth factors, have
been delivered to target cells inefficiently and inadequately in
clinical trials. Insulin-like growth factor 1 (IGF-1) is an anabolic
growth factor that promotes chondrocyte survival, proliferation,
and biosynthesis of cartilage matrix macromolecules (Schmidt
et al., 2006; Li et al., 2015). It also shows anti-inflammatory effects
in cartilage tissue. IGF-1 might be more effective in the treatment
of OA if delivered directly to chondrocytes residing deep within
dense anionic cartilage tissues. Geiger et al. conjugated IGF-1 to a
cationic nanocarrier and performed direct intra-articular
injection for targeted delivery to chondrocytes and retention
within the joint cartilage. Treatment of OA rats with
dendrimer-IGF-1 reduced the extent of cartilage degeneration
by 60% and volumetric osteophyte burden by 80%, relative to the
extent of the damage in untreated OA rats. Additionally,
dendrimer-IGF-1 rescued cartilages and bones more effectively

than free IGF-1, which indicated that conjugation to a cartilage-
penetrating PEGylated dendrimer can improve the delivery and
efficacy of disease-modifying biologic drugs in the treatment of
OA (Geiger et al., 2018).

External hyaluronic acid (HA) supplementation is a common
treatment for osteoarthritis but requires multiple injections due
to its generally rapid degradation. Additionally, low molecular
weight hyaluronic acid can cause bone destruction. Treatment of
OA by promoting endogenous macromolecular hyaluronic acid
in the joint has some advantages, and thus, the therapeutic
strategy to increase the level of hyaluronic acid synthetic
enzyme II (HAS2) in the synovial cells is necessary.
Mesoporous silica nanoparticle (MSN) is regarded as an ideal
protein drug carrier due to its advantages of high protein loading,
good biocompatibility, and easy surface modification with
organic groups (Wu et al., 2013; Li et al., 2014; Watermann
and Brieger, 2017). Li et al. showed that biodegradable
mesoporous silica nanoparticles successfully delivered
hyaluronan synthase type 2 (HAS2) into synoviocytes from
the temporomandibular joint (TMJ) and generated
endogenous HA with high molecular weights (Figure 4). This
strategy promoted endogenous HA production and inhibited the
synovial inflammation of OA in vitro and in vivo. Such
nanotherapeutic techniques also repaired bone defects and
maintained normal morphology in another rat OA bone defect
model (Li et al., 2019). The delivery of interleukin-1 receptor
antagonist (IL-1Ra), a natural protein inhibitor of IL-1 that can
modulate IL-1-based inflammation, emerged as a promising
approach for osteoarthritis treatment (Chevalier et al., 2005;
Chevalier et al., 2009). However, these anti-inflammatory
therapies were limited due to the lack of effective and suitable
drug delivery materials, which caused rapid clearance and
reduced potency of the therapeutic substances over time.
Whitmire et al. designed a system consisting of a new block of
copolymer that self-assembled into nanoparticles and efficiently
incorporated the IL-1Ra protein onto their surface for the intra-
articular delivery of anti-inflammatory proteins. The IL-1Ra
nanoparticles maintained higher protein bioactivity in vitro,
bound specifically to synoviocyte cells more efficiently, and
inhibited signaling mediated by IL-1 more strongly compared
to soluble IL-1Ra. The IL-1Ra tethered nanoparticles significantly
increased IL-1Ra retention in rat knee joints and prolonged IL-
1Ra half-life without inducing degenerative changes in the
structure and composition of the cartilage (Whitmire et al., 2012).

2.3 Cell-Based Nanotherapeutic Strategies
for OA
The incorporation and modification of membrane proteins
enables nanoparticles to effectively avoid being cleared by the
monocyte phagocytic system, better pass through biological
barriers or reach target tissues, such as tumors or sites of
inflammation, and can further exert a variety of biological
functions (Zhang et al., 2021). Various biomimetic cell-based
nanoparticles are also emerging in the treatment of OA. As shown
inTable 2, some recent studies have demonstrated the advantages
of novel cell-based nanotherapeutic strategies.
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The cartilage regeneration is full of challenges in OA
treatment. Stem cell therapy has been considered as a
promising cartilage regeneration strategy in recent years.
However, stem cell therapy has biosafety issues such as
immune rejection and tumor transformation (Goldberg et al.,
2017). Zhang et al. designed biomimetic stem cell membrane-

disguised nanovehicles without biosafety risks for cartilage
regeneration (Zhang et al., 2021). The Fe3O4 nanoparticles
encapsulating Kartogenin (KGN) as the core of the biomimetic
nanovehicles were disguised with natural bone marrow
mesenchymal stem cell (BMSC) membrane. The KGN-loaded
BMSC membrane-disguised Fe3O4 nanoparticles (KGN-MNPs)

FIGURE 4 | Illustration of the cellular delivery of HAS2 to synoviocytes using nanoparticles (A). Representative image of the nanoparticles examined with TEM (B),
SEM (C), and the reconstructed pore structure by electron tomography (ET) technique (D). Reproduced with permission (Li et al., 2019). Copyright 2019, Wiley-
Blackwell.

TABLE 2 | Cell-based nanotherapeutic strategies for OA.

Source (cell) Composition Disease model Animal/
Delivery
route

Outcome Ref.

MSCs NGs: MSCs’ cytoplasmic-
membrane-based nanoparticles

OA induced by a surgical
destabilization of the knee medial
meniscus (DMM)

Mice/i.a. PGE2, IL-6, IL-8, COX2, ADAMTS5,
MMP13 ↓, ACAN ↑

D’Atri,
et al., 2021

M2 macrophages Macro-phage membrane and
inflammation-responsive nanogel

OA induced by papain injection Mice/i.a. Promoted pro-liferation of chondrocytes, IL-
1β, TNF-α, IL-6, IL-17 ↓

Ma et al.
(2021)

M2 macrophages M2 macrophage membrane, gold
nanoparticles

OA induced by P2 chondrocytes
stimulated with IL-1β

Rats/— MMP13, NO, CCL5, IL6, IL8 ↓, sGAG,
ACAN, COL2A1, COL6A1 ↑

Teo et al.
(2022)

Neutrophil and
erythrocyte

Neutrophil-erythrocyte hybrid
membranes, Dexp-loaded hollow
copper sulfide nanoparticles

OA induced by cutting off the
anterior cruciate ligament

Mice/i.v. IL-1β, TNF-α, IL-6 ↓ Xue et al.
(2022)

BMSC KGN, BMSC membrane-disguised
Fe3 O 4 nanoparticles

Articular cartilage damage
induced by surgery

Rats/i.a. Induced cartilage regeneration, more
regenerated tissue with high quality of
organized hierarchical architecture

Zhang,
et al.
(2021)

Abbreviations: ACAN, aggrecan; ADAMTS5, a disintegrin and metalloproteinase with thrombospondin 5; BMSC, bone marrowmesenchymal stem cell; COL2A1, collagen type II alpha 1;
COL6A1, collagen type VI alpha 1; COX-2, cyclooxygenase-2; Dexp, dexamethasone sodium phosphate;KGN, Kartogenin; IL-8, interleukin-8; IL-17, interleukin-17;MSCs, mesenchymal
stem cells; NGs, nano-ghosts; PGE2, prostaglandin E2; sGAG, sulfated glycosaminoglycan.
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exhibits favorable biocompatibility and biosafety under the
camouflage of cell membranes. KGN-MNPs enables rapid,
high-quality cartilage regeneration in a cartilage defect rat
model, suggesting a new, standardized strategy for future stem
cell therapy. D’Atri et al. also developed a new type of biomimetic
nanoparticles based on mesenchymal stem cells (MSCs), called
nano-ghosts (NGs) (D’Atri et al., 2021). The NGs exhibited
immunomodulatory capacity and were immune-evasive, while
insensitive to host-induced changes. The researchers
demonstrated that NGs can target cartilage tissue in vitro and
in vivo and slow down the cartilage degeneration process. The
results indicated that the NGs system might be a promising
nanocarrier platform and potential immunomodulatory drug
in the treatment of OA.

The pro-inflammatory phenotype (M1) and the anti-
inflammatory phenotype (M2) macrophages in joints play
important roles in OA. M2 macrophages can exhibit anti-
inflammatory effects and present potential for treatments of
OA (Fahy et al., 2014; Dai et al., 2018). Ma et al. constructed
an artificial M2 macrophage (AM2M) with yolk-shell structure
for disease-modifying OA therapy (Ma et al., 2021). The AM2M
was prepared by using macrophage membrane as “shell” and
inflammation-sensitive nanogel as “yolk”. The nanogel, which
was fabricate by physical interaction of gelatin and chondroitin
sulfate (ChS) burst release to suppress inflammation and repair
the cartilage. In addition, the AM2M targeted to the inflamed area
with long-term residence and blocked the immune stimulation
induced by macrophages. The researchers revealed a promising
therapeutic strategy to break a vicious and self-perpetuating cycle
in OA patients. Teo et al. purposed a facile strategy to improve the
efficacy of the macrophage membrane-derived nanoparticles
(Teo et al., 2022). They prepared pro-inflammatory M1 and
anti-inflammatory M2 macrophages through cell polarization,
and then constructed M2 macrophage membrane-coated gold
nanoparticles (Au-M2 NPs). In comparison with the
nanoparticles generated from other macrophage subsets, the
Au-M2 had the most effective pro-inflammatory cytokine
sponge ability, and alleviated the inflammation and matrix
degradation most significantly, in both IL-1β induced
chondrocyte and the explant OA models. Au-M2 abolished IL-
1β-induced MMP13 production and significantly suppressed
nitric oxide production due to IL-1β stimulation. Compared to
other therapeutic strategies based on cell membranes without
special treatment, macrophage polarization may be a promising
strategy for OA therapy.

Although neutrophil is the first responsive messenger to
inflammation, presenting targeted ability to inflammatory sites
with the CD11a ligand (Li et al., 2018), its application potential in
cell-based nanotechnologies may be limited due to the short half-
life (span of 7 h) (Kang et al., 2017; Chu et al., 2018). It has been
reported that nanoparticles can obtain long-circulating delivery
capacity after coated with erythrocyte membrane (Hu et al.,
2011). Therefore, the neutrophil erythrocyte hybrid
membranes camouflaged hollow copper sulfide nanoparticles
(D-CuS@NR NPs) loading dexamethasone sodium phosphate
(Dexp) were designed by Xue et al. for the treatment of OA (Xue
et al., 2022). Under a NIR laser (1,064 nm), D-CuS@NR NPs

exhibited excellent photothermal conversion capacity and
controlled drug release, presenting good cytocompatibility and
anti-inflammatory ability. It is noteworthy that, the hybrid
biomimetic DCuS@NR NPs with NIR treatment can
significantly reduce cartilage degeneration and alleviate
synovial inflammation in the posttraumatic OA model.

2.4 Functional Nanotherapeutic Strategies
for OA
Although many nanomaterial-based drugs and nanotherapeutic
strategies have been investigated for OA therapy and many
clinical studies on nanotherapeutic strategies are in progress
(Dejulius et al., 2021; Hunter et al., 2022), the nanomedicines
currently in clinical trials are mainly non-functional nano-scale/
micron-scale materials loaded with old drugs that are already
commercially available for OA therapy. They mainly extend the
retention time of the drugs and reduce systemic diffusion (Wang
et al., 2021). Some other functional nanotherapies for OA, with
the extra properties of stimuli-responsive drug release, multiple
regulatory mechanisms or other multifunctional characteristics,
have attracted attention and are under investigation. These
functional nanotherapeutic strategies are classified and
summarized as shown in Table 3.

2.4.1 Stimuli-Responsive NPs Based Therapeutic
Strategies for OA
Stimuli-responsive NPs release their agents only when a suitable
trigger or specific conditions are encountered. The disease-related
local microenvironments, such as temperature, pH, and oxidative
stress, or external stimuli, such as NIR light, provide design ideas
and application opportunities for these types of nanocarriers with
special functions (Lawson et al., 2021). Zhao et al. reported light-
responsive dual-functional biodegradable mesoporous silica
nanoparticles for the treatment of OA (Figure 5), which were
constructed by supramolecular interactions between azobenzene-
modified mesoporous silica nanoparticles (bMSNs-AZO) and β-
cyclodextrin-modified poly(2-methacryloyloxyethyl
phosphorylcholine) (CD-PMPC) (Zhao et al., 2021). The
strategy combining light-responsive local drug release and
lubrication enhancement is required for a synergistic effect on
the treatment of OA (Moro et al., 2004). To achieve this effect,
drug release can be induced after the nanoparticles pass through
the dermal tissue by the isomerization of azobenzene, which can
be triggered by visible light. Additionally, a photothermal-
triggered nitric oxide nanogenerator combined with siRNA,
NO-Hb@siRNA@PLGA-PEG (NHsPP), can suppress
macrophage inflammation by efficiently converting absorbed
NIR light energy into sufficient heat to trigger the production
of NO (Chen et al., 2019). A cartilage-targeting peptide-modified
dual-drug delivery nanoplatform with NIR laser response was
constructed by Xue et al. for OA therapy (Xue et al., 2021). This
dual-drug delivery system was based on the metal-organic
framework (MOF)-decorated mesoporous polydopamine
(MPDA) with rapamycin (Rap) loaded into the mesopores and
bilirubin (Br) loaded onto the shell of the MOF,then, collagen II-
targeting peptide (WYRGRL) was attached to the surface of the
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nanoplatform to prepare cartilage-targeting RB@MPMW. The
system showed excellent ROS scavenging ability, high anti-
apoptotic effects, enhanced autophagy activation, and
chondrocyte protection, after the two agents being sequentially
released via NIR laser irritation. RB@MPMW can promote
chondrocyte mitochondrial energy metabolism in the
inflammatory microenvironment, has a good MR imaging
ability, which can monitor its therapeutic effects in vivo, and
can significantly delay cartilage degeneration.

ROS are highly reactive molecules mainly generated by
NADPH oxidase and mitochondria and play an important
role in the physiological processes of OA. The functional
nanoplatforms that respond to ROS for OA therapy have been
investigated. The response mechanism of the ROS-responsive
biomaterials can be divided into two types: degradation in
response to ROS or changes in physicochemical properties
(Yao et al., 2019). Li et al. prepared a boronate-stabilized
polyphenol–poloxamer188 assembled dexamethasone
nanodrug, which showed ROS-responsive drug-release
behavior and ROS scavenging ability for macrophage
repolarization for the treatment of OA (Li X. et al., 2021).
This nanodrug efficiently inhibited ROS and nitric oxide
production in lipopolysaccharide-activated RAW264.7 cells
and modulated the polarization of macrophage M2 at a much

lower concentration than free dexamethasone. Cartilage
degradation and bone erosion in the joints were also inhibited
by the nanodrug, along with the inhibition of proinflammatory
cytokines.

The formation of lactate acidifies the microenvironment; the
reduction of pH to as low as 6.0 was found in the articular cavity
of OA patients (Goetzi et al., 1974). He et al. proposed a pH-
responsive mesoporous silica nanoparticle-based drug delivery
system with controlled release of andrographolide for treatment
of OA (He et al., 2021). Modified MSNs with pH-responsive
polyacrylic acid (PAA) were used for loading Andrographolide
(AG) to form AG@MSNs-PAA. The nanocarriers had high drug-
loading efficiency and pH-responsive properties, which were
favorable for sustained release in the OA environment. AG@
MSNs-PAA showed enhanced antiarthritic efficacy and
chondroprotective capacity in chondrocytes stimulated by IL-
1β and the anterior cruciate ligament transection-induced rat
OA model.

Enzyme-responsive nanotherapies also permit precise control
of the therapeutic effect only at the lesion of interest. The
microenvironment of the hyaline cartilage was marked by
matrix metalloproteinases-13 (MMP-13) overexpression and
weak acidity in OA. (Meng et al., 2016). Lan et al. constructed
a nano-micelle-based MMP-13 enzyme and a pH-responsive

TABLE 3 | Functional nanotherapeutic strategies for OA.

Category Composition Model Animal/
Delivery
route

Outcome Ref.

Photothermal-triggered Photothermal-agents and NO molecules in
nanoparticles

OA injected by papain
solution

Mice/i.a. TNF-α, IL-1β, IL-6, COX-
2 and IL-8, P65, Notch-1
↓, AMPKα ↑

Chen et al.
(2019)

PH-responsive Modified mesoporous silica nanoparticles (MSNs) with
pH-responsive polyacrylic acid (PAA) for loading of
Andrographolide(AG)

OA induced by
transected anterior
cruciate ligament

Rats/i.a. MMP3, MMP13 ↓,
COL2A1 ↑

He et al.
(2021)

MMP-13 enzyme and pH-
responsive

Poly (2-ethyl-2-oxazoline)-poly (PPL) with a specific
peptide substrate of MMP-13 enzyme to form MR-
PPL, psoralidin (PSO)

OA induced by injected
of papain solution

Mice/i.a. TNF-α, MMP-3 and
MMP-13 ↓, COL2A1 ↑

Lan et al.
(2020)

ROS-responsive Tannic acid and crosslinker tetrahydroxydiboron OA induced by
injected MIA

Mice/i.a. Arg1, IL-10 ↑, iNOS, IL-6,
TNF-α ↓

Li X et al.
(2021)

Thermoresponsive HA conjugated to poly (N-isopropylacrylamide)
(pNiPAM)

OA induced by surgery Mice/i.a. VEGF, IL-1β, TNFα ↓ Maudens
et al.
(2018b)

NIR laser- responsive MPDA decorated MOF, rapamycin (Rap), bilirubin (Br) OA induced treansected
cruciate ligament

Rats/i.p. ROS, TNF-α, IL-6,
MMP9, ADAMTS5 ↓,
Aggrecan, COL2A1 ↑

Xue et al.
(2021)

Light-Responsive Azobenzene-modified mesoporous silica nanoparticles
(bMSNs-AZO) and β-cyclodextrin-modified poly(2-
methacryloyloxyethylphosphorylcholine) (CD-PMPC)

— Mice/i.a. IL-6, MMP13, ADAMTS5
↓; Agg ↑

Zhao et al.
(2021)

Multifunctional: Oxidation-
responsive, ROS
scavenging, CO-releasing

CO donor (CORM-401), PDNs as the carrier, and FA-
modified HA as the targeting ligand

OA induced by a single
intra-articular injection of
5 mg Sodium
iodoacetate (MIA)

Rats/local
injection

HO-1 ↑, p38 MAPK, NF-
kB (p50/p65), TLR-2, IL-
1β, IL-6, TNF-α ↓

YangG et al.
(2020)

Biologically derived With
multiple regulatory
mechanisms

pBMSC secreted exosomes OA induced by
collagenase VII.

Mice/i.a. Promote the proliferation
and migration of
chondrocytes. Acan,
COL2A1 ↑

Zhou et al.
(2020)

Abbreviations: Acan, aggrecan; Agg, the anabolic gene aggre-can; AMPK, Adenosine 5‘-monophosphate (AMP)-activated protein kinase; Arg1, Arginase-1; COL2A1, collagen type II; FA,
folic acid; HA, hyaluronic acid; IL-6, interleukin-6; iNOS, inducible nitric oxide sunthase; MIA, monosodium iodoacetate; MMP13, matrix metalloproteinases-13; MOF, metal organic
framework; MPDA, mesoporous polydopamine; NF-kB, nuclear factor-kappa B; NIR, near-infrared; NO, nitric oxide; OH-1, heme oxygenase-1; pBMSCs, polydactyly bone marrow-
derived MSCs; PDNs, Peptide dendrimers nanogels; ROS, reactive oxygen species; TLR-2, toll like receptor 2; VEGF, vascular endothelial growth factor.
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FIGURE 5 | Drawing of the visible light-responsive dual-functional nanosystem with drug delivery and lubrication enhancement for OA. (A) Synthesis of bMSNs
nanoparticles and the corresponding modification process. (B) Mechanism of lubrication enhancement and anti-inflammatory properties. Reproduced with permission
(Zhao et al., 2021). Copyright 2021, Royal Society of Chemistry.

FIGURE 6 | Strategy of MMP-13 and pH responsive theranostic nano-micelles for osteoarthritis. Reproduced with permission (Lan et al., 2020). Copyright 2020,
BioMed Central Ltd.
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therapeutic nanoplatform for OA therapy (Lan et al., 2020). This
nanoplatform was incorporated with a motif specifically targeting
the cartilage, a motif responsive to MMP13 to specifically report
OA condition and biodynamics of nanomicelles, psoralidin
(PSO), and a biocompatible polymeric skeleton for sustainable
drug release in response to OA. It promoted cell proliferation and
inhibited inflammatory responses by down-regulating TNF-α,
MMP-3, and MMP-13, and significantly alleviated the cartilage
lesions. The high effectiveness of this functional nanotherapeutic
strategy was confirmed by in vitro and in vivo studies.

Providing nanocarriers with a temperature-responsive function is
also a promising strategy for the treatment of OA. The joints and the
skin are often affected by an imbalance in the breakdown and
production of hyaluronic acid (HA). HA alterations that confer
thermosensitivity might help to prolong the in vivo lifetime/
residence of HA. Therefore, the thermoresponsive poly
(N-isopropylacrylamide) (pNiPAM) polymer might be suitable
because of its well-defined sol-gel transition (Li Q. et al., 2021).
Maudens et al. synthesized self-assembled thermoresponsive
nanostructures of HA conjugates for OA therapy (Maudens et al.,
2018b). This new injectable HA-pNiPAMwas prepared by physically
crosslinking hydrogel that could form nanoparticles spontaneously
due to a change from room temperature to body temperature and was
less sensitive to enzymatic degradation (Figure 6). This increased the
residence time at the site of injection and improved joint treatment
and dermatological applications. It was biocompatible and, thus, had a
prolonged residence time at the site of injection, and also could protect
the cartilage, suppress inflammation, andmaintain the thickness of the
epiphysis in patients undergoing OA treatment.

2.4.2 Muti-Functional NPs Based Therapeutic
Strategies for OA
Multi-functionalization of nanocarriers is a novel strategy to
improve the efficacy of therapy by integrating different functions
in one nanovehicle. For example, targeting efficiency, bioavailability,
and biological activity can be improved by this method. The targeted
and stimuli-responsive nanotherapies, and many other
combinations of functions, have also been investigated for OA
treatment (Wang et al., 2021). The specific inhibition of
proliferation of activated macrophages and the clearance of high
levels of ROS secreted by macrophages are important for the
treatment of OA (Pu et al., 2014; Yang et al., 2019). CO is a
peculiar endogenous signaling molecule with important
cytoprotective effects and anti-inflammatory potential that does
not cause multi-drug resistance and can prevent oxidative stress
at the source. CO release molecules (CORMs) have different
response release mechanisms (Schatzschneider, 2015), and the
CO release rate of CORM-401 could be significantly increased in
the presence of biologically relevant oxidants (e.g., H2O2) (Cai et al.,
2016). Peptide-dendrimeric nanogels (PDNs) are a kind of
polymeric material that have multiple functions and features (Fan
et al., 2018). HA is also commonly injected intra-articularly for OA
treatment, as it not only has good biocompatibility and
biodegradability but also can prevent contact friction at the
surface of the cartilage (Chen et al., 2014). Yang et al. examined
novel multifunctional nanoparticles as anti-inflammatory drugs
(CPHs) that were based on CO gas therapy (Yang G et al.,

2020). The CPHs were constructed using CORM-401 as the CO
donor, PDNs as the carrier, and FA-modified HA as the targeting
ligand. Thus, CPHs had almost all the advantages of the constituent
substances. They efficiently entered the activated macrophages
through FA-mediated and HA-mediated specific targeting, and
by depleting high levels of intracellular hydrogen peroxide, they
rapidly released large amounts of CO intracellularly. The generated
CO inhibited cell proliferation, induced the activation of heme
oxygenase (HO-1), downregulated the expression of p38MAPK,
NF-kB (p50/p65), and TLR-2, and also effectively inhibited the
secretion of IL-1β, IL-6, and TNF-α. The in vivo results further
demonstrated that CPHs can massively deplete ROS in OA-affected
joints, effectively inhibiting the degradation of articular cartilage and
its extracellular matrix. They are safe and do not show toxicity to
normal macrophages.

Besides the abovementioned nanocarriers with responsive
functions, nano-scale biologically derived vesicles with various
regulatory mechanisms called exosomes also have
multifunctional regulatory effects on the treatment of OA (Ni
et al., 2019). Exosomes are a subtype of secreted vesicles that are
released in the ECM when multivesicular bodies fuse with the
cytoplasmic side of the plasma membrane. They are disc-shaped
and have a diameter of 30–150 nm (van Niel et al., 2018). The
pathophysiological functions of exosomes in OA have also been
investigated in recent years. Mesenchymal stem cells (MSCs) are
widely used for OA therapy, and exosomes might play a major role
in the treatment (Bobis-Wozowicz et al., 2015). Zhou et al. reported
a special kind of exosome secreted by bone marrow-derived
mesenchymal stem cells (BMSCs) from congenital polydactyly
tissue. These exosomes could alleviate osteoarthritis by
promoting chondrocyte proliferation (Zhou et al., 2020). The
results showed that the polydactyly bone marrow-derived MSCs
(pBMSCs) had a greater ability than the BMSCs to differentiate
into chondrocytes, and the migration and proliferation of
chondrocytes were stimulated by exosomes secreted by pBMSC
(pBMSC-EXOs). Additionally, injecting pBMSC-EXOs and the
exosomes secreted by BMSC (BMSC-EXOs) attenuated OA in
an OA mouse model. The pBMSC-EXOs had a stronger
therapeutic effect than the BMSC-EXOs. They improved
cartilage injury in the knee of a collagenase-induced OA mouse
model, evaluated based on theOARSI score. The study showed that
pBMSC-EXOs, which were once considered “medical waste”, can
be used for the treatment of OA when administered properly.

2.5 Other Nanotechnology-Based
Synergistic Therapeutic Strategies
Gold (Au) compounds are effective for the treatment of various
inflammatory diseases, but the use of Au compounds is limited
due to their side effects. The safety evaluation of gold
nanoparticles (AuNPs) in osteoarthritis (OA) treatment is
vague. Abdel-Aziz et al. biosynthesized, characterized, and
evaluated the effects of AuNPs and/or Diacerein® (DIA) for
OA treatment. (Abdel-Aziz et al., 2021). The synthesized
AuNPs and DIA significantly reduced serum inflammatory
cytokines, improved biochemical parameters, estrogen levels,
and cartilage joint histology of OA rats. They demonstrated
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that the AuNPs were more effective than DIA, and the combined
therapeutic strategy presented more effectively than the isolated,
which indicated that AuNPs are promising nanomaterials for OA
therapy, both alone and in combination with DIA.

Studies have shown that ROS and reactive nitrogen species
(RNS) both participate in OA development and progression
significantly. Hence, antioxidants might be effective in
osteoarthritis (OA) therapy (Mazzetti et al., 2001). Some
antioxidants, such as melatonin and N-acetylcysteine (NAC),
were investigated and found to be retained in the joint for a
short while only (Schreck et al., 1991; Lim et al., 2012). Natural
melanin protects the skin from ultraviolet (UV) irradiation due to its
surface quinone residues. The antioxidant mechanisms of artificial
melanin nanoparticles were investigated and the results showed that
these materials can scavenge many types of radicals (Liu et al., 2013;
Liu et al., 2017). Zhong et al. investigated dopamine melanin (DM)
nanoparticles to scavenge ROS and RNS for OA therapy (Zhong
et al., 2019). These DM nanoparticles retained at the injection site
after intra-articularly injection, presenting a strong ability to
sequester ROS and RNS with slight cytotoxicity. The DM
nanoparticles exhibited anti-inflammatory and chondroprotective
effects on IL-1β-induced chondrocytes. When investigated in an OA
model in vivo, these nanoparticles decreased the release of
inflammatory cytokines and minimized the loss of proteoglycans,
which alleviated cartilage degradation. Further mechanistic studies
showed that DM nanoparticles considerably elevated the expression
levels of autophagy markers in IL-1β-stimulated chondrocytes and
stimulated autophagy for chondrocyte protection, which helped to
control OA (Mi et al., 2018).

3 SUMMARY AND PERSPECTIVE

With the growth of the global aging population and the increase in
the proportion of obese people, the incidence of OA is expected to
increase, the resulting disability rate, productivity loss, and medical
economic burden need to be effectively prevented. The complexity of
the pathogenesis of OA has limited the efficacy of traditional single
therapies and led to the failure of a series of anti-cytokine therapies in
clinical trials. Currently, most of the clinical treatment strategies for
OA focus on delaying the development of the disease, reducing pain,
and improvingmotor functions. However, it is difficult to achieve an
optimal therapeutic effect through traditional clinical treatment
strategies due to the complexity of molecular and cellular
alterations in the cartilage tissue of OA patients, the effective
treatment of osteoarthritis has many obstacles and lacks a
suitable cure (Van Spil et al., 2019; Mao et al., 2021).

Due to the continuous advancements in nanotechnology and the
growing understanding of the pathological mechanisms of OA,
different nanoparticles have been widely explored in the therapy
of OA and other diseases. The main benefits of these drug delivery
systems based on different nanoparticles are that they can release
drugs over a long time, increase the retention of drugs in the joints,
and enhance therapeutic efficacy due to functional regulatory
strategies. Thus, using these systems can lower the therapeutic
dose, reduce the frequency of administration, increase
pharmacological efficacy, and reduce off-target toxicity. Besides

these abovementioned strategies, novel fields, such as
chondroprotective treatment (Yang J et al., 2020), nanomaterial-
based scaffolds for cartilage regeneration (Arslan et al., 2018;
Mahboudi et al., 2018), and other strategies of immunotherapy,
are being developed. Moreover, changes in the meniscus are often
occur in the progression of OA (Katsuragawa et al., 2010), and the
repair and regeneration of meniscus injury is of great significance for
preventing the progression of OA. Some novel tissue engineering
technologies have also attracted extensive attention and evaluation
recently (Murphy et al., 2019), and it is also promising to develop
novel nanomaterial-based tissue engineering thechnologies for
meniscal repair and regeneration in OA treatment.

However, the field of nanotherapeutics related to the clinical
treatment of OA is still in its infancy. Many of the available
nanocarriers have limitations, as the drugs need to be loaded for
osteoarthritis treatment, and sustained-release systems in clinical use
are uncommon (Jiang et al., 2018). Besides, the construction of
functional nanoparticles also remains challenging. Synthesized
nanomaterials are susceptible to a large number of proteins
expressed on various cell membranes after entering the body
(Thanuja et al., 2018). In order to add more functions to
nanoparticles and enhance their efficacy, some polymer materials
are often used to functionalize the surface of nanoparticles. But due to
the ideal biocompatibility and antigenicity, these polymeric materials
often trigger immune reaction and form the “protein corona” (Corbo
et al., 2017). Natural cell membrane-modified biomimetic
nanocarriers have better potential for clinical application as highly
biocompatible materials, and have also demonstrated excellent
therapeutic effects in the treatment of OA. However, the
preparation of cell membranes currently requires cell lysis and cell
membrane purification, it may cause contamination of the product
and damage to the key proteins. Furthermore, due to the limited
advantages of cell membranes derived from single cells, many
researchers have developed and investigated novel nanotherapeutic
strategies based on hybrid cell membranes (Xue et al., 2022).
Moreover, owing to the rapid development and continuously
optimization of nanomaterials, synthetic techniques and relative
ligands, much more common issues may be addressed, including
nanocarrier stability, satisfactory retention time, slight side effects in
non-target tissues, and systemic biosafety. The potential of
nanotherapeutic strategies for OA shall increase in the future.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

FUNDING

This work was supported in part by grants from the National Key
Research and Development Program of China (2021YFA1201102),
the China Postdoctoral Science Foundation (2020M682363), the
National Natural Science Foundation of China (82073231,
31670881, 81630068) and the Henan Province Youth Talent
Promoting Project (2022HYTP047).

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 92438712

Guo et al. Nano-Therapeutic Strategies for Osteoarthritis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Abdel-Aziz, M. A., Ahmed, H.M. S., El-Nekeety, A. A., Sharaf, H. A., Abdel-Aziem,
S. H., and Abdel-Wahhab, M. A. (2021). Biosynthesis of Gold Nanoparticles for
the Treatment of Osteoarthritis Alone or in Combination with Diacerein® in a
Rat Model. Inflammopharmacology 29 (3), 705–719. doi:10.1007/s10787-021-
00833-8

Arslan, E., Sardan Ekiz, M., Eren Cimenci, C., Can, N., Gemci, M. H., Ozkan, H.,
et al. (2018). Protective Therapeutic Effects of Peptide Nanofiber and
Hyaluronic Acid Hybrid Membrane in In Vivo Osteoarthritis Model. Acta
Biomater. 73, 263–274. doi:10.1016/j.actbio.2018.04.015

Bajpayee, A. G., Quadir, M. A., Hammond, P. T., and Grodzinsky, A. J. (2016).
Charge Based Intra-cartilage Delivery of Single Dose Dexamethasone Using
Avidin Nano-Carriers Suppresses Cytokine-Induced Catabolism Long Term.
Osteoarthr. Cartil. 24 (1), 71–81. doi:10.1016/j.joca.2015.07.010

Bajpayee, A. G., Wong, C. R., Bawendi, M. G., Frank, E. H., and Grodzinsky, A. J.
(2014). Avidin as aModel for Charge Driven Transport into Cartilage and Drug
Delivery for Treating Early Stage Post-traumatic Osteoarthritis. Biomaterials 35
(1), 538–549. doi:10.1016/j.biomaterials.2013.09.091

Bedingfield, S. K., Colazo, J. M., Di Francesco, M., Yu, F., Liu, D. D., Di Francesco,
V., et al. (2021a). Top-Down Fabricated microPlates for Prolonged, Intra-
articular Matrix Metalloproteinase 13 siRNA Nanocarrier Delivery to Reduce
Post-traumatic Osteoarthritis. ACS Nano 15 (9), 14475–14491. doi:10.1021/
acsnano.1c04005

Bedingfield, S. K., Colazo, J. M., Yu, F., Liu, D. D., Jackson, M. A., Himmel, L. E.,
et al. (2021b). Amelioration of Post-traumatic Osteoarthritis via Nanoparticle
Depots Delivering Small Interfering RNA to Damaged Cartilage. Nat. Biomed.
Eng. 5 (9), 1069–1083. doi:10.1038/s41551-021-00780-3

Bobis-Wozowicz, S., Kmiotek, K., Sekula, M., Kedracka-Krok, S., Kamycka, E.,
Adamiak, M., et al. (2015). Human Induced Pluripotent Stem Cell-Derived
Microvesicles Transmit RNAs and Proteins to Recipient Mature Heart Cells
Modulating Cell Fate and Behavior. Stem Cells 33 (9), 2748–2761. doi:10.1002/
stem.2078

Bottini, M., Bhattacharya, K., Fadeel, B., Magrini, A., Bottini, N., and Rosato, N.
(2016). Nanodrugs to Target Articular Cartilage: An Emerging Platform for
Osteoarthritis Therapy. Nanomedicine 12 (2), 255–268. doi:10.1016/j.nano.
2015.09.013

Burke, J. E., and Dennis, E. A. (2009). Phospholipase A2 Structure/function,
Mechanism, and Signaling. J. Lipid Res. 50 Suppl (Suppl. l), S237–S242.
doi:10.1194/jlr.R800033-JLR200

Cai, X., Jin, R., Wang, J., Yue, D., Jiang, Q., Wu, Y., et al. (2016). Bioreducible
Fluorinated Peptide Dendrimers Capable of Circumventing Various
Physiological Barriers for Highly Efficient and Safe Gene Delivery. ACS
Appl. Mater Interfaces 8 (9), 5821–5832. doi:10.1021/acsami.5b11545

Chang, M.-C., Chiang, P.-F., Kuo, Y.-J., Peng, C.-L., Chen, K.-Y., and Chiang, Y.-C.
(2021). Hyaluronan-Loaded Liposomal Dexamethasone-Diclofenac
Nanoparticles for Local Osteoarthritis Treatment. Ijms 22 (2), 665. doi:10.
3390/ijms22020665

Chen, C. H., Kuo, S. M., Tien, Y. C., Shen, P. C., Kuo, Y. W., and Huang, H. H.
(2020). Steady Augmentation of Anti-Osteoarthritic Actions of Rapamycin by
Liposome-Encapsulation in Collaboration with Low-Intensity Pulsed
Ultrasound. Int. J. Nanomedicine 15, 3771–3790. doi:10.2147/IJN.S252223

Chen, W. H., Lo, W. C., Hsu, W. C., Wei, H. J., Liu, H. Y., Lee, C. H., et al. (2014).
Synergistic Anabolic Actions of Hyaluronic Acid and Platelet-Rich Plasma on
Cartilage Regeneration in Osteoarthritis Therapy. Biomaterials 35 (36),
9599–9607. doi:10.1016/j.biomaterials.2014.07.058

Chen, X., Liu, Y., Wen, Y., Yu, Q., Liu, J., Zhao, Y., et al. (2019). A Photothermal-
Triggered Nitric Oxide Nanogenerator Combined with siRNA for Precise
Therapy of Osteoarthritis by Suppressing Macrophage Inflammation.
Nanoscale 11 (14), 6693–6709. doi:10.1039/c8nr10013f

Cheng, H., Chawla, A., Yang, Y., Li, Y., Zhang, J., Jang, H. L., et al. (2017).
Development of Nanomaterials for Bone-Targeted Drug Delivery. Drug Discov.
Today. 22 (9), 1336–1350. doi:10.1016/j.drudis.2017.04.021

Chevalier, X., Giraudeau, B., Conrozier, T., Marliere, J., Kiefer, P., and Goupille, P.
(2005). Safety Study of Intraarticular Injection of Interleukin 1 Receptor
Antagonist in Patients with Painful Knee Osteoarthritis: a Multicenter
Study. J. Rheumatol. 32 (7), 1317–1323.

Chevalier, X., Goupille, P., Beaulieu, A. D., Burch, F. X., Bensen, W. G., Conrozier,
T., et al. (2009). Intraarticular Injection of Anakinra in Osteoarthritis of the
Knee: a Multicenter, Randomized, Double-Blind, Placebo-Controlled Study.
Arthritis Rheum. 61 (3), 344–352. doi:10.1002/art.24096

Chu, D., Dong, X., Shi, X., Zhang, C., andWang, Z. (2018). Neutrophil-Based Drug
Delivery Systems. Adv. Mat. 30 (22), e1706245. doi:10.1002/adma.201706245

Corbo, C., Molinaro, R., Taraballi, F., Toledano Furman, N. E., Hartman, K. A.,
Sherman, M. B., et al. (2017). Unveiling the In Vivo Protein Corona of
Circulating Leukocyte-like Carriers. ACS Nano 11 (3), 3262–3273. doi:10.
1021/acsnano.7b00376

D’Atri, D., Zerrillo, L., Garcia, J., Oieni, J., Lupu-Haber, Y., Schomann, T., et al.
(2021). Nanoghosts: Mesenchymal Stem Cells Derived Nanoparticles as a
Unique Approach for Cartilage Regeneration. J. Control. Release 337,
472–481. doi:10.1016/j.jconrel.2021.05.015

da Costa, B. R., Reichenbach, S., Keller, N., Nartey, L., Wandel, S., Jüni, P., et al.
(2017). Effectiveness of Non-steroidal Anti-inflammatory Drugs for the
Treatment of Pain in Knee and Hip Osteoarthritis: a Network Meta-
Analysis. Lancet 390 (10090), e21–e33. doi:10.1016/S0140-6736(17)31744-0

Dai, M., Sui, B., Xue, Y., Liu, X., and Sun, J. (2018). Cartilage Repair in Degenerative
Osteoarthritis Mediated by Squid Type II Collagen via Immunomodulating
Activation of M2 Macrophages, Inhibiting Apoptosis and Hypertrophy of
Chondrocytes. Biomaterials 180, 91–103. doi:10.1016/j.biomaterials.2018.
07.011

Dejulius, C. R., Gulati, S., Hasty, K. A., Crofford, L. J., and Duvall, C. L. (2021). Recent
Advances in Clinical Translation of Intra-Articular Osteoarthritis Drug Delivery
Systems. Adv. Ther. (Weinh) 4 (1), 2000088. doi:10.1002/adtp.202000088

Duan, X., Cai, L., Pham, C. T. N., Abu-Amer, Y., Pan, H., Brophy, R. H., et al.
(2021). Amelioration of Posttraumatic Osteoarthritis in Mice Using
Intraarticular Silencing of Periostin via Nanoparticle-Based Small Interfering
RNA. Arthritis Rheumatol. 73 (12), 2249–2260. doi:10.1002/art.41794

Eldem, T., and Eldem, B. (2018). Ocular Drug, Gene and Cellular Delivery Systems
and Advanced Therapy Medicinal Products. Turk J. Ophthalmol. 48 (3),
132–141. doi:10.4274/tjo.32458

Emanueli, C., Minasi, A., Zacheo, A., Chao, J., Chao, L., Salis, M. B., et al. (2001).
Local Delivery of Human Tissue Kallikrein Gene Accelerates Spontaneous
Angiogenesis in Mouse Model of Hindlimb Ischemia. Circulation 103 (1),
125–132. doi:10.1161/01.cir.103.1.125

Evans, B. C., Fletcher, R. B., Kilchrist, K. V., Dailing, E. A., Mukalel, A. J., Colazo,
J. M., et al. (2019). An Anionic, Endosome-Escaping Polymer to Potentiate
Intracellular Delivery of Cationic Peptides, Biomacromolecules, and
Nanoparticles. Nat. Commun. 10 (1), 5012. doi:10.1038/s41467-019-12906-y

Fahy, N., de Vries-van Melle, M. L., Lehmann, J., Wei, W., Grotenhuis, N., Farrell,
E., et al. (2014). Human Osteoarthritic Synovium Impacts Chondrogenic
Differentiation of Mesenchymal Stem Cells via Macrophage Polarisation
State. Osteoarthr. Cartil. 22 (8), 1167–1175. doi:10.1016/j.joca.2014.05.021

Fan, W., Xia, D., Zhu, Q., Li, X., He, S., Zhu, C., et al. (2018). Functional
Nanoparticles Exploit the Bile Acid Pathway to Overcome Multiple Barriers
of the Intestinal Epithelium for Oral Insulin Delivery. Biomaterials 151, 13–23.
doi:10.1016/j.biomaterials.2017.10.022

Favero, M., Belluzzi, E., Ortolan, A., Lorenzin, M., Oliviero, F., Doria, A., et al.
(2022). Erosive Hand Osteoarthritis: Latest Findings and Outlook. Nat. Rev.
Rheumatol. 18 (3), 171–183. doi:10.1038/s41584-021-00747-3

Fortier, L. A., Barker, J. U., Strauss, E. J., Mccarrel, T. M., and Cole, B. J. (2011). The
Role of Growth Factors in Cartilage Repair. Clin. Orthop. Relat. Res. 469 (10),
2706–2715. doi:10.1007/s11999-011-1857-3

Geiger, B. C., Wang, S., Padera, R. F., Grodzinsky, A. J., and Hammond, P. T.
(2018). Cartilage-penetrating Nanocarriers Improve Delivery and Efficacy of
Growth Factor Treatment of Osteoarthritis. Sci. Transl. Med. 10 (469),
eaat8800. doi:10.1126/scitranslmed.aat8800

Goetzi, E. J., Rynes, R. I., and Stillman, J. S. (1974). Abnormalities of Respiratory
Gases in Synovial Fluid of Patients with Juvenile Rheumatoid Arthritis.Arthritis
Rheum. 17 (4), 450–454. doi:10.1002/art.1780170416

Goldberg, A., Mitchell, K., Soans, J., Kim, L., and Zaidi, R. (2017). The Use of
Mesenchymal Stem Cells for Cartilage Repair and Regeneration: a Systematic
Review. J. Orthop. Surg. Res. 12 (1), 39. doi:10.1186/s13018-017-0534-y

Gonzalez-Fernandez, T., Kelly, D. J., and O’Brien, F. J. (2018). Controlled Non-
viral Gene Delivery in Cartilage and Bone Repair: Current Strategies and Future
Directions. Adv. Ther. 1 (7), 1800038. doi:10.1002/adtp.201800038

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 92438713

Guo et al. Nano-Therapeutic Strategies for Osteoarthritis

https://doi.org/10.1007/s10787-021-00833-8
https://doi.org/10.1007/s10787-021-00833-8
https://doi.org/10.1016/j.actbio.2018.04.015
https://doi.org/10.1016/j.joca.2015.07.010
https://doi.org/10.1016/j.biomaterials.2013.09.091
https://doi.org/10.1021/acsnano.1c04005
https://doi.org/10.1021/acsnano.1c04005
https://doi.org/10.1038/s41551-021-00780-3
https://doi.org/10.1002/stem.2078
https://doi.org/10.1002/stem.2078
https://doi.org/10.1016/j.nano.2015.09.013
https://doi.org/10.1016/j.nano.2015.09.013
https://doi.org/10.1194/jlr.R800033-JLR200
https://doi.org/10.1021/acsami.5b11545
https://doi.org/10.3390/ijms22020665
https://doi.org/10.3390/ijms22020665
https://doi.org/10.2147/IJN.S252223
https://doi.org/10.1016/j.biomaterials.2014.07.058
https://doi.org/10.1039/c8nr10013f
https://doi.org/10.1016/j.drudis.2017.04.021
https://doi.org/10.1002/art.24096
https://doi.org/10.1002/adma.201706245
https://doi.org/10.1021/acsnano.7b00376
https://doi.org/10.1021/acsnano.7b00376
https://doi.org/10.1016/j.jconrel.2021.05.015
https://doi.org/10.1016/S0140-6736(17)31744-0
https://doi.org/10.1016/j.biomaterials.2018.07.011
https://doi.org/10.1016/j.biomaterials.2018.07.011
https://doi.org/10.1002/adtp.202000088
https://doi.org/10.1002/art.41794
https://doi.org/10.4274/tjo.32458
https://doi.org/10.1161/01.cir.103.1.125
https://doi.org/10.1038/s41467-019-12906-y
https://doi.org/10.1016/j.joca.2014.05.021
https://doi.org/10.1016/j.biomaterials.2017.10.022
https://doi.org/10.1038/s41584-021-00747-3
https://doi.org/10.1007/s11999-011-1857-3
https://doi.org/10.1126/scitranslmed.aat8800
https://doi.org/10.1002/art.1780170416
https://doi.org/10.1186/s13018-017-0534-y
https://doi.org/10.1002/adtp.201800038
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Grässel, S., Zaucke, F., and Madry, H. (2021). Osteoarthritis: Novel Molecular
Mechanisms Increase Our Understanding of the Disease Pathology. J. Clin.
Med. 10 (9), 1938. doi:10.3390/jcm10091938

Gu, W., Wu, C., Chen, J., and Xiao, Y. (2013). Nanotechnology in the Targeted
Drug Delivery for Bone Diseases and Bone Regeneration. Int. J. Nanomedicine
8, 2305–2317. doi:10.2147/IJN.S44393

Haller, V., Nahidino, P., Forster, M., and Laufer, S. A. (2020). An Updated Patent
Review of P38 MAP Kinase Inhibitors (2014-2019). Expert Opin. Ther. Pat. 30
(6), 453–466. doi:10.1080/13543776.2020.1749263

He, D., An, Y., Li, Y., Wang, J., Wu, G., Chen, L., et al. (2018). RNA Sequencing
Reveals Target Genes of Temporomandibular Joint Osteoarthritis in Rats after
the Treatment of Low-Intensity Pulsed Ultrasound. Gene 672, 126–136. doi:10.
1016/j.gene.2018.06.002

He, M., Qin, Z., Liang, X., He, X., Zhu, B., Lu, Z., et al. (2021). A pH-Responsive
Mesoporous Silica Nanoparticles-Based Drug Delivery System with Controlled
Release of Andrographolide for OA Treatment. Regen. Biomater. 8 (4), rbab020.
doi:10.1093/rb/rbab020

Hiligsmann, M., Cooper, C., Arden, N., Boers, M., Branco, J. C., Luisa Brandi, M.,
et al. (2013). Health Economics in the Field of Osteoarthritis: an Expert’s
Consensus Paper from the European Society for Clinical and Economic Aspects
of Osteoporosis and Osteoarthritis (ESCEO). Semin. Arthritis Rheum. 43 (3),
303–313. doi:10.1016/j.semarthrit.2013.07.003

Hu, C. M., Zhang, L., Aryal, S., Cheung, C., Fang, R. H., and Zhang, L. (2011).
ErythrocyteMembrane-Camouflaged Polymeric Nanoparticles as a Biomimetic
Delivery Platform. Proc. Natl. Acad. Sci. U. S. A. 108 (27), 10980–10985. doi:10.
1073/pnas.1106634108

Hunter, D. J., Chang, C. C., Wei, J. C., Lin, H. Y., Brown, C., Tai, T. T., et al. (2022).
TLC599 in Patients with Osteoarthritis of the Knee: a Phase IIa, Randomized,
Placebo-Controlled, Dose-Finding Study. Arthritis Res. Ther. 24 (1), 52. doi:10.
1186/s13075-022-02739-4

Jeevanandam, J., Barhoum, A., Chan, Y. S., Dufresne, A., and Danquah, M. K.
(2018). Review on Nanoparticles and Nanostructured Materials: History,
Sources, Toxicity and Regulations. Beilstein J. Nanotechnol. 9, 1050–1074.
doi:10.3762/bjnano.9.98

Ji, J. B., Li, X. F., Liu, L., Wang, G. Z., and Yan, X. F. (2015). Effect of Low Intensity
Pulsed Ultrasound on Expression of TIMP-2 in Serum and Expression of Mmp-
13 in Articular Cartilage of Rabbits with Knee Osteoarthritis. Asian pac. J. Trop.
Med. 8 (12), 1043–1048. doi:10.1016/j.apjtm.2015.11.003

Jiang, T., Kan, H. M., Rajpura, K., Carbone, E. J., Li, Y., and Lo, K. W. (2018).
Development of Targeted Nanoscale Drug Delivery System for Osteoarthritic
Cartilage Tissue. J. Nanosci. Nanotechnol. 18 (4), 2310–2317. doi:10.1166/jnn.
2018.14311

Kang, T., Zhu, Q., Wei, D., Feng, J., Yao, J., Jiang, T., et al. (2017). Nanoparticles
Coated with Neutrophil Membranes Can Effectively Treat Cancer Metastasis.
ACS Nano 11 (2), 1397–1411. doi:10.1021/acsnano.6b06477

Katsuragawa, Y., Saitoh, K., Tanaka, N., Wake, M., Ikeda, Y., Furukawa, H., et al.
(2010). Changes of Human Menisci in Osteoarthritic Knee Joints. Osteoarthr.
Cartil. 18 (9), 1133–1143. doi:10.1016/j.joca.2010.05.017

Kaufmann, K. B., Büning, H., Galy, A., Schambach, A., and Grez, M. (2013). Gene
Therapy on the Move. EMBO Mol. Med. 5 (11), 1642–1661. doi:10.1002/
emmm.201202287

Kavanaugh, T. E., Werfel, T. A., Cho, H., Hasty, K. A., and Duvall, C. L. (2016).
Particle-based Technologies for Osteoarthritis Detection and Therapy. Drug
Deliv. Transl. Res. 6 (2), 132–147. doi:10.1007/s13346-015-0234-2

Lan, Q., Lu, R., Chen, H., Pang, Y., Xiong, F., Shen, C., et al. (2020). MMP-13
Enzyme and pH Responsive Theranostic Nanoplatform for Osteoarthritis.
J. Nanobiotechnology 18 (1), 117. doi:10.1186/s12951-020-00666-7

Lawson, T. B., Mäkelä, J. T. A., Klein, T., Snyder, B. D., and Grinstaff, M.W. (2021).
Nanotechnology and Osteoarthritis. Part 2: Opportunities for Advanced
Devices and Therapeutics. J. Orthop. Res. 39 (3), 473–484. doi:10.1002/jor.
24842

Li, B., Wang, F., Hu, F., Ding, T., Huang, P., Xu, X., et al. (2022). Injectable
"Nano-Micron" Combined Gene-Hydrogel Microspheres for Local
Treatment of Osteoarthritis. NPG Asia Mater 14 (1), 1. doi:10.1038/
s41427-021-00351-7

Li, H., Guo, H., Lei, C., Liu, L., Xu, L., Feng, Y., et al. (2019). Nanotherapy in Joints:
Increasing Endogenous Hyaluronan Production by Delivering Hyaluronan
Synthase 2. Adv. Mat. 31 (46), e1904535. doi:10.1002/adma.201904535

Li, N., Yang, H., Wang, M., Lü, S., Zhang, Y., and Long, M. (2018). Ligand-specific
Binding Forces of LFA-1 and Mac-1 in Neutrophil Adhesion and Crawling.
Mol. Biol. Cell. 29 (4), 408–418. doi:10.1091/mbc.E16-12-0827

Li, Q., Zhu, S., Hao, G., Hu, Y., Wu, F., and Jiang, W. (2021). Fabrication of
Thermoresponsive Metal-Organic Nanotube Sponge and its Application on the
Adsorption of Endocrine-Disrupting Compounds and Pharmaceuticals/
personal Care Products: Experiment and Molecular Simulation Study.
Environ. Pollut. 273, 116466. doi:10.1016/j.envpol.2021.116466

Li, Q. L., Sun, Y., Sun, Y. L., Wen, J., Zhou, Y., Bing, Q. M., et al. (2014).
Mesoporous Silica Nanoparticles Coated by Layer-By-Layer Self-Assembly
Using Cucurbit[7]uril for In Vitro and In Vivo Anticancer Drug Release.
Chem. Mater 26 (22), 6418–6431. doi:10.1021/cm503304p

Li, X., Wang, X., Liu, Q., Yan, J., Pan, D., Wang, L., et al. (2021). ROS-Responsive
Boronate-Stabilized Polyphenol-Poloxamer 188 Assembled Dexamethasone
Nanodrug for Macrophage Repolarization in Osteoarthritis Treatment. Adv.
Healthc. Mater. 10 (20), 2100883. doi:10.1002/adhm.202100883

Li, Y., Wang, Y., Chubinskaya, S., Schoeberl, B., Florine, E., Kopesky, P., et al.
(2015). Effects of Insulin-like Growth Factor-1 and Dexamethasone on
Cytokine-Challenged Cartilage: Relevance to Post-traumatic Osteoarthritis.
Osteoarthr. Cartil. 23 (2), 266–274. doi:10.1016/j.joca.2014.11.006

Lim, H. D., Kim, Y. S., Ko, S. H., Yoon, I. J., Cho, S. G., Chun, Y. H., et al. (2012).
Cytoprotective and Anti-inflammatory Effects of Melatonin in Hydrogen
Peroxide-Stimulated CHON-001 Human Chondrocyte Cell Line and Rabbit
Model of Osteoarthritis via the SIRT1 Pathway. J. Pineal Res. 53 (3), 225–237.
doi:10.1111/j.1600-079X.2012.00991.x

Liu, X., Corciulo, C., Arabagian, S., Ulman, A., and Cronstein, B. N. (2019).
Adenosine-Functionalized Biodegradable PLA-B-PEG Nanoparticles
Ameliorate Osteoarthritis in Rats. Sci. Rep. 9 (1), 7430. doi:10.1038/s41598-
019-43834-y

Liu, Y., Ai, K., Ji, X., Askhatova, D., Du, R., Lu, L., et al. (2017). Comprehensive
Insights into the Multi-Antioxidative Mechanisms of Melanin Nanoparticles
and Their Application to Protect Brain from Injury in Ischemic Stroke. J. Am.
Chem. Soc. 139 (2), 856–862. doi:10.1021/jacs.6b11013

Liu, Y., Ai, K., Liu, J., Deng, M., He, Y., and Lu, L. (2013). Dopamine-melanin
Colloidal Nanospheres: an Efficient Near-Infrared Photothermal Therapeutic
Agent for In Vivo Cancer Therapy. Adv. Mat. 25 (9), 1353–1359. doi:10.1002/
adma.201204683

Loeser, R. F., Goldring, S. R., Scanzello, C. R., and Goldring, M. B. (2012).
Osteoarthritis: a Disease of the Joint as an Organ. Arthritis Rheum. 64 (6),
1697–1707. doi:10.1002/art.34453

Ma, Y., Yang, H., Zong, X., Wu, J., Ji, X., Liu, W., et al. (2021). Artificial M2
Macrophages for Disease-Modifying Osteoarthritis Therapeutics. Biomaterials
274, 120865. doi:10.1016/j.biomaterials.2021.120865

Mahboudi, H., Kazemi, B., Soleimani, M., Hanaee-Ahvaz, H., Ghanbarian, H.,
Bandehpour, M., et al. (2018). Enhanced Chondrogenesis of Human Bone
Marrow Mesenchymal Stem Cell (BMSC) on Nanofiber-Based
Polyethersulfone (PES) Scaffold. Gene 643, 98–106. doi:10.1016/j.gene.2017.
11.073

Mao, L., Wu, W., Wang, M., Guo, J., Li, H., Zhang, S., et al. (2021). Targeted
Treatment for Osteoarthritis: Drugs and Delivery System. Drug Deliv. 28 (1),
1861–1876. doi:10.1080/10717544.2021.1971798

Matsuzaki, T., Matsushita, T., Tabata, Y., Saito, T., Matsumoto, T., Nagai, K., et al.
(2014). Intra-articular Administration of Gelatin Hydrogels Incorporating
Rapamycin-Micelles Reduces the Development of Experimental
Osteoarthritis in a Murine Model. Biomaterials 35 (37), 9904–9911. doi:10.
1016/j.biomaterials.2014.08.041

Maudens, P., Jordan, O., and Allémann, E. (2018a). Recent Advances in Intra-
articular Drug Delivery Systems for Osteoarthritis Therapy. Drug Discov.
Today. 23 (10), 1761–1775. doi:10.1016/j.drudis.2018.05.023

Maudens, P., Meyer, S., Seemayer, C. A., Jordan, O., and Allémann, E. (2018b). Self-
assembled Thermoresponsive Nanostructures of Hyaluronic Acid Conjugates
for Osteoarthritis Therapy. Nanoscale 10 (4), 1845–1854. doi:10.1039/
c7nr07614b

Maudens, P., Seemayer, C. A., Pfefferlé, F., Jordan, O., and Allémann, E. (2018c).
Nanocrystals of a Potent P38 MAPK Inhibitor Embedded in Microparticles:
Therapeutic Effects in Inflammatory and Mechanistic Murine Models of
Osteoarthritis. J. Control. Release. 276, 102–112. doi:10.1016/j.jconrel.2018.
03.007

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 92438714

Guo et al. Nano-Therapeutic Strategies for Osteoarthritis

https://doi.org/10.3390/jcm10091938
https://doi.org/10.2147/IJN.S44393
https://doi.org/10.1080/13543776.2020.1749263
https://doi.org/10.1016/j.gene.2018.06.002
https://doi.org/10.1016/j.gene.2018.06.002
https://doi.org/10.1093/rb/rbab020
https://doi.org/10.1016/j.semarthrit.2013.07.003
https://doi.org/10.1073/pnas.1106634108
https://doi.org/10.1073/pnas.1106634108
https://doi.org/10.1186/s13075-022-02739-4
https://doi.org/10.1186/s13075-022-02739-4
https://doi.org/10.3762/bjnano.9.98
https://doi.org/10.1016/j.apjtm.2015.11.003
https://doi.org/10.1166/jnn.2018.14311
https://doi.org/10.1166/jnn.2018.14311
https://doi.org/10.1021/acsnano.6b06477
https://doi.org/10.1016/j.joca.2010.05.017
https://doi.org/10.1002/emmm.201202287
https://doi.org/10.1002/emmm.201202287
https://doi.org/10.1007/s13346-015-0234-2
https://doi.org/10.1186/s12951-020-00666-7
https://doi.org/10.1002/jor.24842
https://doi.org/10.1002/jor.24842
https://doi.org/10.1038/s41427-021-00351-7
https://doi.org/10.1038/s41427-021-00351-7
https://doi.org/10.1002/adma.201904535
https://doi.org/10.1091/mbc.E16-12-0827
https://doi.org/10.1016/j.envpol.2021.116466
https://doi.org/10.1021/cm503304p
https://doi.org/10.1002/adhm.202100883
https://doi.org/10.1016/j.joca.2014.11.006
https://doi.org/10.1111/j.1600-079X.2012.00991.x
https://doi.org/10.1038/s41598-019-43834-y
https://doi.org/10.1038/s41598-019-43834-y
https://doi.org/10.1021/jacs.6b11013
https://doi.org/10.1002/adma.201204683
https://doi.org/10.1002/adma.201204683
https://doi.org/10.1002/art.34453
https://doi.org/10.1016/j.biomaterials.2021.120865
https://doi.org/10.1016/j.gene.2017.11.073
https://doi.org/10.1016/j.gene.2017.11.073
https://doi.org/10.1080/10717544.2021.1971798
https://doi.org/10.1016/j.biomaterials.2014.08.041
https://doi.org/10.1016/j.biomaterials.2014.08.041
https://doi.org/10.1016/j.drudis.2018.05.023
https://doi.org/10.1039/c7nr07614b
https://doi.org/10.1039/c7nr07614b
https://doi.org/10.1016/j.jconrel.2018.03.007
https://doi.org/10.1016/j.jconrel.2018.03.007
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Mazzetti, I., Grigolo, B., Pulsatelli, L., Dolzani, P., Silvestri, T., Roseti, L., et al.
(2001). Differential Roles of Nitric Oxide and Oxygen Radicals in Chondrocytes
Affected by Osteoarthritis and Rheumatoid Arthritis. Clin. Sci. (Lond) 101 (6),
593–599. doi:10.1042/cs20010030

Mchugh, J. (2021). Osteoarthritis Risk Factors Differ between Sexes. Nat. Rev.
Rheumatol. 17 (6), 312. doi:10.1038/s41584-021-00631-0

Meng, F., Zhang, Z., Chen, W., Huang, G., He, A., Hou, C., et al. (2016).
MicroRNA-320 Regulates Matrix Metalloproteinase-13 Expression in
Chondrogenesis and Interleukin-1β-Induced Chondrocyte Responses.
Osteoarthr. Cartil. 24 (5), 932–941. doi:10.1016/j.joca.2015.12.012

Mi, B., Wang, J., Liu, Y., Liu, J., Hu, L., Panayi, A. C., et al. (2018). Icariin
Activates Autophagy via Down-Regulation of the NF-κB Signaling-Mediated
Apoptosis in Chondrocytes. Front. Pharmacol. 9, 605. doi:10.3389/fphar.
2018.00605

Moro, T., Takatori, Y., Ishihara, K., Konno, T., Takigawa, Y., Matsushita, T., et al.
(2004). Surface Grafting of Artificial Joints with a Biocompatible Polymer for
Preventing Periprosthetic Osteolysis. Nat. Mat. 3 (11), 829–836. doi:10.1038/
nmat1233

Mort, J. S., and Billington, C. J. (2001). Articular Cartilage and Changes in Arthritis:
Matrix Degradation. Arthritis Res. 3 (6), 337–341. doi:10.1186/ar325

Murphy, C. A., Garg, A. K., Silva-Correia, J., Reis, R. L., Oliveira, J. M., and Collins,
M. N. (2019). The Meniscus in Normal and Osteoarthritic Tissues: Facing the
Structure Property Challenges and Current Treatment Trends. Annu. Rev.
Biomed. Eng. 21, 495–521. doi:10.1146/annurev-bioeng-060418-052547

Nakata, K., Hanai, T., Take, Y., Osada, T., Tsuchiya, T., Shima, D., et al. (2018).
Disease-modifying Effects of COX-2 Selective Inhibitors and Non-selective
NSAIDs in Osteoarthritis: a Systematic Review. Osteoarthr. Cartil. 26 (10),
1263–1273. doi:10.1016/j.joca.2018.05.021

Ni, Z., Kuang, L., Chen, H., Xie, Y., Zhang, B., Ouyang, J., et al. (2019). The
Exosome-like Vesicles from Osteoarthritic Chondrocyte Enhanced Mature IL-
1β Production of Macrophages and Aggravated Synovitis in Osteoarthritis. Cell.
Death Dis. 10 (7), 522. doi:10.1038/s41419-019-1739-2

Pal, B., Endisha, H., Zhang, Y., and Kapoor, M. (2015). mTOR: a Potential
Therapeutic Target in Osteoarthritis? Drugs R. D. 15 (1), 27–36. doi:10.
1007/s40268-015-0082-z

Peng, Z., Sun, H., Bunpetch, V., Koh, Y., Wen, Y., Wu, D., et al. (2021). The
Regulation of Cartilage Extracellular Matrix Homeostasis in Joint Cartilage
Degeneration and Regeneration. Biomaterials 268, 120555. doi:10.1016/j.
biomaterials.2020.120555

Pu, H. L., Chiang, W. L., Maiti, B., Liao, Z. X., Ho, Y. C., Shim, M. S., et al. (2014).
Nanoparticles with Dual Responses to Oxidative Stress and Reduced Ph for
Drug Release and Anti-inflammatory Applications. ACS Nano 8 (2),
1213–1221. doi:10.1021/nn4058787

Ratneswaran, A., and Kapoor, M. (2021). Osteoarthritis Year in Review: Genetics,
Genomics, Epigenetics. Osteoarthr. Cartil. 29 (2), 151–160. doi:10.1016/j.joca.
2020.11.003

Richard, D., Liu, Z., Cao, J., Kiapour, A. M., Willen, J., Yarlagadda, S., et al. (2020).
Evolutionary Selection and Constraint on Human Knee Chondrocyte
Regulation Impacts Osteoarthritis Risk. Cell. 181 (2), 362–e28. doi:10.1016/j.
cell.2020.02.057

Roth, S. H., and Fuller, P. (2011). Diclofenac Topical Solution Compared with Oral
Diclofenac: a Pooled Safety Analysis. J. Pain Res. 4, 159–167. doi:10.2147/JPR.
S20965

Rothenfluh, D. A., Bermudez, H., O’Neil, C. P., and Hubbell, J. A. (2008).
Biofunctional Polymer Nanoparticles for Intra-articular Targeting and
Retention in Cartilage. Nat. Mat. 7 (3), 248–254. doi:10.1038/nmat2116

Scanzello, C. R. (2017). Role of Low-Grade Inflammation in Osteoarthritis. Curr.
Opin. Rheumatol. 29 (1), 79–85. doi:10.1097/BOR.0000000000000353

Schatzschneider, U. (2015). Novel Lead Structures and Activation Mechanisms for
CO-releasing Molecules (CORMs). Br. J. Pharmacol. 172 (6), 1638–1650.
doi:10.1111/bph.12688

Schmidt, M. B., Chen, E. H., and Lynch, S. E. (2006). A Review of the Effects of
Insulin-like Growth Factor and Platelet Derived Growth Factor on In Vivo
Cartilage Healing and Repair. Osteoarthr. Cartil. 14 (5), 403–412. doi:10.1016/j.
joca.2005.10.011

Schreck, R., Rieber, P., and Baeuerle, P. A. (1991). Reactive Oxygen Intermediates
as Apparently Widely Used Messengers in the Activation of the NF-Kappa B

Transcription Factor and HIV-1. EMBO J. 10 (8), 2247–2258. doi:10.1002/j.
1460-2075.1991.tb07761.x

Shane Anderson, A., and Loeser, R. F. (2010). Why Is Osteoarthritis an Age-
Related Disease? Best. Pract. Res. Clin. Rheumatol. 24 (1), 15–26. doi:10.1016/j.
berh.2009.08.006

Sharfstein, S. T. (2018). Non-protein Biologic Therapeutics. Curr. Opin. Biotechnol.
53, 65–75. doi:10.1016/j.copbio.2017.12.014

Skalko-Basnet, N. (2014). Biologics: the Role of Delivery Systems in Improved
Therapy. Biologics 8, 107–114. doi:10.2147/BTT.S38387

Teo, K. Y. W., Sevencan, C., Cheow, Y. A., Zhang, S., Leong, D. T., and Toh, W. S.
(2022). Macrophage Polarization as a Facile Strategy to Enhance Efficacy of
Macrophage Membrane-Coated Nanoparticles in Osteoarthritis. Small Sci. 2
(4), 2100116. doi:10.1002/smsc.202100116

Thanuja M Y, M. Y., Anupama C, C., and Ranganath, S. H. (2018). Bioengineered
Cellular and Cell Membrane-Derived Vehicles for Actively Targeted Drug
Delivery: So Near and yet So Far. Adv. Drug Deliv. Rev. 132, 57–80. doi:10.1016/
j.addr.2018.06.012

van den Bosch, M. H. J. (2021). Osteoarthritis Year in Review 2020: Biology.
Osteoarthr. Cartil. 29 (2), 143–150. doi:10.1016/j.joca.2020.10.006

van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding Light on the Cell
Biology of Extracellular Vesicles. Nat. Rev. Mol. Cell. Biol. 19 (4), 213–228.
doi:10.1038/nrm.2017.125

Van Spil, W. E., Kubassova, O., Boesen, M., Bay-Jensen, A. C., and Mobasheri, A.
(2019). Osteoarthritis Phenotypes and Novel Therapeutic Targets. Biochem.
Pharmacol. 165, 41–48. doi:10.1016/j.bcp.2019.02.037

Wang, Z., Wang, S., Wang, K.,Wu, X., Tu, C., and Gao, C. (2021). Stimuli-Sensitive
Nanotherapies for the Treatment of Osteoarthritis. Macromol. Biosci. 21 (11),
e2100280. doi:10.1002/mabi.202100280

Watermann, A., and Brieger, J. (2017). Mesoporous Silica Nanoparticles as Drug
Delivery Vehicles in Cancer. Nanomater. (Basel) 7 (7). doi:10.3390/
nano7070189

Wei, Y., Yan, L., Luo, L., Gui, T., Jang, B., Amirshaghaghi, A., et al. (2021).
Phospholipase A 2 Inhibitor-Loaded Micellar Nanoparticles Attenuate
Inflammation and Mitigate Osteoarthritis Progression. Sci. Adv. 7 (15),
eabe6374. doi:10.1126/sciadv.abe6374

Whitmire, R. E., Wilson, D. S., Singh, A., Levenston, M. E., Murthy, N., and García,
A. J. (2012). Self-assembling Nanoparticles for Intra-articular Delivery of Anti-
inflammatory Proteins. Biomaterials 33 (30), 7665–7675. doi:10.1016/j.
biomaterials.2012.06.101

Wu, X., Wang, Z., Zhu, D., Zong, S., Yang, L., Zhong, Y., et al. (2013). pH and
Thermo Dual-Stimuli-Responsive Drug Carrier Based on Mesoporous Silica
Nanoparticles Encapsulated in a Copolymer-Lipid Bilayer. ACS Appl. Mater
Interfaces 5 (21), 10895–10903. doi:10.1021/am403092m

Xia, B., Di Chen, Di., Zhang, J., Hu, S., Jin, H., and Tong, P. (2014). Osteoarthritis
Pathogenesis: a Review of Molecular Mechanisms. Calcif. Tissue Int. 95 (6),
495–505. doi:10.1007/s00223-014-9917-9

Xue, S., Zhou, X., Sang, W., Wang, C., Lu, H., Xu, Y., et al. (2021). Cartilage-
targeting Peptide-Modified Dual-Drug Delivery Nanoplatform with NIR Laser
Response for Osteoarthritis Therapy. Bioact. Mater 6 (8), 2372–2389. doi:10.
1016/j.bioactmat.2021.01.017

Xue, X., Liu, H., Wang, S., Hu, Y., Huang, B., Li, M., et al. (2022). Neutrophil-
erythrocyte Hybrid Membrane-Coated Hollow Copper Sulfide Nanoparticles
for Targeted and Photothermal/Anti-inflammatory Therapy of Osteoarthritis.
Compos. Part B Eng. 237, 109855. doi:10.1016/j.compositesb.2022.109855

Yang, G., Fan, M., Zhu, J., Ling, C., Wu, L., Zhang, X., et al. (2020). A
Multifunctional Anti-inflammatory Drug that Can Specifically Target
Activated Macrophages, Massively Deplete Intracellular H2O2, and Produce
Large Amounts CO for a Highly Efficient Treatment of Osteoarthritis.
Biomaterials 255, 120155. doi:10.1016/j.biomaterials.2020.120155

Yang, J., Han, Y., Lin, J., Zhu, Y., Wang, F., Deng, L., et al. (2020). Ball-Bearing-Inspired
Polyampholyte-Modified Microspheres as Bio-Lubricants Attenuate Osteoarthritis.
Small 16 (44), e2006356. doi:10.1002/smll.20200451910.1002/smll.202006356

Yang,W., Tao, Y.,Wu, Y., Zhao, X., Ye,W., Zhao, D., et al. (2019). Neutrophils Promote
the Development of ReparativeMacrophagesMediated by ROS toOrchestrate Liver
Repair. Nat. Commun. 10 (1), 1076. doi:10.1038/s41467-019-09046-8

Yao, Y., Zhang, H., Wang, Z., Ding, J., Wang, S., Huang, B., et al. (2019). Reactive
Oxygen Species (ROS)-responsive Biomaterials Mediate Tissue

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 92438715

Guo et al. Nano-Therapeutic Strategies for Osteoarthritis

https://doi.org/10.1042/cs20010030
https://doi.org/10.1038/s41584-021-00631-0
https://doi.org/10.1016/j.joca.2015.12.012
https://doi.org/10.3389/fphar.2018.00605
https://doi.org/10.3389/fphar.2018.00605
https://doi.org/10.1038/nmat1233
https://doi.org/10.1038/nmat1233
https://doi.org/10.1186/ar325
https://doi.org/10.1146/annurev-bioeng-060418-052547
https://doi.org/10.1016/j.joca.2018.05.021
https://doi.org/10.1038/s41419-019-1739-2
https://doi.org/10.1007/s40268-015-0082-z
https://doi.org/10.1007/s40268-015-0082-z
https://doi.org/10.1016/j.biomaterials.2020.120555
https://doi.org/10.1016/j.biomaterials.2020.120555
https://doi.org/10.1021/nn4058787
https://doi.org/10.1016/j.joca.2020.11.003
https://doi.org/10.1016/j.joca.2020.11.003
https://doi.org/10.1016/j.cell.2020.02.057
https://doi.org/10.1016/j.cell.2020.02.057
https://doi.org/10.2147/JPR.S20965
https://doi.org/10.2147/JPR.S20965
https://doi.org/10.1038/nmat2116
https://doi.org/10.1097/BOR.0000000000000353
https://doi.org/10.1111/bph.12688
https://doi.org/10.1016/j.joca.2005.10.011
https://doi.org/10.1016/j.joca.2005.10.011
https://doi.org/10.1002/j.1460-2075.1991.tb07761.x
https://doi.org/10.1002/j.1460-2075.1991.tb07761.x
https://doi.org/10.1016/j.berh.2009.08.006
https://doi.org/10.1016/j.berh.2009.08.006
https://doi.org/10.1016/j.copbio.2017.12.014
https://doi.org/10.2147/BTT.S38387
https://doi.org/10.1002/smsc.202100116
https://doi.org/10.1016/j.addr.2018.06.012
https://doi.org/10.1016/j.addr.2018.06.012
https://doi.org/10.1016/j.joca.2020.10.006
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1016/j.bcp.2019.02.037
https://doi.org/10.1002/mabi.202100280
https://doi.org/10.3390/nano7070189
https://doi.org/10.3390/nano7070189
https://doi.org/10.1126/sciadv.abe6374
https://doi.org/10.1016/j.biomaterials.2012.06.101
https://doi.org/10.1016/j.biomaterials.2012.06.101
https://doi.org/10.1021/am403092m
https://doi.org/10.1007/s00223-014-9917-9
https://doi.org/10.1016/j.bioactmat.2021.01.017
https://doi.org/10.1016/j.bioactmat.2021.01.017
https://doi.org/10.1016/j.compositesb.2022.109855
https://doi.org/10.1016/j.biomaterials.2020.120155
https://doi.org/10.1002/smll.20200451910.1002/smll.202006356
https://doi.org/10.1038/s41467-019-09046-8
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Microenvironments and Tissue Regeneration. J. Mat. Chem. B 7 (33),
5019–5037. doi:10.1039/c9tb00847k

Yuan, C., Pan, Z., Zhao, K., Li, J., Sheng, Z., Yao, X., et al. (2020). Classification
of Four Distinct Osteoarthritis Subtypes with a Knee Joint Tissue
Transcriptome Atlas. Bone Res. 8 (1), 38. doi:10.1038/s41413-020-
00109-x

Zhang, M., Cheng, S., Jin, Y., Zhang, N., and Wang, Y. (2021). Membrane
Engineering of Cell Membrane Biomimetic Nanoparticles for Nanoscale
Therapeutics. Clin. Transl. Med. 11 (2), e292. doi:10.1002/ctm2.292

Zhao, W., Wang, H., Wang, H., Han, Y., Zheng, Z., Liu, X., et al. (2021). Light-
responsive Dual-Functional Biodegradable Mesoporous Silica
Nanoparticles with Drug Delivery and Lubrication Enhancement for the
Treatment of Osteoarthritis. Nanoscale 13 (13), 6394–6399. doi:10.1039/
d0nr08887k

Zhong, G., Yang, X., Jiang, X., Kumar, A., Long, H., Xie, J., et al. (2019). Dopamine-
melanin Nanoparticles Scavenge Reactive Oxygen and Nitrogen Species and
Activate Autophagy for Osteoarthritis Therapy. Nanoscale 11 (24),
11605–11616. doi:10.1039/c9nr03060c

Zhou, X., Liang, H., Hu, X., An, J., Ding, S., Yu, S., et al. (2020). BMSC-derived
Exosomes from Congenital Polydactyly Tissue Alleviate Osteoarthritis by

Promoting Chondrocyte Proliferation. Cell. Death Discov. 6 (1), 142. doi:10.
1038/s41420-020-00374-z

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Guo, Lou, Wang, Fan and Qin. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 92438716

Guo et al. Nano-Therapeutic Strategies for Osteoarthritis

https://doi.org/10.1039/c9tb00847k
https://doi.org/10.1038/s41413-020-00109-x
https://doi.org/10.1038/s41413-020-00109-x
https://doi.org/10.1002/ctm2.292
https://doi.org/10.1039/d0nr08887k
https://doi.org/10.1039/d0nr08887k
https://doi.org/10.1039/c9nr03060c
https://doi.org/10.1038/s41420-020-00374-z
https://doi.org/10.1038/s41420-020-00374-z
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Recent Advances in Nano-Therapeutic Strategies for Osteoarthritis
	1 Introduction
	2 Novel Nanotherapeutic Strategies for OA Therapy
	2.1 Nanotechnology for Small Molecule Drug Delivery in OA Treatment
	2.2 Nanotechnology for Biomacromolecule Therapy in OA Treatment
	2.2.1 Nanotechnology for Gene Therapy
	2.2.2 Other NP-Based Biomacromolecule Therapy

	2.3 Cell-Based Nanotherapeutic Strategies for OA
	2.4 Functional Nanotherapeutic Strategies for OA
	2.4.1 Stimuli-Responsive NPs Based Therapeutic Strategies for OA
	2.4.2 Muti-Functional NPs Based Therapeutic Strategies for OA

	2.5 Other Nanotechnology-Based Synergistic Therapeutic Strategies

	3 Summary and Perspective
	Author Contributions
	Funding
	References


