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Abstract: Osteoarthritis (OA) is an inflammatory and degenerative joint disease with severe effects on individuals, society, and the
economy that affects millions of elderly people around the world. To date, there are no effective treatments for OA; however, there are
some treatments that slow or prevent its progression. Polyfunctional nanosystems have many advantages, such as controlled release,
targeted therapy and high loading rate, and have been widely used in OA treatment. Previous mechanistic studies have revealed that
inflammation and ROS are interrelated, and a large number of studies have demonstrated that ROS play an important role in different
types of OA development. In this review article, we summarize third-generation ROS-sensitive nanomaterials that scavenge excessive
ROS from chondrocytes and osteoclasts in vivo. We only focus on polymer-based nanoparticles (NPs) and do not review the effects of
drug-loaded or heavy metal NPs. Mounting evidence suggests that polyfunctional nanosystems will be a promising therapeutic strategy
in OA therapy due to their unique characteristics of being sensitive to changes in the internal environment.
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Introduction

Osteoarthritis (OA), characterized by the progressive destruction of articular cartilage and joint dysfunction, is currently
the second leading cause of disability in patients after cardiovascular disease.'*” The increase in the elderly population
and the prevalence of obesity across the world have incited a rising incidence of OA.> According to an epidemiological
investigation, the incidence of OA in the population over 65 years old can reach 50%, and the incidence among
individuals over 80 years old is as high as 80%." Approximately 80% of OA patients have different degrees of movement
impairment, and 25% have difficulties performing the activities in daily life.> Consequently, OA has caused a huge
burden on society, the economy, and individuals.

OA has a complex pathophysiological process. The main pathological manifestations are cartilage degeneration, bone
remodeling, osteophyte formation and joint inflammation.® OA can affect almost any joint, but it is most common in the
hands, knees, hips and feet. Among them, excessive oxidative stress is an important factor in the pathological progression of OA.
Mechanistically, reactive oxygen species (ROS), as a secondary messenger, gradually aggravate OA inflammation by activating
the ROS/phosphoinositol-3 kinase (PI3K)/serine/threonine kinase (AKT),” ROS/mitogen-activated protein kinase (MAPK)® and
reactive nitrogen species (RNS)/tumor necrosis factor-o (TNF)-o/nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-kB) pathways.”' Excessive ROS can not only lead to the senescence and death of chondrocytes and destroy chondrocytes
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and the extracellular matrix (ECM) but also induce subchondral bone dysfunction. Moreover, ROS can promote M1 macrophage
polarization. Synovial inflammation driven by M1 macrophages is thought to be one of the key causes of OA development and
progression.'' M1 macrophages can secrete IL-1p, activating NF-kB to promote the secretion of TNF-o. by chondrocytes, and
this process is enhanced by interferon-y via the JAK/STAT pathway.'>'* Furthermore, TNF-o. regulates CXCL1 through 2
different pathways, one through JNK and its downstream AP-1 transcription factor influencing the expression of genes and the
other affecting cellular CXCLI secretion by p38 MAPK and PI3K activation."* High CXCL1 expression leads to neutrophil
infiltration,'> which can enhance the inflammatory response.

In addition, other joint tissues, such as the infrapatellar fat pad, synovial membrane and meniscus, all generate
inflammatory changes after the onset of OA, contributing to the progression of OA. Increasing evidence has shown that
synovial macrophage activation is one of the major destructive factors during the progression of OA.'® M1 macrophages,
which promote synovial inflammation, secrete several proinflammatory cytokines, including IL-1B, IL-6, IL-12, and
TNF-a, which cause cartilage degeneration.'” Moreover, advanced oxidation protein products (AOPPs), which are a sign
of oxidative stress, upregulate the expression of MMP3 and MMP13 in the synovium, contributing to cartilage
degradation.'® In addition, the meniscus is an important soft tissue in the etiology of knee OA (KOA). It has been
reported that the severity of meniscal insufficiency is linked with the advancement of OA.'® IL-1pB can promote meniscal
cell apoptosis by inactivating c-JNK2 and suppressing autophagy, the production of which is elevated in meniscal cells
under pathological conditions.”*** Damage to the meniscus causes overload on the cartilage and thus accelerates the
degeneration of chondrocytes. Furthermore, the infrapatellar pad is a new source of inflammatory factors and adipokines
that contribute to KOA progression.”> The combination of inflammatory pathways and ROS signaling is well recognized
in adipose dysfunction and metabolic syndrome.** Lipid peroxidation produces a wide range of hydroperoxide and
aldehyde compounds that are highly reactive with cell membrane and ECM components.”>® Lipid radicals are also
intracellular signaling molecules that affect a variety of cellular activities.””*® For example, malondialdehyde (MDA),
a hazardous aldehydic end product of lipid peroxidation, facilitates cartilage collagen oxidation, leading to cartilage
degradation.”” The interactions of ROS with OA joint tissues are shown in Figure 1.

The most common clinical symptoms of OA are joint aches, swelling and stiffness. Therefore, the main objectives of
OA treatment focus on easing pain, relieving joint swelling, improving the mobility of the joint, and minimizing
disability. At present, conservative nonsurgical management of OA is divided into two main categories: pharmacological
and physical intervention.*® Pharmacological intervention generally refers to oral or intra-articular injection of nonster-
oidal anti-inflammatory drugs (NSAIDs) and intra-articular injection of corticosteroids and hyaluronan to suppress joint
inflammation and relieve joint pain.*' However, oral drugs often cause adverse reactions such as gastrointestinal
reactions and osteonecrosis, while intra-articular topical administration is shortened by the fact that drugs are rapidly
cleared in synovial joints, resulting in a shortened duration of efficacy.>? Currently, there are still no effective therapeutic
drugs for treating or slowing the progression of OA. Physical therapy consists mainly of interventions such as moderate
exercise, weight loss, or occupational therapy.”*~* However, when patients present with severe joint damage and
conservative treatment is insufficient to control symptoms, surgical treatment, such as arthroplasty and osteotomy, is
usually the only option. As a result, there is an urgent need to clarify how the pathologically driven process of OA can be
effectively suppressed. Drug delivery systems with controlled release can not only reduce the side effects and normal
tissue exposure in OA treatment but also prolong the duration of drugs in the joint and avoid frequent drug administration
through its sensitivity to changes in the microenvironment and cell targeting.

Therefore, we first emphasized the key role of ROS in the development of OA; then, we introduced the targeting
effect of ROS-sensitive nanomaterials on chondrocytes and osteoclasts in the treatment of OA; finally, we summarized
the advantages of nanotherapy in the treatment of OA to illustrate that multifunctional nanosystems will be a promising
treatment strategy for OA in the future.

The Critical Role of ROS in the Development of OA

Excessive ROS production that is associated with oxidative stress plays an important role in OA. Oxidative stress has
long been considered a significant factor in the induction of chondrocyte senescence and apoptosis in OA.*>-° The excess
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Figure | The interaction of ROS with OA joint tissues.
Abbreviation: ROS, reactive oxygen species.

production of free radicals under oxidative stress is considered to be the main mechanism of cartilage damage,” and

therefore, the role of ROS in the pathogenesis of OA has become a primary concern of researchers.>*~°

Sources of ROS and Related Enzymes Involved in Oxidative/Antioxidative Systems
ROS are an important factor that influences intracellular redox status. Common biologically relevant ROS include
superoxide anion (O, ), hydroxyl free radical (HO ), and hydrogen peroxide (H,O5).

Endogenous and physiological ROS are mainly generated in the oxidative reaction process of the mitochondrial respiratory
chain as byproducts of normal cellular metabolism. In animals, mitochondria and plasma membrane-bound nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases (NOXs) are the major sources of ROS, playing a central role in the
induction of cell death.** ROS can induce mitochondrial dysregulation by increasing mitochondrial membrane permeability,
which further increases ROS production and leads to the release of ROS into the cytosol.*' Therefore, it is now well
established that mitochondria are the major producers of ROS and the main targets of ROS. Defective mitochondrial function
has been implicated in degenerative joint diseases such as OA.** In addition to mitochondria, another source of cytoplasmic
ROS is the cytochrome P450 enzyme (CYP) system, which responds to toxic substances. Moreover, the endoplasmic
reticulum (ER) is also the source of ROS. ER oxidoreductase 1 (ERO1), which is associated with the inner ER membrane,
has been shown to catalyze the formation of disulfide bonds in secretory proteins and associated H,O, formation.*

Basic levels of ROS are essential for cellular signal transduction and physiological function. Excessive ROS that are
caused by the imbalance between ROS production and antioxidants may induce severe damage to various biomolecules,
such as protein oxidation, lipid peroxidation, and DNA fragmentation, which are associated with various inflammatory
diseases, such as OA.” These enzymes, including the NADPH oxidase family of enzymes (NOX), xanthine oxidase
(XO), myeloperoxidase (MPO), and lipoxygenases, are responsible for the essential sources of ROS:**
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In eukaryotes, critical enzymes for preventing ROS formation are superoxide dismutases (SODs), glutathione
peroxidases (GPx), catalase (CAT) and glutathione reductase (GR). SOD and CAT are the best antioxidants in vivo.
SODs can be classified into cytosolic CuZn-SOD (SOD1), mitochondrial Mn-SOD (SOD2) and extracellular SOD
(SOD3). SOD can catalyze O, into O, and H,0,.*> GPxs reduce lipid hydroperoxides to their corresponding alcohols
and mediate the breakdown of H,O, to H,O. CAT, located mainly in peroxisomes, also mediates the decomposition of
H,0, to H,0 and 0,.*° GR catalyzes the reduction of glutathione disulfide (GSSG) to the sulfhydryl form of glutathione
(GSH), which is a critical molecule in resisting oxidative stress.*” Recovering the appropriate ROS concentration by
regulating ROS production or neutralizing ROS is a potentially effective means of preventing and treating diseases
related to oxidative stress.*® The production and conversion of ROS are summarized in Figure 2.

Cell Function is Impaired by ROS at the Cellular and Molecular Levels

ROS are produced mainly by NOXs at low levels in normal articular chondrocytes. However, many pathological
factors, such as inflammatory factors and mechanical pressure, will cause a high concentration of ROS production.
Excessive ROS production can induce irreversible damage to articular cartilage and apoptosis of chondrocytes, which
is the main cause of OA.**! The downstream molecular targets of ROS include nucleic acids, proteins, and lipids.
Elevated ROS levels lead to hyperperoxidation, protein carbonylation and DNA damage, leading to the functional
loss of chondrocytes.**>> A recent study suggested that cell senescence was also closely related to OA
development.”® Chondrocytes from human cartilage explants cultured in the presence of hydrogen peroxide exhibited
senescence hallmarks.’* Exogenous senescence is induced by a variety of stresses, such as DNA damage and
oxidative stress.”

Furthermore, studies have demonstrated that elevated ROS levels can promote the catabolism of chondrocytes by
increasing the production of MMPs, resulting in the destruction of the cartilage matrix, including collagen, proteogly-
cans and hyaluronan, in OA.**>® Therefore, studies have shown that targeting ROS effectively suppresses the severity
of OA in vivo.”” Bardoxolone methyl (BM), a semisynthetic triterpenoid, has been proven to alleviate OA progression
by preventing oxidative stress-induced chondrocytes apoptosis and ECM degradation, such as aggrecan and collagen 11
degradation.”®>" In addition, irisin, an 8-pentenyl flavonoid glycoside, repressed inflammation-mediated oxidative
stress and extracellular matrix underproduction by retaining mitochondrial biogenesis, dynamics and autophagic
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Figure 2 A schematic diagram of reactive oxygen species including production and conversion.

Abbreviations: H,O,, hydrogen peroxide; GSSG, glutathione disulfide; GSH, glutathione; GPX, glutathione peroxidases; CAT, catalase; NADPH, nicotinamide adenine
dinucleotide phosphate; NOX, nicotinamide adenine dinucleotide phosphate oxidase; XO, xanthine oxidase; OXPHOS, oxidative phosphorylation; SOD, superoxide
dismutase; SOD |, CuZn-SOD; SOD2, mitochondrial Mn-SOD.
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The Mutual Influences Between Inflammation and Oxidative Stress
ROS and inflammation are interdependent and interact with each other, and thus, they are both ideal targets for the
treatment of OA. Local inflammatory responses along with aging and/or mechanical load can contribute to increased
oxidative stress with the accumulation of ROS, O, , H,O,, and concomitant failure in the expression of antioxidant
enzymes and ROS scavenging systems.®' Various proinflammatory mediators, such as cytokines TNF-o and interleukin
(IL)-1B, =8, =6, —15, =17, =18, =21, and —33), are increased in the joint tissue of OA patients and have been shown to
induce oxidative stress, apoptosis and catabolic gene expression in OA individuals.®*®* These proinflammatory cytokines
stimulate chondrocytes and osteoclasts to activate cartilage degradation pathways, thereby driving OA pathogenesis.®*

The NOD-like receptor (NLR) family pyrin domain containing 3 (NLRP3) inflammasome is one of the most studied
inflammasome sensors and a master regulator of inflammation in OA.%> A recent study suggested that intracellular ROS
are elevated by various NLRP3 stimulators and that enhanced ROS in turn activate the NLRP3 inflammasome.®® ROS
production has also been reported to stimulate NLRP3 inflammatory body assembly in a ROS-sensitive manner.®’
Accumulated ROS also activate the NLRP3 inflammasome in synovial membrane macrophages and increase the
expression of the proinflammatory cytokines IL-18 and IL-1p.°®

Some compounds have exhibited both antioxidant and anti-inflammatory effects in the treatment of OA. Engeletin is
a natural compound with anti-inflammatory and antioxidant effects on other diseases. Pretreatment with engeletin
alleviated TNF-o-induced inhibition of ECM synthesis (collagen II and aggrecan) and upregulation of matrix catabolic
enzymes (MMP9 and MMP3) and scavenged intracellular ROS by activating the Nrf2 pathway.®” Tempol (4-hydroxy-
2,2,6,6-tetramethylpiperidine-1-oxyl) has excellent antioxidant and anti-inflammatory effects by decreasing superoxide
ion levels in LPS-induced macrophages.”® In addition, resveratrol has a strong protective effect against B[a]P-induced
intracellular ROS generation by increasing mitochondrial content and function.”' Furthermore, ascorbic acid reduces
H,0, production and lipid peroxidation by inhibiting the NF-kB pathway.”?

ROS Play an Important Role in OA
OA can be classified as primary and secondary. Aging plays a major role in primary OA, while obesity and joint injury
are the two most relevant risk factors for secondary OA.”

Aged-related NOXs are rarely detected in young individuals, but the levels increase with age. The degree of cartilage
degradation is correlated with the activity of NOXs in age-related OA.”* Advanced oxidation protein products (AOPPs)
are also considered biomarkers of oxidative stress, and intra-articular injections accelerate cartilage degeneration in rabbit
OA models."® AOPPs have been reported to activate the NOXs-mediated oxidative stress pathway in oxidation-
associated diseases.”> The excessive production of ROS is attributed to mitochondrial dysfunction, and the decline in
antioxidant enzymes such as catalase (CAT) and superoxide dismutases (SODs) with age has also been implicated in the
development of aging-related OA.”®"’

In addition, type II diabetes mellitus (T2DM) is the most common subtype of diabetes in diabetic patients, accounting
for >90% of the total number, and most of the patients are obese. In recent years, the incidence of T2DM with OA has
gradually increased. The symptoms in OA patients with diabetes are more severe than those in nondiabetic patients with
OA.”® The possible reason may be linked to the increased proinflammatory cytokines that are secreted by adipocytes and
invading macrophages in adipose tissue.”’ Adipokines increase the number of activated macrophages that generate
proinflammatory cytokines, such as IL-1p, TNF-a and ROS, by acting on the synovial membrane of the joint.5**!
Moreover, chronic hyperglycemia induces the production of ROS, leading to increased ROS and reduced synthesis of
type II collagen (COL-II).*

Moreover, the aberrant overproduction of ROS is also a potential component of the biochemical inflammatory
response to joint injury. In the inflammatory response, overproduction of ROS is potentially harmful to tissues and
may sensitize the joint to the development of posttraumatic osteoarthritis (PTOA).** After joint injury, the inflammatory
mediators in synovial fluid increased significantly and subsequently decreased gradually. Within 24 hours of acute
ligament tear, cytokine (IL-1B, TNF-a) and keratin sulfate levels rise rapidly and remain high for 7 days.®** These
inflammatory factors could contribute to oxidative stress.***” For example, IL-1p has been shown to reduce ATP-binding
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cassette transporter A (ABCA-1) mRNA expression and enhance intracellular lipid retention to promote M1 macrophage
polarization.®® Therefore, inhibiting aberrant ROS signaling in the inflammatory response after joint injury may have the
potential to protect normal joint tissues and decrease early changes associated with the development of PTOA.*

Chondrocytes and Osteoclasts as Targets for OA Treatment

Synovitis is one of the typical manifestations of OA. The synovial tissue is mainly composed of synovial macrophages and
synoviocytes. Macrophage-mediated synovial inflammation is the main driving factor for the occurrence and progression of
OA. The increased number of macrophages results in an imbalance between the synthesis and degradation of the ECM in
cartilage by upregulating the expression levels of proinflammatory factors, thus damaging the function of the cartilage.>***

However, the inflammatory response in OA depends mainly on activated osteoclasts, which can secrete ROS
molecules, and persistent oxidative stress is the source of inflammation.®* Recent studies have also indicated that ROS
are important components regulating the differentiation process of osteoclasts.*”*® In a hypoxic environment, the
accumulation of mitochondrial ROS is essential for osteoclast differentiation.”’**> NOX has been identified as one of
the key sources of ROS. It has also been reported that the decreased production of ROS by silencing NOX1 (a member of
the NOX family) in bone marrow mononuclear macrophages inhibited osteoclasts differentiation.”® In addition to
osteoclasts from synovial tissue, osteoclasts from subchondral bone also play an important role in OA. The abnormal
mechanical overload caused by anterior cruciate ligament tears leads to an increase in osteoclast activity and bone
resorption in subchondral bone, which finally triggers the occurrence of OA.%* Inhibition of hyperactivated osteoclast
activity in subchondral bone can ameliorate OA severity.”> Betaine maintains the structural integrity of subchondral bone
and slows the progression of OA by reducing the production of ROS and inhibiting the activity of osteoclasts.”®
Therefore, osteoclasts are an important target in the treatment of OA.

Chondrocytes, the only cell type present in articular cartilage, are responsible for cartilage homeostasis by maintain-
ing a balance between the synthesis and degradation of ECM comprising primarily type II collagen and aggrecan. It has
been reported that ROS components detected in OA joints that can directly destroy hyaline include O, , HO, peroxide,
and hydroxyproline.”” H,0, inhibited proteoglycan production in chondrocytes by inhibiting mitochondrial oxidative
phosphorylation and ATP generation and subsequently induced chondrocyte cell death in a dose-dependent manner.”®"’
Furthermore, oxidative stress causes apoptosis in superficial cartilage areas, resulting in hypertrophic chondrocytes in
deeper places and affecting normal endochondral ossification and matrix repair.'®® Hence, early intervention for oxidative
stress is necessary to prevent cartilage damage. Antioxidative agents hold great potential in OA treatment for
a considerably high level of oxidative stress that was associated with the development of OA.**'°" Free radical
scavengers with excellent biocompatibility and lower cytotoxicity will expand their further applications in OA therapy.

Polyfunctional Nanosystems 3.0 means that the third generation of nanocarriers was stimuli-responsive or activated by local
environmental changes such as decreased pH, imbalanced redox state, temperature, and external stimuli such as light, ultrasound
and magnetic field. Here, we focus on the third generation of nanomaterials that are ROS-responsive in treating OA.

The ROS-responsive nanomaterials for targeting chondrocytes and osteoclasts in OA are shown in Table 1.

ROS-Responsive Nanomaterials for Osteoclasts
Dexamethasone sodium phosphate (DEX-P) is widely used in the treatment of OA to relieve inflammation and prevent
cartilage ECM loss.'% The main difficulty of clinical application is that soluble drugs (DEX-P) are easy to clear; thus,
frequent administration of DEX-P (once daily) is required.'®® Poly (D,L-lactic acid-co-glycolic acid) (PLGA) has been
extensively used in drug delivery, and its drug release is relatively slow in the absence of initiating factors, which will
affect the therapeutic effect.'®* The ultrasensitive ROS-responsive hollow PLGA microspheres (HM) contain the anti-
inflammatory drugs DEX-P, ethanol, ferrous chloride (FeCl,), and sodium bicarbonate (SBC) as bubble-generating
agents. Excessive H,O, converted encapsulated ethanol into acetic acid in the presence of Fe*" by the Fenton reaction
to form an acidic milieu (acetic acid) in OA tissue. The SBC is decomposed into CO, in an acidic environment, which
subsequently destroys the PLGA shell and releases the internal DEX-P.'%°

It has been found that macrophage polarization is a crucial component of the joint inflammatory microenvironment, which is
a therapeutic target for OA.'%*'%7 Other researchers synthesized a novel polythioketal urethane (PTKU) using diisocyanate and
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Table 1 The ROS Responsive Biomaterials for OA Therapy
Nanomaterial Platform Target Cells | Main Structure Function Ref
Components
RRHMs Hollow Osteoclasts I. C;HsOH Triggered by the conversion of ethanol into acetic acid, | [105]
microsphere (ROS-responsive) releasing SBC-derived CO,, disrupting the shell wall of
2. DEX-P (drug) the HMs, and releasing DEX-P
3. SBC
4. FeCl,
5. PLGA
PTKU@DEXNPs | NPs Osteoclasts I. Polythioketal(PTK) ROS-responsive group PTK is cleavable, then release [108]
(ROS-responsive) DEX.
2. DEX(drug)
3. Diisocyanate
PEG-PTK-PEG Micelle Osteoclasts I. PTK (ROS-responsive) PTK is ROS-specific cleavable for the subsequent [109]
@DA 2. Dexamethasone releasing dexamethasone acetate.
acetate(drug)
3. PEG
4. Hydrogel
CPHs Dendrimers | Osteoclasts I. CORM-401 The CO release from CORM-401 is oxidation- [110]
(ROS-responsive, drug) responsive in the presence of oxidants (H,O,), and
2. PDNs consumes a large amount of H,O,.
3. FA-modified HA
DEX@PPNP NPs Osteoclasts |. Boronate The DEX@PPNP can be broken together with the [111]
(ROS-responsive) boronate by ROS, leading to dexamethasone release.
2. Dex(drug)
3. Polyphenol-poloxamer
DHMP/M Micelle Chondrocytes | |. PDA The PDA shell is responsive to ROS and slowly [I15]
(ROS-responsive) degraded by endogenous ROS, releasing melanin for
2. Melanin(drug) scavenging free radicals.
TKCP@DEX NPs Chondrocytes | |. PEG-thioketal-BHQ-3 ROS-responsive group TK is cleavable, then release [116]
(ROS-responsive) DEX.
2. Dexamethasone(drug)
3. Cartilage-targeting
peptide-Cy5.5
DLNPs Micelle Chondrocytes | |. PLGA-SeSe-mPEG SeSe-group is fractured upon exposure to ROS in [117]
(ROS-responsive) arthritis lesions, then DEX and CDMP-1 are released.
2. Dexamethasone(drug)
3 CDMP-I(drug)
Dex-pPADN NPs Chondrocytes | |. Phenylboronic acid Dex-pPADN is dissociated from the ROS-responsive [119]
(ROS-responsive) phenylboronic acid group, and the structure
2. Dex(drug) transformation of pPADN triggers the release of DEX.
3. PEG

Abbreviations: ROS, reactive oxygen species; RRHMs, ROS-responsive hollow microspheres; HMs, hollow microspheres; DEX, dexamethasone; DEX-P, dexamethasone
sodium phosphate; PLGA, poly (D,L-lactic acid-co-glycolic acid); SBC, sodium bicarbonate; PTKU, polythioketal urethane; NPs, nanoparticles; PEG, poly(ethylene glycol); DA,
dexamethasone acetate; CORMs, CO release molecules; PDNs, peptide dendrimers nanogel; CPH, a multifunctional anti-inflammatory drug; FA, folic acid; HA, hyaluronic
acid; PPNPs, polyphenol-poloxamer NPs; DHMP/M, a smart dual-responsive hybrid micelle with free radical scavenger melanin in the micellar core and polydopamine on the
shell; TKCP, materials formed by Cy5.5-modified cartilage-targeting peptide (CAP, DWRVIIPPRPSA) and PEG-modified oxidation-responsive thioketal linkers (TK); BHQ-3,
Black Hole Quencher 3; DLNP, NPs composed of SeSe-group, DEX and cartilage-derived-morphogenetic-protein-1 (CDMP-1); pPADN, phenylboronicacid modified
L-DOPA pro-antioxidant nanoparticles.

polythioketal (PTK), which is sensitive to ROS. PTKU, as a drug delivery carrier, is loaded with the anti-inflammatory drug DEX
to form NPs (PTKU@DEXNPs). It can significantly inhibit the intracellular level of ROS in the articular cavity and reduce the
destruction of oxidative stress, which results in a lower ratio of inflammatory M1 macrophages to anti-inflammatory M2
macrophages. PTKU@DEXNPs show good cartilage protection and elimination of inflammation in a monosodium iodoacetate
(MIA)-induced OA model.'”
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Based on the ROS-responsive property of PTK, a ROS-scavenging and drug-release platform was synthesized by encapsu-
lating dexamethasone acetate (DA)-loaded ROS-erasable poly(ethylene glycol)-b-polythioketal-b-poly(ethylene glycol) (PEG-
PTK-PEG) micelles (PDM) into an injectable hydrogel. To achieve a self-healing property for viscosupplementation, the
hydrogel (HDH@PDM) was created using a Schiff base reaction between hydrazide-grafted hyaluronic acid (HA-ADH) and
aldehyde-modified dextran (Dex-ALH). Intra-articular injections of a multifunctional hydrogel potently reduced inflammation
through the depletion of ROS, the suppression of inflammatory cytokines, and the downregulation of the proinflammatory M1
1' (Figure 3).

A possible enhancement of OA therapy could be achieved by using ROS clearance to stimulate anti-inflammatory drug release

macrophage ratio in a rat OA mode

in response to oxidation. The therapeutic effect is further increased by targeting the membrane receptor in macrophages and
subsequently releasing anti-inflammatory drugs. Here, a multifunctional anti-inflammatory drug (CPH) was constructed by
physically encapsulating CO release molecules 401(CORM-401) as a CO donor, folic acid (FA)-modified hyaluronic acid (HA) as
the targeting ligand, and peptide dendrimers nanogels (PDNs) as a carrier. The oxidation-responsive release of CO from CORM-
401 is significantly accelerated in the presence of relevant oxidants, such as H,O,. CPHs enter activated macrophages via FA-
modified HA and rapidly release large amounts of CO that suppress the secretion of inflammatory factors by inhibiting cell
proliferation, protect articular cartilage and suppress the degradation of ECM by deleting ROS in OA joints and inhibit
proinflammatory signaling pathways." '

Boronate-stabilized polyphenol-poloxamer NPs are used as drug delivery systems (PPNPs). Dexamethasone is loaded into
PPNP to form nanodrugs (DEX@PPNP) for OA treatment that exhibit ROS-responsive drug release behavior and ROS
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Figure 3 Schematic diagram showing the fabrication of hyaluronic (HA) and dextran (Dex) Schiff base hydrogel loaded with dexamethasone acetate (DA)-encapsulated PEG-
PTK-PEG micelles (PDM) for OA therapy in vivo.

Note: Reprinted from Materials Today Nano, 17, Tong ZA, Hao XB, Sw A, et al, An injectable hydrogel dotted with dexamethasone acetate-encapsulated reactive oxygen
species-scavenging micelles for combinatorial therapy of osteoarthritis-science direct, Copyright 2021, with permission from Elsevier.'®

Abbreviations: ROS, reactive oxygen species; Dex, dextran; ALH, aldehyde-modified; ADH, hydrazide-grafted; DA, dexamethasone acetate; PTK, polythioketal; PDM, DA-
loaded ROS-erasable poly(ethylene glycol)-b-polythioketal-b-poly(ethylene glycol) (PEG-PTK-PEG) micelles; OA, osteoarthritis; ECM, extracellular matrix; HA, hyaluronic.
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scavenging capabilities. In lipopolysaccharide-activated RAW264.7 macrophages, nanodrugs inhibit ROS and nitric oxide
production efficiently and modulate M2 polarization. Treating monosodium iodoacetate-induced OA mice with this nanodrug
reduced the inflammation associated with angiogenesis and arthritis scores and inhibited cartilage degradation and bone erosion in

the joints.""!

ROS-Responsive Nanomaterials for Chondrocytes

Melanin can scavenge ROS due to its abundant reductive functional groups, such as catechol, amine, and imine. Artificial
melanin-like NPs prepared by dopamine polymerization also exhibit the potential to neutralize ROS and reduce joint
inflammation.''*"'* A smart dual responsive hybrid micelle with free radical scavenger melanin in the micellar core and
polydopamine (PDA) on the shell (DHMP/M) has been developed for photoacoustic imaging-guided OA microenviron-
mental regulation. The PDA shell on the surface of the HM/M core is responsive to ROS and slowly degraded by
endogenous ROS. Subsequently, this drug delivery system will gradually release melanin for a long time under chronic
inflammation and be manually activated explosively by near-infrared (NIR) irradiation during acute inflammation. These
two methods are very important for personalized therapy at specific time points.''?

Recently, the ROS-responsive linker thioketal has attracted considerable interest for its sensitivity and responsiveness to
downregulate endogenous ROS. TKCP is formed by Cy5.5-modified cartilage-targeting peptide (CAP, DWRVIIPPRPSA) and
PEG-modified oxidation-responsive thioketal linkers (TK), which contain Black Hole Quencher 3 (BHQ-3) as a quencher for
Cy5.5, and then encapsulated with DEX to form TKCP@DEX NPs. The advantage of TKCP@DEX Nis is that they specifically
target chondrocytes through CAP, cleaving the thioketal linkages in response to high levels of ROS and resulting in the gradual
dissociation of the polymer to release Cy5.5 and DEX in inflamed tissues. The released Cy5.5 from the polymer makes it a long
distance between the quencher (BHQ-3) and Cy5.5, which enables a stronger fluorescence signal from Cy5.5 without the
quenching action from BHQ-3. Conversely, the low level of ROS in normal tissue does not cleave thioketal linkers. BHQ-3
played an important role in quenching Cy5.5 over a short distance. This smart cartilage-targeting ROS-responsive theranostic
nanoprobe is promising for OA therapy''® (Figure 4).

i ROS cleavage 0
:)\s [}4: I": J‘"\S><S/v“"‘_> J:'J—SH + )‘I\

>

TKCP@DEX

©
© oo" Drug release

/%PEG /<" CAPCDWRVIIPPRPSA JLCy5.5 /BHQ-3 o DEX

+

IA Injection T OA

Figure 4 Schematic illustration of the self-assembly of ROS-responsive NPs for bioimaging and targeted therapy of OA in vivo.

Note: Reproduced from Shen C, Gao M, Chen H, et al. Reactive oxygen species (ROS)-responsive nanoprobe for bioimaging and targeting therapy of
osteoarthritis. ] Nanobiotechnology. 2021;19(1):395. doi:10.1186/s12951-021-01136-4.''®

Abbreviations: ROS, reactive oxygen species; IA, intra-articular; OA, osteoarthritis; DEX, dexamethasone; PEG, polyethylene glycol; BHQ-3, Black Hole Quencher 3.
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In addition, the NPs named DLNPs were composed of SeSe-group, DEX and cartilage-derived-morphogenetic-
protein-1 (CDMP-1). The SeSe group, as the ROS response component, will be fractured when encountering a high
concentration of oxygen free radicals in arthritis lesions, and then DEX and CDMP-1, as the main pharmacophore, will
be released to eliminate joint inflammation and induce cartilage repair.''” The drug-loaded micelles exhibited an anti-
inflammatory effect by inhibiting the proliferation of activated macrophages, inducing macrophage apoptosis, and
promoting bone marrow mesenchymal stem cells (BMSC) differentiation into chondrocytes.

Previous studies proved that phenylboronic acid is an efficient ROS-responsive group.''® Dex-pPADN NPs are
constructed by modifying L-DOPA with phenylboronic acid and PEGylating to self-assemble into NPs (pPADN) and
subsequently loading and dual-responsive delivery of Dex,''? inducing the inhibition of proinflammatory factors, the
scavenging of ROS, and the activation of a NIR photoacoustic (PA) signal. In a rat OA model, Dex-pPADN markedly
alleviated synovial inflammation and inhibited joint destruction and cartilage matrix degradation. Moreover, the struc-
tural transformation of pPADN makes it a suitable tool to monitor therapeutic effects such as photoacoustic imaging.

ROS-Responsive Nanomaterials for Other Cells
Other intra-articular tissues, such as the infrapatellar pad, meniscus and synovium, in OA have contributed to the
progression of OA,'®!?% but relatively little research using NPs has been done in these tissues.

To control intracellular gases, researchers created encapsulated S-methylisothiourea hemisulfate salt (SMT) and CAT
ZIF-8 NPs. These NPs were additionally modified with anti-CD16/32 antibody (Ab) to target M1 macrophages and
extend the retention duration of NPs in the synovium. ZIF-8 NPs breakdown into the acidic environment of endosomes
after being ingested by M1 macrophages and release CAT and SMT. In addition, CAT may breakdown extracellular H,O,
to produce O,, which is required for mitochondrial respiration.'** Hypoxia-inducible factor la. (HIF 1a), which is crucial
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for M1 macrophage polarization, can also be inhibited by O, ~". More notably, modified NPs prevented cartilage

degradation in vivo and inhibited macrophage conditioned medium (CM)-induced chondrocyte hypertrophy in vitro.

The Advantages of Nanotherapy in OA

Traditional injection or oral intake of antioxidants usually cannot manifest therapeutic effects because of rapid clearance,
degradation, and low bioavailability. For example, intra-articular injection takes at least once a week for 8 weeks, but
effectiveness cannot be guaranteed due to the rapid clearance and degradation of drug molecules.'?*'** However,
systematic administration often requires a high dosage and frequent drug administration to ensure curative effects,
resulting in obvious side effects.’*'** Nanotechnology refers to the development and use of small nanometer-sized
objects based on their various properties, the size of which ranges from 1-100 nm or their volume-specific surface area is
larger than 60 m?*/cm?. NPs have been used as drug delivery systems, where they are capable of reaching targeted organs
or sites by recognizing receptors on the target cells’ cellular pathways.'?® The advantages of nanodrug delivery systems
in the treatment of OA are summarized as follows.

Increased Bioavailability in vivo by Improving Drug Solubility

Polyethylene glycol (PEG) has been proven to increase drug solubility and is widely used in polymer-drug conjugates
due to its negligible toxicity and immunogenicity.'® Formononetin (FMN), a phytoestrogen from natural herbal plants,
can effectively decrease proteoglycan loss in IL-1p-induced catabolic chondrocytes.'?” PEGylation of FMN followed by
coupling with cartilage-targeting peptide (CollBP) showed good anti-inflammatory and chondroprotective effects in IL-
1B-stimulated chondrocytes and OA rat joints.'*® However, the bioavailability of FMN is low due to its poor water
solubility, but the loading rate of FMN in PEG-CollBP-FMN (PCFMN) is nearly 9%.

High Loading Rate of Drugs

Numerous studies have shown that a higher drug loading of biomaterials is linked to a higher pore surface area. The
mesoporous structure in the NPs was constructed to enhance the drug loading, such as CaP coated mesoporous
polydopamine nanoparticles with responsive membrane permeation ability realizing high siRNA loading capacity (10
wt%) and mesoporous polydopamine nanoparticles (MPDA) have properties of a high payload of doxorubicin
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hydrochloride (up to 2000 pg mg ')."**"'*! The superiority of improving the loading rate of the drug in NPs can
effectively reduce the number of intra-articular injections, which will avoid further damage to cartilage.

Precise Drug Targeting to Organ or Tissue

Synovial inflammation is a major indication of OA. In particular, macrophages in the synovium have attracted
considerable attention.'** '** Several targeting peptides have been described in recent studies. Liposomes containing
phosphatidylserine (PS) (PS-containing liposomes; PSL), as a biomaterial carrier, show the ability to target macrophages
and anti-inflammatory function both in vivo and in vitro.'** A 4-phenyl borate-cyclodextrin biomaterial loaded with
dexamethasone (Dex/Oxi-aCDNPs) reduced joint swelling and cartilage destruction by targeting synovial
macrophages.133 CEL-loaded PRNPs (CEL-PRNPs), which were composed of celastrol (CEL), enzyme-responsive
NPs (termed PRNPs) and RGD-modified NPs (termed RNPs) covered with cleavable PEG chains, selectively induced

the apoptosis of osteoclasts and inflammatory macrophages in arthritic joints.'**

Controlled Release for NPs
External environmental factors, such as near-infrared light (NIR, A= 700—1100 nm), can be used as influencing factors for
precise and controllable drug release. NIR can penetrate inflammatory tissue, the treatment of which is of particular
interest because it is relatively harmless.'*>'?¢

The intra-articular drug delivery nanosystem MoS2@CS@Dex (MCD) was constructed by using chitosan (CS)-
modified molybdenum disulfide (MoS2) nanosheets as NIR photoresponsive carriers loaded with the anti-inflammatory
drug dexamethasone (Dex). MCD was in response to NIR light both in vitro and in vivo and released Dex through
photothermal conversion. Injecting MCD into the articular cavity followed by NIR radiation downregulated the secretion

levels of TNF-o and IL-1, thus protecting chondrocytes and articular cartilage from injury.'*’

Loading and Delivering Multiple Drugs Simultaneously

The onset and development of OA are affected by multiple factors. Therefore, different drugs that target different factors
are essential in OA treatment to achieve remarkable effects. For example, RB@MPMW refers to a metal organic
framework (MOF)-decorated mesoporous polydopamine (MPDA)-based dual-drug delivery system that has bilirubin
(Br) loaded onto the MOF shell and rapamycin (Rap) loaded into the mesopores, which are responsible for enhancing
autophagy activation and scavenging reactive oxygen species (ROS), respectively.'*® Rapamycin, an autophagy activator,
protects chondrocytes from harmful stressors and apoptosis,'*® and bilirubin inhibits the polarization of M1 macro-
phages, which release proinflammatory cytokines.'**"'*° Furthermore, as little as 10 nM bilirubin protects against 10,000-

fold higher concentrations of H,0, !

Theranostic NPs for OA

The nanoprobe with the features of bioimaging and targeted therapy in treating OA shows different fluorescence
intensities depending on the physiologic state. The fluorescent signal from the ROS-responsive nanoprobe following
intra-articular injections was strong in the OA microenvironment but extremely weak in normal chondrocytes and joints,
indicating that the level of the fluorescence signal correlates with the ROS content. This smart cartilage-targeting ROS-
responsive nanoprobe with diagnosis and treatment is especially suitable for OA therapy.''®

The OA microenvironment includes excessive inflammation and the overproduction of ROS, which mainly destroys
ECM synthesis in the development of OA.'** The abnormality of the antioxidant defense system in OA patients is an
important factor that makes tissues susceptible to oxidative stress and causes joint oxidative pathological
damage."'""13%1% Hence, ROS might be a potential therapeutic target in clinical application. Ideal treatment should be
sensitive and activated by changes in the tissue microenvironment, leading to a controlled release of the drug and
satisfying OA therapy.'**

Although nanotherapy has many advantages over conventional treatment, it still has many limitations. 1) NPs can be
transferred via the bloodstream throughout the body and then accumulate in various organs, affecting their functions after

entering the body,'*> which is prevalent, as is the case for ROS-responsive NPs. 2) The synthesis of some NPs is
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Table 2 Advantages and Disadvantages of Nanotherapy in OA

Advantages Ref Disadvantages Ref
Increased bioavailability [128] Accumulation in various organs via the bloodstream [145]
High loading rate [129-131] High cost, complicated synthesis and uncontrollable quality [146]
Precisely targeting to organ or tissue [132-134] Unstable at neutral pH [147]
Controlled release [137] Rapid joint clearance [148]
Loading multiple drugs [138]

Abbreviation: pH, potential of hydrogen.

complicated, and this method requires high cost, such as liposomes.'*® The manufacturing process, reproducibility, and
quality are difficult to control.'"*® 3) Some NPs become unstable in close to neutral pH circumstances, such as
chitosan.'*” 4) The NPs may be present in the joint cavity for only a short amount of time due to rapid clearance.'**

The advantages and disadvantages of Nanotherapy in OA are summarized in Table 2.

Discussion and Future Perspectives

Recently, ROS-responsive nanomaterials have attracted considerable attention in basic research of many diseases, such as
cancer, inflammation and neurodegenerative diseases. Remarkable progress has been made in ROS-responsive biomater-
ials for cancer treatment. However, relatively few studies are available on OA treatment with ROS-responsive biomater-
ials. Previous studies have demonstrated that inflammation stimulates oxidative stress and vice versa. Theoretically, anti-
inflammatory drugs such as DEX also possess the property of removing ROS. In this review, we found that DEX has
been used in almost all ROS-responsive nanodrug delivery systems for clearing excess free radicals in OA tissue.

However, DEX has limited clinical applications due to its side effects at high doses in short-term use or side effects at
low doses in long-term use, which often cause muscular atrophy, bone fractures, and osteonecrosis. Controlling the
release of DEX precisely and responsively in OA treatment is still a great challenge. Melanin, a natural antioxidative
metabolite, has also been applied in OA treatment, which efficiently diminishes inflammatory cytokine release and
cartilage degradation.''? Nevertheless, melanin-based/like biomaterials are linked to poor stability due to the autoxidation
of catechol in aqueous solution. Given the unsatisfactory clinical efficacy of OA treatment, it is urgent to discover novel
drugs targeting inflammation and ROS.

Compared with unresponsive delivery systems, ROS-responsive systems remain stable in normal tissue, preventing
their release to noninflamed tissues, which suggests their specificity in inflammation sites. OA is characterized by the
degeneration of the whole joint, which is especially suitable for intra-articular injection of ROS-responsive nanomedi-
cine, realizing controlled release and targeted therapy without affecting other tissues or organs through blood circulation.
Generally, this approach entailed the endogenous or exogenous stimulus-responsive release of bioactive agents to the
target tissue and reduced the side effects.'**!*°

There are currently a number of clinical trials using NPs. For example, a Phase 3 controlled trial using doxorubicin-
loaded NPs for patients with advanced hepatocellular carcinoma after sorafenib treatment failure (RELIVE) showed the
dose-dependent toxicity of doxorubicin, and this first phase 3 study did increase overall survival.'>' However, there are
few clinical trials using NPs in OA. For example, a randomized controlled trial showed that P. amarus NP gel was
effective for reducing pain and improving the results of the six-minute walk test (6-MWT) in patients with OA knees.'>
This means that NPs are very promising in the treatment of OA, and there is a lot of work to do.

However, difficulties in clinical transformation still exist. 1) The effectiveness and safety of ROS-responsive
nanomaterials need to be considered for long-term use. The best choice for clinical application is the drug carrier
from natural polymers such as chitosan, dextran, alginate, pullulan, and HA, all of which are FDA-approved natural
polymers for their noncytotoxicity, nonimmunogenicity, biocompatibility, and biodegradability. In particular, biomaterials
from the components of cartilage tissue (HA) may be more preferred. 2) The biological mechanism underlying OA
should be well understood. OA is a multifactorial disease for which it is difficult to achieve the desired therapeutic effect

5020 "o Journal of Inflammation Research 2022:15

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Ding et al

using single-modal therapy. Multimodal therapy is an attractive treatment method, especially when paired with precise
treatments. 3) The changes in physiological behavior and tissue structure in experimental animals are different from those
in humans, and different patients respond differently to ROS-responsive nanomedicines because of the complexity of
biological systems.

In addition, all these platforms, including the delivery efficiency of current drug carriers for scavenging ROS, in vivo
therapeutic effects and controlled drug release profiles of the current drug delivery system, are still unsatisfactory due to
their insufficient responsiveness and rapid joint clearance.

Although NPs can respond to the microenvironment when they enter the human body, there is a lack of long-term,
comprehensive analysis of the in vivo toxicity of nanomaterials. Future work should focus on chemistry, new biomater-
ials, specific targets for therapy, and effective free radical scavenging drugs. Moreover, mitochondria are responsible for
the main source of ROS. Conventional antioxidants fail to ameliorate the severity of ROS-related diseases, which may be
a result of their inability to concentrate in mitochondria. Thus, it seems to be a worthwhile strategy to develop
mitochondria-targeted antioxidants in the future. Furthermore, considering the rapid clearance of the joint cavity, NPs
should be designed to maximize the retention time in the joint cavity.

As previously mentioned, the infrapatellar pad, meniscus and synovium promote the development of OA. However,
there are very few studies using ROS-responsive nanoparticles in these tissues. Therefore, novel nanomaterials that target
these tissues can be considered.

Conclusion
ROS-responsive polyfunctional nanosystems 3.0 are a promising therapy for the treatment of OA. Given the effects
proven by the current study, this is very prospective for clinical applications.
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