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Abstract: Drug delivery for osteoarthritis (OA) treatment is a continuous challenge because of their poor bioavailability and rapid
clearance in joints. Intra-articular (IA) drug delivery is a common strategy and its therapeutic effects depend mainly on the efficacy of
the drug-delivery system used for OA therapy. Different types of IA drug-delivery systems, such as microspheres, nanoparticles, and
hydrogels, have been rapidly developed over the past decade to improve their therapeutic effects. With the continuous advancement in
OA mechanism research, new drugs targeting specific cell/signaling pathways in OA are rapidly evolving and effective drug delivery
is critical for treating OA. In this review, recent advances in various IA drug-delivery systems for OA treatment, OA targeted
strategies, and related signaling pathways in OA treatment are summarized and analyzed based on current publications.
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Introduction
Osteoarthritis (OA) is the most common degenerative joint disease that affects approximately more than 300 million
people worldwide.'* Knee OA(KOA) accounts for approximately 85% of all OA cases worldwide.> KOA represents a
major public health challenge for the coming decades. The disease is ranked as the 10th largest cause of global years
lived with disabilities,* and its prevalence has more than doubled in the last 10 years.>® Medication management,
hospitalizations, and joint surgery associated with OA treatment cost the healthcare system billions of dollars annually.*°
OA is a complex and multifactorial disease that involves various tissues lesion of the joint, including degenerative loss of
articular cartilage, osteophyte formation, synovitis, subchondral bone remodeling and sclerosis, inflammation and fibrosis of
the infrapatellar fat pad in the joints’ (Figure 1) Traditionally, OA has been defined as an abnormal biomechanic-induced
disorder causing extensive changes in joint homeostasis; however, it is not merely a passive degenerative disease of “wear-
and-tear” as commonly described, but an active dynamic alteration arising from an imbalance between the repair and
destruction of joint tissues with complex inflammatory and metabolic factors involved.®’ Over the last decade, OA has
been increasingly recognized as a heterogeneous disease with the combined effects of aging, obesity, mechanical imbalance,
gender, inflammation, metabolic imbalance, and genetic background.'®!" The degradation of the articular cartilage is the
central feature of KOA.'? The local unbalanced biomechanical microenvironment and various biological factors in OA induce
cartilage homeostasis dysregulation, resulting in collagen- and proteoglycan-rich extracellular matrix (ECM) degradation,
articular surface fibrosis and erosion, cell death, matrix calcification, and vascular invasion. The progressive destruction of
cartilage stimulated chondrocyte compensatory anabolism hypertrophy. Progressive destruction of cartilage stimulates
chondrocytes to increase anabolism in the form of compensatory hypertrophy'® and this process simultaneously produce
matrix degradation products and pro-inflammatory mediators to accelerate the development of KOA.'* With the further loss of
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Figure | Schematic of an osteoarthritis (OA) joint. OA is a disease of the entire joint in which various tissues in the joint are affected and undergoing progressive lesions,
including 1) cartilage degradation and breaking down; 2) bone remodeling and sclerosis; 3) osteophytes formation; 4) synovial hypertrophy/synovitis; 5) meniscal damage; 6)
ligament dysfunction; 7) muscle atrophy; and 8) inflammation/fibrosis of the infrapatellar fat pad.

cartilage and the exposure of subchondral bone, the increasing bone remodeling induces occurrence of osteophytosis,
subchondral sclerosis, cyst formation, and abnormalities of bone contour in response to the rapid changes of the mechanical
environment.'®> Pro-inflammatory factors secreted by hypertrophic chondrocytes stimulate synovial cell proliferation and
induce T, B lymphocytes and mast cell infiltration in synovial fluid.'® The triggered synovial tissue releases pro-inflammatory
mediators to promote the cascade development of KOA.'” The progressive OA also affects the tissues in and around the joint.
As the largest intraarticular adipose tissue, Hoffa’s infrapatellar fat pad (IFP) is a very sensitive tissue containing adipocytes,
fibroblasts, leukocytes, macrophages and other immune cells.'®'® The IFP of KOA patients presented an increase in
inflammatory infiltration, vascularization, fibrotic changes, and thickness of the interlobular septa.'®*° IFP also in turn to
produce pro-inflammatory mediators and induce synovitis.> > Meniscal/ligament lesion often leads to subsequent cartilage
loss, changes in subchondral bone, lesions of bone marrow and synovitis.>* Meniscal/ligament lesion induced biomechanical
imbalance is a risk factor causing OA.>> Conversely, the progressive OA usually caused meniscal/ligament lesions. There
appears to be a mutually reinforcing relationship between knee osteoarthritis and meniscal/ligament lesion.'®?° In addition,
OA caused dysfunctions of the quadriceps muscle, hamstrings and hip muscles.'®?” The weakness of periarticular muscles of
OA has a significant impact on knee biomechanics. However, it is not clear whether muscle weakness is associated with OA
onset or OA progression.?*?’

Current KOA treatments include surgery, exercise, weight management, training in self-efficacy and pain-coping
skills, and medications.'? There is no cure for OA, even no drugs to stop the progress of the disease.*® Current treatments
only rely on symptomatic interventions, especially focus on relieve pain and enhance physical function. Intra-articular
(IA) injection is one of the pharmacological treatments recommended for KOA in patients who do not respond to oral or
topical analgesics3 ! Compared with oral administration, IA circumvents systemic exposure and potential adverse side
effects®” and strengthens the bioavailability of therapeutic drugs direct access to the joint, which reduces treatment costs.
In addition, IA is an attractive strategy for delivering drugs with low oral and local bioavailability. Currently,
corticosteroids and hyaluronic acid (HA) are the most common drugs administered by IA injection for pain management
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and joint lubrication. However, the consensus on IA corticosteroids injections among scientific societies have not yet
unified and the efficacy and safety of corticosteroids are debated. The balance between GC benefits and potential safety
issues have been highlighted among guidelines. (the 2019 American College of Rheumatology (ACR) guideline, the
Osteoarthritis Research Society International (OARSI) guideline, the American Academy of Orthopedic Surgeons
(AAOS) guideline)** > High molecular weight HA has been used to alleviate the symptoms of OA. HA injection has
been shown to provide lubrication, protect the cartilage from mechanical degradation, anti-inflammation, increase
proteoglycan and HA synthesis, and reduce nerve impulses and nerve sensitivity associated with OA pain.*®

Considering long-term efficacy and safety concerns, current IA drug injection treatments (corticosteroids and HA) are
only used for a short-term therapy and this strategy cannot reverse the progression of OA. There is an urgent need to
develop new IA treatment strategies for OA. IA injection treatment have been rapidly developing with some promising
progress in recent years. Several [A treatment small molecules are investigating in different clinical trial stages, of which
some exhibited promising results (Table 1). For example, a single injection of CNTX-4975 (a trans-capsaicin that
deactivates TRPV 1-expressing nociceptive afferents) provided statistically significant improvements in pain with walk-
ing for subjects with moderate to severe knee pain associated with OA.>” However, most drug agents only remain in the
joint for a few hours and rapidly clear after IA injection owing to the special physiological environment of the joint
(Figure 2A).**** Multiple IA injections may result in less compliance and inflammation. Ensuring that drugs are
consistently and effectively delivered into joint targets remains a significant challenge.* Drug-delivery systems
(DDSs) have evolved rapidly over the past 20 years, and substantial drug loading formulations have been developed
to increase drug duration and provide controlled and/or sustained drug release. Some formulations, such as cationic
nanoparticle TA formulations, have increased the drug duration from several hours to nearly one month (Figure 2B).***

In this review, we summarized the IA DDSs development over the past five years (Figure 3) and discuss the
application prospects of different types of DDSs for OA treatment.

Methods

Studies on IA DDSs over the past five years were collected by using the PubMed/Google Scholar/Scopus/Web of Science
databases. Search keywords were set as “injection” and “osteoarthritis”. “NoteExpress” software was used to remove the
duplicated studies in the collected publications. Then, the publications were categorized into different categories for further
analysis (for example: “hydrogel”, “microspheres”, and “nanoparticles”). In addition, the signaling pathway studies related to
IA injection for OA treatment over the past five years were also collected by using the PubMed/Google Scholar/Scopus/Web

of Science databases, Search keywords were as “Signaling pathway”, “injection” and “osteoarthritis”. Impact factor of the
collected publications > 5 were selected and categorized into signaling pathway categories for analysis.

Different Drug-Delivery Systems for Intra-Articular Injection of Knee Joint
At present, biodegradable and bio-eliminable materials have been widely utilized for IA DDSs with diverse benefits,
including, but not limited to, enhancing the stability of encapsulated drugs, decreasing toxicity, reducing adverse effects,
improving pharmacokinetics, and targeting specific sites. In this study, the current [A DDSs are divided into three
categories according to their material characteristics; that is, nanoparticles, microspheres, and hydrogels. We collected
22,040 publications on IA DDSs from the past five years. Of these publications, hydrogels, nanoparticle carriers, and
microspheres accounted for 41.2, 40.47, and 18.33%, respectively, of the IA DDSs used for OA treatment (Figure 3).

Hydrogels

Hydrogels are cross-linked 3D polymer networks with a high water content which expand in water-soluble environments
and form polymerization systems with targeted substances such as proteins, nucleic acids, small organic molecules, etc.
The high water content of hydrogels (typically 70-99%) is physically similar to tissues, providing excellent biocompat-
ibility and the ability to easily encapsulate hydrophilic drugs. Hydrogel DDSs have been applied in different medicinal
fields, including cardiology, oncology, immunology, wound healing, and pain management.’® Hydrogel gelation strate-
gies are selected according to the characteristics of various materials and include Schiff-base cross-linking, enzyme-
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Table | Clinical Trials of Small Molecules Delivered by IA Injection as Currently Listed on www.clinicaltrials.gov

Antonia Antonia Antonia Antonia Antonia | Antonia Antonia Antonia
Safety and tolerability of 4975 in the treatment of moderate | CNTX-4975 | Relieving pain—targeting the Centrexion Phase Il Non Completed, | NCT00667654
to severe knee pain due to OA. capsaicin receptor (TRPVI) Therapeutics randomized, Dec 2016
open label

Fasitibant IA injection in patients with symptomatic OA of | Fasitibant Relieving pain—kinin B2 receptor | Menarini Group Phase I Randomized, | Completed, | NCT02205814
the knee (MENI6132) | antagonist double blind Oct 2015
Safety, tolerability and efficacy of IA verapamil in the Verapamil Relieving pain—Wnt/B-catenin Calosyn Pharma, Inc. | Phase Il Randomized, | Terminated, | NCTO01645709
treatment of joint pain in subjects with OA of the knee inhibitor Health Decisions double blind Aug 2014
Proof-of-concept study to assess the efficacy, tolerability GZ389988 Relieving pain—tropomyosin Genzyme, Sanofi Phase I Randomized, | Completed, | NCT0284527I
and safety of a single IA dose of GZ389988 vs placebo in receptor-kinase A (TrkA) double blind Sep 2017
patients with painful OA of the knee receptor antagonist
A study evaluating the safety, tolerability and efficacy of SM04690 Relieving pain—Wnt pathway Samumed LLC Phase I Randomized, | Completed, | NCT02536833
SM04690 injected into the target knee joint of moderately inhibitor double blind Nov 2017
to severely symptomatic OA subjects.
Safety of single doses of SARI13945 and efficacy and safety | SARI13945 Inflammation relief-lkB kinase Sanofi Phase I Randomized, | Completed, | NCTO01598415
of a new formulation given into the knee in OA patients inhibitor (upstream of NF-kB double blind Oct 2014

signal transduction cascade)
A multicenter study of rhFGF 18 in patients with knee Sprifermin Stimulating cartilage anabolism- Merck KGaA Phase | Randomized, | Completed, | NCT01033994
osteoarthritis not requiring surgery rhFGFI8 double blind | Jun 2014

Abbreviations: API, active pharmaceutical ingredient; rhFGFI8, recombinant human fibroblast growth factor 18.
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Figure 2 Representative half-lives or retention times of intra-articular (IA) drug (A)*®***/intra-articular drug (B)***° delivery system in a joint.
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Figure 3 A statistical chart of the research status of articular injection drug-delivery systems from the past five years.

mediated cross-linking, photocrosslinking, or thermosensitive cross-linking.”' Hydrogels have a long application history
as a joint lubricant, and were reported in animals as early as 2002.%2

Hydrogels Used as a Drug-Delivery System

Hydrogels are generally composed of macromolecules with long retention times in the knee joint compared with small-
molecule materials. Therefore, hydrogels are generally used as a DDS for prolonged drug effects in joints. Chondrogenic
factors,™ chondroitin sulfate nanoparticles,™ and oligonucleotides®>>® have been commonly loaded into hydrogel delivery

? and

systems for therapeutic studies. Some traditional medicines (such as celecoxib,”’ meloxicam,”® dexamethasone,’
triamcinolone®® loaded in hydrogel delivery systems not only provided improved long-term drug release, but also enhanced

anti-inflammatory effect than the original formulations (See Table 2 for details).

Hydrogels Used as Cell and Tissue Engineering Scaffolds

Currently, many tissue or cell transplantation techniques have been used for OA cartilage regeneration. However, the
cumbersome in vitro cell manipulations and potential cancer risks limit their application.®’ In the last few decades, cell
and pro-growth factors combined with hydrogel scaffolds applied in tissue engineering has attracted significant attention.
As typical representatives, natural hydrogels with high performances are ideal biomaterial scaffolds for cartilage repair
because of their preferable reconstructions of cell growth, proliferation, differentiation, and new tissue formation.
Hydrogels such as polyglucosamine,®* chitosan,*® hyaluronic acid,** and acellular cartilage matrix®® showed promising
applications in the field of cellular implantation for the treatment of OA.

Drug Design, Development and Therapy 2022:16 heeps: 1315

Dove:


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

aa0(q

91€l

:sdyyy

91:720T Adeaay] pue juswdojpasq ‘udisag 8nug

Table 2 Summary of Hydrogel Drug Delivery System

material

Types of Hydrogel | Drug Carrier In vivo/ | Experimental Treatment Effect Ref
Effect vitro Subject
CTL - Lubrication In vitro Macrophages; Hydrogels showed a good biocompatibility in vitro and the ability of not stimulating the activity of macrophages in terms of | [185]
Chondrocytes cytokines release. In addition, the beneficial effect of the CTL-boric acid hydrogel was related also to its ability of acting as a
scavenger system for ROS; After Fenton reaction, NaOCI and lysozyme treatment, CTL hydrogels has better anti-
degradation ability than HA hydrogels.

PEG BMP2 and sVEGFRI Slow release In vivo Mice Stimulating differentiation of skeletal stem cells into cartilage. [53]

Alginate / Poly (vinyl | Chondroitin sulfate and Slow release; In vivo Rabbits Promoting the formation of new matrix in cartilage defects, and the new matrix contain matrix, chondrocytes and [54]

alcohol) nanohydroxyapatite Targeting osteoblasts with the characteristics of hyaline cartilage.

Fibrin/HA Anti-miR-221 Slow release In vitro HMSCs; Mice Fibrin /HA strongly retained functional antimiR-221 over 14 days of in vitro culture and miR-221 knockdown in situ within 7 | [55]

& vivo days;
Promoting endogenous cells to repair calf metacarpal cartilage implanted in mice.

Fibrin/HA LNA-gapmers Slow release In vitro Chondrocytes The sustained released profile up to 14 days; [56]
Gapmers loaded in hydrogels were able to transfect both co-embedded chondrocytes and chondrocytes in a neighboring
gapmer-free hydrogel;

Efficient knockdown of ADAMTSS5 was shown up to 14 days in both cell populations.
PCLA-PEG-PCLA Celecoxib Slow release In vivo Horses Elevated levels of celecoxib were observed in the joint for up to 30 days; The sustained and controlled intra-articular release | [57]
Thermal in both inflamed and healthy joints together with very low systemic exposure;
response Celecoxib formulations had a mild, transient effect on inflammatory and structural synovial fluid biomarkers but these
returned to baseline within one week of administration;
The hydrogels showed a significant inhibition in peak white blood cells concentration at 8 hours after LPS induction.
CMC-MC-P Meloxicam Slow release In vitro Chondrocytes 100% of meloxicam was released from the hydrogels containing the meloxicam solution within 20 days, but it was released | [58]
slowly from the hydrogels containing nanoparticles in 37 days;
Chondrocytes metabolic activity was increased on the 6th and |10th days for all hydrogels.
Chitosan Dexamethasone Slow release In vivo Mice The cumulative release profiles of dexamethasone from hydrogels at 37 °C revealed a rapid release in the first 24 hand a | [59]
Thermal sustained slow release for 7 days;
response In vivo studies showed that the drug-loaded hydrogels exerted a cartilage protective effect by reducing the expression of
MMP-9, MMP-13, and ADAMTS-5, attenuated bone destruction in DMM-induced OA in mice, and improved synovitis and
OA progression progress.

GEL-MAN Triamcinolone Slow release In vivo Mice In vitro, hydrogels can be continuously released for 24h under H,O, environment; [60]
In vivo experiments showed that the hydrogels group had a higher OARSI score, less inflammatory response, and less
cartilage matrix degradation than triamcinolone acetonide alone.

Polyglucosamine/ ADMSCs Trestle In vivo Human Patients The initial WOMAC score of 58.6 + 11.0 in the study group was reduced by 88% at 6 months (7.1 £ 9.2) and 95% at 24 [62]

glucosamine months (2.9 £ 5.9);

carbonate Separate biopsies performed at |2 months post-op in the study group also revealed type 2 collagen and hyaline-like cartilage
in the regenerated tissue.

CS/SF/ESM - Filling In vitro Chondrocytes The hydrogels supported better adhesion, growth and differentiation of chondrocytes under standard culture conditions. [63]
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HA-TG Polydactyly chondrocytes Trestle In vitro Mice, Chondrocytes Polydactyly chondrocytes have a steady proliferative rate and re-differentiate in 3D pellet culture after up to five passages; | [64]
of children under the age & vivo Polydactyly chondrocytes produce cartilage-like matrix in a hyaluronan-based hydrogel.
of 2
ACM-BMHP Rabbit MSC Trestle In vitro Rabbit, rabbit MSC Stimulating rabbit MSC proliferation, attachment and chondrogenic differentiation; [65]
& vivo Upregulation of cartilage-associated aggrecan, Sox9 and type Il collagen;
At 3 and 6 months after operation, the articular cartilage defect was completely covered by cartilage-like tissue, and the
surface was smooth, similar to the surrounding natural cartilage.
Thermosensitive Glutathione Slow release In vitro Cisd2 ** 7 miPSCs- The cumulative release percentage within 48 hours is 96.8+ 4.6%; [72]
chitosan-gelatin derived chondrocyte- Post-treatment of glutathione-loaded hydrogels effectively decreased the oxidative stress-induced damage in Cisd2 7~
like cells chondrocytes via increasing catalase activity, down-regulation of inflammation, and decreasing apoptosis.
PCLA/PEG Celecoxib Slow release In vitro Rats In vitro, release of celecoxib started after a ~10-day lag phase followed by a sustained release of ~90 days; [74]
& vivo In vivo (subcutaneous injection in rats) experiments showed an initial celecoxib release of ~30% during the first 3 days
followed by a sustained release of celecoxib for 4-8 weeks and where no cartilage or bone changes were observed following
injection into the knee joints of healthy rats.
PA-PGE-PA & PAF- - Filling In vitro Rabbits Neo-cartilage at 12 weeks post-implantation generated by PAF-PEG-PAF hydrogels carrying BMMSCs possessed higher [76]
PEG-PAF material & vivo levels of GAGs and Col Il, and lower levels of Col | than that of the PA-PEG-PA and control groups;
PAF-PEG-PAF not only promoted proliferation of BMMSCs in vitro, but also facilitated
hyaline-like cartilage regeneration with reduced fibrous tissue formation in vivo.
Glycol chitosan/ - - In vitro Chondrocytes, mice The mitochondrial activity of chondrocytes proliferated in the presence of HGC and AcHA was higher than that of [73]
hyaluronic & vivo chondrocytes in the control without hydrogel in the medium;
On day 3 after implantation, inflammation in the AcHA/HGC thermosensitive hydrogels was slightly worse than that in the
HGC gels, and on day 7, the AcHA/HGC thermosensitive
hydrogels significantly decreased the inflammatory response, which almost disappeared by day 30.
CMC/P (NiPAM-co- - Filling In vitro Human mesenchymal Cells migration mediated the formation of cells aggregates in the thermosensitive hydrogels and led to a cells dense hollow | [77,78]
AA) material stem/stromal cells shell structure;
Compared with the control group, the cartilage-related genes (SOX9, Aggrecan, and Col 2Al) induced by hydrogels
chondrogenesis in the 4th week were significantly higher than those in the control group. There was still significant
difference between SOX9 and Col2Al 6 weeks after chondrogenesis. At the 8th week of chondrogenic induction, the
expression of Aggrecan was higher than that of the control group, and there was no significant difference in other genes;
Sulfated glycosaminoglycan and COL2A| were found in the new cartilage induced by chondrogenesis, and the hydrogels
group was more obvious than the control group. The structure of multi-empty cells mass formed in the hydrogels group was
more compact than that in the control group.
HA/PEG-p - Slow release In vitro Mice Hydrogels are able to inhibition the inflammatory process in a mouse model of OA through the controlled and sustained [79]
(HPMAm-lac) & vivo release of HA over a time period that goes from 30 to 70 days in vitro;
For OA caused by injection of collagenase, the hydrogels demonstrated the ability to restore, to some extent, bone
remineralization, proteoglycan production, levels of Sox-9 and Runx-2.
Furthermore, the downregulation of proinflammatory mediators, such as TNF-a, NF«B, and RANKL and proinflammatory
cytokines was observed.
(Continued)
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Table 2 (Continued).

Types of Hydrogel | Drug Carrier In vivo/ | Experimental Treatment Effect Ref
Effect vitro Subject
Poloxamers Glucosamine Slow release In vitro Rabbits In the in vitro release experiment, the release rate of glucosamine from hydrogel was significantly slower than that of [80]
& vivo control group under different PH conditions;
After intra-articular injection of hydrogel, the degree of swelling and inflammatory factors were significantly decreased in the
hydrogel group compared with those in the OA model group;
Histological results showed that the Gels group had a good repair effect on damaged cartilage.
PLEL Platelet lysate Slow release In vitro Human Chondrocytes; Platelet lysate that passes through the hydrogel can be released for up to 35 days in vitro. The complex helped chondrocytes | [81,82]
& vivo Rats against inflammatory responses and excess catabolism under
IL-1B stimulation as well as improved its redifferentiation ability in vitro and RNA sequencing analysis indicated that PLs
protective effects might be associated with modulating hyaluronan synthase | (HAS-I) expression;
Ameliorating early cartilage degeneration and promoted cartilage repair in the late stage of
osteoarthritis.
sEVs load circRNA3503 Slow release In vitro Chondrocytes; Rats sEVs that passes through the hydrogel can be released for up to 35 days in vitro;
& vivo The therapeutic agent enhanced the regenerative/renewal abilities of chondrocytes to neutralize cartilage defects caused by
OA progression, and circRNA3503 (1) enhanced ECM synthesis in cartilage (2) suppressed chondrocyte apoptosis caused
by OA-induced ER stress, and (3) suppressed ECM degradation in cartilage caused by OA-induced ER stress.
Amphiphilic poly TCA Slow release In vitro Rats The in vitro release study showed sustained TCA release for six weeks; [84]
(organophophazene) & vivo The hydrogel was completely degraded in rats for 42 days;
Compared with the direct injection of triamcinolone acetonide solution group, the hydrogel group had significant anti-OA
effect and could effectively prevent the loss of cartilage tissue.
HA-VS/SH-2-PEG - Viscoelasticity | In vitro Rabbits; Chondrocytes Through the experiments of implanting cells in the hydrogels and injecting the hydrogels into the joints of healthy animals, it | [184]
& vivo is proved that the hydrogels had good biocompatibility;
The rabbit OA joint injected with viscoelastic hydrogels had better gross morphology and Mankin score.
GG/PVA - Viscoelasticity | In vitro NIH3T3 mouse No cytotoxicity [186]
fibroblasts;
Human chondrocytes
PNIPAM; HA Diclofenac sodium Slow and In vitro Chondrocytes; Rats Diclofenac sodium was released continuously for up to 9 days; [85]
controlled & vivo Hydrogels particles protected the cells against the H,O,-induced chondrocytes degeneration and prevented the H,O,-
release caused cartilage marker protein decrease;
Hydrogels particles prevented the decreased expression of collagen Il and aggrecan. In addition, the concentration of TNF-a,
COMP, CTX-Il, and MMP-| were decreased;
Histological analysis showed that OA rats treated with hydrogel particles had improved synovial hyperplasia and amount of
synovial fluid, and cartilage tissue surface was less damaged and smoother.

Abbreviations: CTL, lactose-modified chitosan; sVEGFRI, soluble VEGFRI, a VEGF receptor antagonist; PAMAM, poly- (amidoamine); GelMA, photo-crosslinked methacrylate gelatin hydrogel; DMA-MPC, self-adhesive polymer;
ADSCs, adipose-derived stem cells; DEX-TA, amine-terminated dextran—tyramine conjugates; PA, poly(l-alanine); PEG, poly(ethylene glycol); PLA, poly(DL-lactic acid); PLGA, poly (lactic-co-glycolic acid); PNIPAm, poly(N-
isopropylacrylamide); HA, hyaluronic acid; CS, chitosan; LNA-gapmers, locked nucleic acid modified antisense oligonucleotides; ADAMTS, A Disintegrin and Metallo Proteinase with Thrombospondin Motifs; ADMSCs, adipose derived
mesenchymal stem cells; SF, silk fibroin; ESM, egg shell membrane; TG, transglutaminase; ACM, acellular cartilage matrix; BMHP, bone marrow homing peptide; NIPAM, N-isopropylacrylamide; AA, acrylic acid; CMC, carboxymethyl
cellulose; p(HPMAm-lac), poly(N-(2-hydroxypropyl)methacrylamide lactate); PLEL, poly(d,I-lactide)-poly(ethylene glycol)-poly(d,I-lactide); PL, platelet lysate; HA-VS/SH-2-PEG, vinyl sulfone-modified HA crosslinked by dithiol-terminated
poly(ethylene glycol); GG, gellan gum; PVA, polyvinyl alcohol; CMC-MC-P, carboxymethyl chitosan -methylcellulose—pluronic; GEL-MAN, it is a hydrogel formed by benzoxaborole-containing polymers; BMMSCs, bone marrow
mesenchymal stem cells; PAF, poly(L-alanine-co-L-phenylalanine); TCA, triamcinolone acetonide.
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Functional Hydrogels
Hydrogels made of natural polymer materials have their limited properties (including, rheological, stability, mechanical
strength, et al.); therefore, modified hydrogels with different functional groups are rapidly evolving because of the
modifications improve the properties of natural polymer. In addition, these modifications create different kinds of smart
hydrogels, which could automatically sense and respond to changes in the external environment (include temperature
sensitive, pH sensitive, photosensitive, magnetic sensitive and temperature/pH dual sensitivity hydrogels).®*"!
Temperature-sensitive hydrogels have always been favored because they are easier to load with drugs or cells and possess
more convenient in situ formation properties than other hydrogels.®®®” Thermosensitive hydrogels, such as chitosan with p-
glycerol phosphate,’® glycol chitosan,”> PEG-grafted polyalanine or poly(lactide-co-glycolide),”*”® poly(N-isopropylacry-
lamide-co-acrylic acid) (p(NIPAAm—AA)),77’78 poly(ethyleneglycol)—(p(HPMAm-lac)—PEG),7° poloxamers,go poly(d,l-lac-
tide)-poly(ethylene glycol)-poly(d,l-lactide) (PLEL),*'** hyaluronic acid-chitosan-poly(N-isopropylacrylamide),** and
amphiphilic poly(organophosphazene),®* have been increasingly applied in the treatment of OA. A previous study demon-
strated that temperature-sensitive PNIPAM (poly(N-isopropylacrylamide)) hydrogels® could regulate drug release according
to the joint temperature. This design offers a novel concept for the hydrogel treatment of OA.

Nanoparticles
Nanoparticles (NPs) are also frequently used in OA treatment studies. NPs are submicron particles with dimensions
ranging from 1 to 300 nm, which is approximately 1000 times smaller than that of chondrocytes. NPs as carriers can
incorporate drugs on the surface or matrix to protect them from enzymatic degradation, improve their penetration across
the cartilage matrix, and regulate drug pharmacokinetics, which is beneficial for improving the efficacy and reducing the
toxicity of therapeutic compounds.®® By adjusting the physicochemical properties or decorating with moieties, NPs can
be modified with functional groups to target the components and/or cells in the cartilage.®” This section reviews the
current developments and novel applications of OA-related NP-based DDSs, including liposomes, micelles, dendrimers,
polymeric nanoparticles (PNPs), and exosomes.>'#%92
Liposomes
Liposomes are spherical vesicles composed of phospholipids and steroids,” and are both hydrophilic and lipophilic.”*
Liposomes have been proven to prolong drug efficacy, improve bioavailability, and provide tissue/cell targeting.”> *® Some
liposome formulations are already commercially available for treating OA. For example, Lipotalon® (Merckle, Germany) is
the first used liposome formulation in Germany to clinically treat OA by IA delivery,* containing dexamethasone palmitate as
active ingredient, preferentially taken up by synovial macrophages after IA injection and transformed to its active form by
intracellular esterases, thus preventing the side effects of free dexamethasone (synovitis and tissue irritation).”®'%

However, the aqueous environment of the synovial fluid may lead to rapid drug release. These shortcomings have
limited the application of liposomes.

1). Prolonged duration of drug efficacy

Liposomes can prolong drug retention because the drugs are encapsulated within the phospholipid bilayers and are more
difficult to remove than small-molecule drugs. The efficacy of many drugs has reportedly improved through liposome

103 and

formulations. For example, the liposome formulations for rapamycin,'®" fish oil protein,'®* diclofenac sodium,
d-glucosamine sulfate'® have been reported to enhance the inhibition of pro-inflammatory factors or promote cartilage-
related genes expression (See Table 3 for details).

2). Improved bioavailability

The phospholipid bilayer structure of liposomes has a high affinity for the cell membrane and good stability, and the

uptake of drugs can be improved by liposome formulations. In recent years, natural molecules, such as curcumin,'®>'%¢

lornoxicam,107 1ot

and rapamycin, ~ with poor bioavailability were also loaded into liposomes for OA treatment. The results
showed superior therapeutic effects and better bioavailability than the original forms.

3). Liposome tissue/cell targeting

Modified liposomes with functional groups for targeting are generally based on two strategies.

(D Targeting agents loaded in liposome formulation
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Table 3 Summary of Nanoparticles Drug Loading System

Material (Carrier Type) Drug Carrier Effect In vivo/ | Experimental Treatment Effect Ref
vitro Subject
Liposomes
DSPC/cholesterol/OCT Rapamycin Slow release In vitro Chondrocytes; The release from rapamycin-loaded liposomes was around 85% after 72-hour incubation; [1o1]
& vivo HOAGCS; Guinea Rapamycin-loaded liposomes largely up-regulated aggrecan and collagen Il mRNA in human OA chondrocytes;
pigs Results on OARSI score showed that intra-articular injection of 5 M liposomes-rapamycin with LIPUS
displayed the greatest anti-OA effects;
Immunohistochemistry revealed that liposomes-rapamycin with or without LIPUS predominantly reduced
MMP-13 in vivo.
DPPC Fish oil protein Slow release In vitro HIG-82 cells; Rats Maximum fish oil protein released was 68.98 + 7.09% within 24 h; [102]
& vivo The serum and synovial interleukins levels were restored after the treatment with fish oil protein-loaded
liposomes;
In vitro data also showed that treatment with fish oil protein-loaded liposome leads to apoptosis of the HIG-82
arthritic cells.
DPPC /Cholesterol Dex; Diclofenac Slow release In vitro Chondrocytes; Mice | The continuous release time of liposomes is 7 days; [103]
& vivo Inhibiting neutrophil elastase and inflammation in vivo;
Reducing arthritic inflammation and leukocytes infiltration.
DSPC D-glucosamine Slow release In vitro Mouse chondrocyte | Liposomes prolong D-glucosamine sulphate release for 14 days; [104]
sulphate The liposomes accelerated the viability and proliferation of primary mouse chondrocytes while also providing
the anti-inflammatory and cartilage protective potential for tumor necrosis factor (TNF-a) induced
chondrocytes degeneration through the downregulation of pro-inflammatory cytokines, pain related gene and
catabolic proteases, as well as the up-regulation of anabolic components.
Soybean phosphatidylcholine Curcumin Increasing drug stability In vitro Mouse osteoblast- With interleukin (IL)-1p stimulation, curcumin-loaded liposomes successfully down regulated the expression of | [106]
/Cholesterol and improving drug like cells and inflammatory markers on osteoblasts, and showed a high osteoprotegerin (OPG)/receptor activator of nuclear
bioavailability macrophages factor kB ligand (RANKL) ratio to prevent osteoclastogenesis.
Phosphatidyl choline/ Adenosine or Targeting A2A receptor In vivo Mice Differential expression analysis of mMRNA from chondrocytes harvested from knees of rats with OA treated [108,109]
Cholesterol CGS21680 with liposomal A2AR agonist revealed downregulation of genes associated with matrix degradation and
upregulation of genes associated with cell proliferation as compared to liposomes alone.
Lipofectamine TM 2000 kit miR-15a Targeting SMAD2 In vitro Human normal Inhibiting the proliferation and promoting apoptosis of knee arthritis chondrocytes. [110]
chondrocytes
Lipo2000 microRNA-143-3p Targeting BMPR2 In vitro BMSCs MiR-143-3p could regulate the differentiation process by targeting BMPR2 in BMSCs. [
DSPE-PEG-maleimide/ HAP- Prednisone / Targeting Synovial; In vitro Synovial fibroblast Targeted liposomes specifically bound to rabbit FLS and human FLS and showed a 7-10 folds increase in vivo [113]
| peptide immunosuppressive Targeting Inflammation & vivo like and endothelial localization in affected joints compared to unaffected joints.;
peptide CP cells; Rats The tissue sections from liposomes treated rats showed very little inflammatory cell infiltrate with normal bone
contour.
DOPC/DOPE/cholesterol/ Dex Targeting inflammation In vitro HUVEC; Rats ART-2-targeted liposomes-Dex was more effective in suppressing arthritis in rats than untargeted liposomes- [114]
ART-2 & vivo DEX or free DEX.
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EPC/PEG/cholesterol

Lecithin/ pyrophosphorylated

cholesterol; cholesterol

DOPC/ DSPE-PEG2000/
DSPE-PEG2000- maleimide/

type |l collagen

Targeting inflammation

In vivo

Mice

The results indicated that liposomes with 100 nm diameter, a slight negative charge, and 10% incorporation of 5 | [I15]
kDa PEG had better in vivo circulation time and inflamed joint targeting than did other liposomes;
Pharmacodynamic studies demonstrated that Dex liposomes could significantly improve the antiarthritic

efficacy of Dex in a CIA mouse model of RA.

Salvianic acid A

Targeting bone

In vivo

Mice

Locally administered SAA-BTL was found to significantly improve fracture callus formation and micro- [l116]
architecture with accelerated mineralization rate in callus when compared to the dose equivalent SAA, non-
targeting SAA liposome (SAA-NTL) or no treatment on a prednisone-induced delayed fracture union mouse

model.

Targeting cartilage

In vivo

Mice

- (171

Micelles

DSPE-PEG2000/sPLA

PCL-PEI/PCL-PEG

PEPS

FA/PSA/Cholesterol

PLGA-SeSe-mPEG

sPLA inhibitor

Targeting lesion tissue

In vitro

& vivo

Mice; Cartilage

explants

sPLA,i-NPs were able to penetrate into the deep zone of the articular cartilage and exhibit high cartilage [120]
accumulation;

SPLA2i-NPs prevented cartilage degeneration in OA cartilage explants and reduced joint damage in surgery-
induced mouse OA model. In addition, sPLA,i-NPs blocked joint damage in a single load-induced mouse

posttraumatic OA model.

p65 siRNA and Dex

Targeting NF-kB signaling

In vitro

& vivo

Raw264.7;
HUVECs; Mice

This novel hybrid micelles to co-deliver Dex and siRNA targeting p65 could potently suppresses nuclear [121]
translocation of p65 and secretion of pro-inflammatory cytokines by activated macrophages and also triggered
the re-polarization of macrophages from the pro-inflammatory M1 type to the anti-inflammatory M2 type;

The hybrid micelles to accumulate selectively in inflamed joints of the arthritic mice for as long as 24 h.

Celastrol

ROS-responsive

In vitro

& vivo

Raw264.7; Mice

Celastrol-loaded micelles may inhibit the re-polarization of macrophages toward the pro-inflammatory Ml [122]
phenotype via regulating the NF-kB and Notch| pathways, which resulted in significantly decreased secretion of
multiple pro-inflammatory cytokines to suppress the RA progression and effectively alleviated the major RA-
associated symptoms including articular scores, ankle thickness, synovial inflammation, bone erosion and

cartilage degradation.

Synovial inflammation

targeting

In vitro

& vivo

Raw264.7; Mice;
Rats

Micelles could also enhance the intracellular uptake of Dex and the suppression of tumor necrosis factor-a [124]
(TNF-a) and interleukin-6 (IL-6) in vitro and in vivo;
FA modification significantly improved the anti-inflammatory efficacy of micelles;

Arthritis mice showed reduced paw thickness and clinical arthritis index using micelle treatment.

Dex and CDMP-|

ROS-responsive

In vitro

BMSCs; Raw264.7

The drug-loaded micelles effectively inhibited proliferation of activated macrophages, induced macrophage [123]

apoptosis with an anti-inflammatory effect, and caused the BMSCs to differentiate into chondrocytes.

(Continued)
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Table 3 (Continued).

Material (Carrier Type) Drug Carrier Effect In vivo/ | Experimental Treatment Effect Ref

vitro Subject

LMWH-TOS Methotrexate Targeting inflammatory In vitro HUVECs; Mice The hydrophilic fragment low molecular weight heparin (LMWH) acts as a shield which block the transvascular | [125]
sites & vivo movement of neutrophils through inhibiting the adhesion cascade by binding to P-selectin on inflamed

endothelium;

Hydrophobic fragment d-a-tocopherol succinate reduced matrix metalloproteinase-9, which was secreted by
neutrophils and degrades the main components of articular cartilage;

In collagen-induced arthritis (CIA) mouse model, LT NPs showed significant targeting effect, and exhibited
prominent therapeutic efficacy after enveloping the first-line anti-RA drug methotrexate.

mPEG-PPF Ibuprofen pH-responsive In vitro HIG-82; Ibuprofen release was observed to increase with increasing acidic conditions and could be controlled by varying | [126]

the amount of crosslinker used;
Micelles exerted anti-inflammatory effects by significantly decreasing monosodium urate crystal-induced
prostaglandin E2 levels in rabbit synoviocytes cultures in vitro.

Poly (B-amino ester) Curcumin Cartilage targeting and In vitro RAW264.7 cells; The polymer combined with curcumin can form its own micelles and released curcumin under acidic conditions; | [127]
PH controlled release & vivo Mice Micelles drastically protected the articular structures from arthritis through the suppression of tumor necrosis

factor-alpha (TNF-a) and interleukin 1B (IL-1B).

PCL-PEOz-NH2/ MR-Cy5.5/ Psoralidin Enzyme targeting and PH | In vitro Chondrocytes; Mice | Anti-inflammatory effect of micelles on IL-1B-induced chondrocytes via the MAPK, NF-kB, and PI3K/Akt [130]

collagen type Il targeting. & vivo signaling pathways;

The incorporation of collagen Il peptides and the use of acid responsive polymer PAMAM promoted micelles
targeting and retention in the joints of OA.

Dendritic polymer

PAMAM; PEG KGN Improve drug In vitro BMSCs; Rats The combination with polymer could improve the effect of osteogenic induction of KGN; [138]
bioavailability & vivo The fluorescein labeled PEG-PAMAM was capable to persist in the joint cavity for a prolonged time of both

healthy and osteoarthritis (OA) rats.

PAMAM; PEG IGF-1 Improve tissue binding, In vivo Rats When conjugated to insulin like growth factor | (IGF-1), the dendrimer penetrated bovine cartilage of human | [49]
penetration and thickness within 2 days and enhanced therapeutic IGF-| joint residence time in rat knees by 10-fold, for up to
residence time. 30 days;

In the surgical model of osteoarthritis in rats, a single injection of dendrimer-IGF-1 saved cartilage and bone

more effectively than free IGF-1. Dendrimer-IGF-| reduced the width of cartilage degeneration by 60% and the

burden of volume osteophyte by 80%.
CAP-PEG-PAMAM - Cartilage targeting In vitro Chondrocytes; Rats | The conjugate was likely internalized by chondrocytes via clathrin and caveolin co-mediated endocytosis, and [139]

& vivo delivered to lysosomes;

Fluorescence labeling showed that nanocarriers could be stored in rats for a very long time.
Chondroitin sulphate/ Abs Cartilage targeting In vitro ATDC 5; THP-1; Dendrimer nanoparticles did not affect the metabolic activity and proliferation of ATDCS5 and THP-I cells, [140]
PAMAM Human T showed good cytocompatibility and blood compatibility, and had good tumor necrosis factor-a capture ability.

lymphocyte cells
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ABP/PAMAM - Inflammation targeting In vitro Osteoclasts; Mice Intravenous injection of dendritic macromolecules inhibited the development of inflammatory arthritis in mice, | [141]
& vivo characterized by normal synovium, decreased levels of inflammatory cytokines and no cartilage destruction and
bone erosion. The dendrimer ABP also showed anti-osteoclast activity in mouse and human cells by inhibiting
c-FMS.
PNPs
PLGA Oxaceprol Slow release In vitro - The in vitro drug release from these nanoparticles showed a sustained release of oxaceprol over 30 days. [149]
PLGA Diacerein Slow release In vitro Synoviocytes; Rats The in vitro studies revealed that DIA/PLGA NPs dose-dependently suppressed mRNA levels of pro- [150]
& vivo inflammatory cytokines and enzymes;
In vivo studies have showed that intra-articular injection of DIA-PLGA nanoparticles could significantly reduce
the mRNA level of the above pro-inflammatory factors, increase the mRNA level of anti-inflammatory
cytokines (IL-4 and IL-10), and effectively prevent cartilage degeneration.
PLA KGN Improve drug In vitro Synoviocytes; Mice Polymer microparticles showed an extended drug release of 62% over 3 months; [151]
bioavailability; Slow & vivo In vitro, these particles did not change the mitochondrial activity of cultured human osteoarthritis synovial cells.
release In vivo, KGN- nanocrystals showed higher biological activity than KGN solution in the mouse model of
mechanical osteoarthritis.
PLA/PVA/CS-Hcl Etoricoxib Slow release In vitro - Enhanced ALP activity and increased calcium ion deposition and binding [153]
MSNs/pSBMA - Lubrication; Slow release | In vitro - MSNs@ pSBMA was remarkably improved, with a reduction of 80% in friction coefficient compared with [155]
MSNs.
SNF Celecoxib/ Slow release In vitro Chondrocytes Nanoparticles could achieve the controlled release of drugs by changing the drug loading, greatly improve the | [154]
curcumin cytotoxicity of the two drugs, and play an anti-inflammatory effect.
PN KGN Slow release In vitro Chondrocytes; Rats | PN-KGN had no cytotoxicity and pro-inflammatory effect on chondrocytes and IA injection of PN-KGN also | [152]
& vivo showed less cartilage degeneration and a significant decrease in OARSI score.
Hollow dextran/ Poly (N- KAFAK peptides. Thermal response In vivo - The KAFAK-loaded hollow dextran/PNIPAM nanoparticles effectively delivered therapeutic peptides in cartilage | [156]
isopropyl acrylamide) explants to suppress inflammation.
PNIPAM-PMPC Diclofenac sodium Thermo-Sensitive; In vitro Chondrocytes Due to the hydration and lubrication mechanism of zwitterionic head group, the lubrication performance of [157]
Lubrication PNIPAM-PMPC nanospheres had been greatly improved under different experimental conditions, and PNIPAM-
PMPC nanospheres could effectively embed anti-inflammatory drugs of DS and achieve temperature-sensitive
release of drugs. In addition, in vitro experiments further showed that PNIPAM-PMPC nanospheres were
biocompatible and protected chondrocytes from cytokine-induced degeneration.
HA/pNiPAM - Thermo-Sensitive; In vitro Human synovial Nanoparticles were biocompatible, providing a longer residence time at the injection site, protecting cartilage, | [158]
Slow release & vivo fibroblasts; Mice reducing pro-inflammatory cytokines and maintaining callus thickness.

(Continued)
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Table 3 (Continued).

Material (Carrier Type) Drug Carrier Effect Invivo/ | Experimental Treatment Effect Ref
vitro Subject
Chitosan oligosaccharide/ KGN/Diclofenac Thermo-Sensitive/Slow In vitro Chondrocytes; In order to achieve dual drug release, KGN was covalently cross-linked to the outer layer of the nanospheres, | [159]
pluronic FI127 sodium release & vivo Macrophage-like while DCF was loaded into the core of the nanospheres, showing the immediate release of DCF and the
cells; BMSCs continuous release of KGN, which were independently controlled by temperature changes;
The hypothermic nanospheres effectively inhibited the inflammation of chondrocytes and macrophage-like cells
induced by endotoxin and induced mesenchymal stem cells to differentiate into cartilage. The nanospheres
inhibited the progress in the treatment of osteoarthritis in rats, which was further enhanced by cold therapy.
Nanospheres also reduced the expression of cyclooxygenase-2 in serum and synovium of treated rats, and
further decreased after cold treatment.
PLGA Rhein pH-responsive In vitro THP-1 Nanoparticles released rhein more effectively in synovial fluid environment (SFE) with low pH value, significantly | [160]
affected inflammatory cytokines TNF- a and IL-1 B and reduced their release in THP-I cells stimulated by LPS.
It was also found that reactive oxygen species (ROS), a mediator, led to cartilage collapse.
PCFMN/collagen lI-binding FMN Cartilage targeting In vitro Chondrocytes; Rats | The in vitro test using IL-| B stimulated chondrocytes indicated that PCFMN was biocompatible and upregulated | [163]
peptide & vivo anabolic genes while simultaneously downregulated catabolic genes of the articular cartilage;
PCFMN could effectively delay the progression of osteoarthritis and showed a longer joint placement time and
better anti-inflammatory effect than FMN, suggesting that the cartilage targeted nanosheets have a certain
therapeutic effect on osteoarthritis.
XG/PSBMA/collagen II- - Cartilage targeting; In vitro - The nanoparticles possess antioxidation verified by DPPH assay and exhibits synergistically enhanced ROS (OH, | [165]
binding peptide Lubrication O, and H,0,) scavenging.
PEG-SWCNTs - Cartilage targeting In vitro Chondrocytes; Mice | PEG-SWCNTs were capable to persist in the joint cavity for a prolonged time, entered the cartilage matrix, and | [44]
& vivo delivered gene inhibitors into chondrocytes of both healthy and OA mice.
PLGA-PS - Cartilage targeting In vitro Synoviocytes; PLGA NPs surface-modified with a quaternary ammonium cation had the greatest retention within cartilage [167]
Chondrocyte explants.
PEG/PLGA/WYRGRL MK-8722 Cartilage targeting In vitro Chondrocytes; The novel delivery system binds very specifically to cartilage tissue in vitro and ex vivo because of WYRGRL; | [164,166]
& vivo Cartilage tissues; When injected into the knee joints of the mice with collagenase-induced OA, the drug-loaded nanoparticles can
Mice effectively reduce cartilage damage and alleviate the disease severity.
DS TA Macrophage targeting In vitro RAW 264.7; Mice DS-TA nanoparticles with the excellent targeting specificity to scavenger receptor class A; [168]
& vivo DS-TA nanoparticles could effectively reduce the activity of activated macrophages and the expression of
proinflammatory cytokines. Intra-articular injection of DS-TA nanoparticles could effectively reduce the
structural damage of articular cartilage. In addition, DS-TA nanoparticles reduced the expression of pro-
inflammatory cytokines, including IL-1p, IL-6 and tumor necrosis factor-a in cartilage.
PEG-4MAL/HAP-1/ WYR - Synovial targeting; In vitro Rats The drug could be released in the carrier for 16 days, near to zero-order release; [169]
Cartilage targeting & vivo The microgel display was retained in the joint space for at least 3 weeks.

IERERN

aro(q


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

a0

91:220T Adeaay] pue auswdoppasq ‘udiseq Snuq

:sdyy

scel

O-HTCC sOD Slow release In vitro Chondrocytes; Rats O-HTCC-SOD was nontoxic to chondrocytes and had more long-acting and intracellular protection effects on | [170]
& vivo chondrocytes against MIA-induced oxidative damage;

O-HTCC-conjugated SOD significantly prolonged half-life and residence in rat joint cavity, and improved
bioavailability compared with unmodified SOD;

Intra-articular injection of O-HTCC-SOD significantly attenuated mechanical allodynia in MIA-induced
osteoarthritis rats, dramatically suppressed gross morphological and histological lesions of articular cartilage,

and greatly enhanced in vivo antioxidant capacity and anti-inflammatory effect.

PPNP Dex ROS-responsive In vitro RAW?264.7; Mice The drug could efficiently inhibit the ROS and nitric oxide production in lipopolysaccharide-activated [171]
& vivo RAW?264.7 macrophages and modulate macrophages M2 polarization at a much lower concentration than free
drug dexamethasone;

The monosodium iodoacetate-induced OA mice treated with this drug was very similar with the normal mice
with the evaluation of body weight and scores including clinical arthritis scores, claw circumference, and

kinematics scores.

PAMAM/ CI1 | peptide/ CHé - Bone targeting In vitro Osteoblastic; Rats Nano-carrier could successfully accumulate in the targeted cells, mineralized areas and tissues. [172]
aptamer & vivo

Exosomes

SMSCs CircRNA3503 Improve drug stability In vitro Chondrocytes Alleviating inflammation-induced apoptosis and the imbalance between ECM synthesis and ECM degradation; [82]

Promoting chondrocyte renewal to alleviate the progressive loss of chondrocytes.

Dendritic cells MicroRNA- 140 Cartilage targeting In vitro Chondrocytes; Rats By fusing CAP with lysosomal membrane glycoprotein 2b protein on the surface of the exocrine body, the [176]
& vivo CAP- exosome could specifically enter and transport the goods to chondrocytes;
CAP-exosomes also delivered miR-140 to deep cartilage regions through the dense mesochondrium, inhibit

cartilage-degrading proteases, and alleviated OA progression in a rat model.

SF-MSCs KGN Increase the effective In vitro Chondrocytes; Rats | The MSC-binding peptide E7 was fused with the extracellular membrane protein Lamp2b to obtain the [177]
concentration of the & vivo exosome with SF-MSC targeting ability. The KGN carried by E7-Exo could effectively enter SF-MSCs and induce
drug in the cell. cartilage differentiation more effectively than KGN alone or KGN transported without E7;

E7-Exo-KGN could effectively enter SF-MSCs and induce a higher degree of cartilage differentiation. The

combined use of SF-MSCs and E7-Exo/KGN through intra-articular injection in the knee joint also showed a

more significant therapeutic effect in rat OA model.

Abbreviations: LIPUS, low-intensity pulsed ultrasound; HOACs, human chondrocytes — osteoarthritis; HUVEC, human umbilical vein endothelial cell; sPLA, secretory phospholipase A2 enzyme; HUVECs, human umbilical vein
endothelial cells; Raw264.7, murine macrophages; HIG-82, rabbit synovial cells; KGN, kartogenin; ATDC 5, chondrogenic ATDC 5 cell line; THP- 1, human monocytic cell line; c-FMS, cell-cat McDonough strain sarcoma virus oncogene
homology; FMN, formononetin; PCFMN, formononetin-poly(ethylene glycol); SWCNTs, single-walled carbon nanotubes; PEG, poly(ethylene glycol); DSPC, |,2-dioctadecanoyl-sn-glycero-3-phosphocholine; OCT, octadecylamine; DPPC,
dipalmitoyl phosphatidylcholine; BMPR2, bone morphogenetic protein 2; DOPC, |,2-dioleoyl-sn-glycero-3-phosphocholine; DOPE, |,2-dioleoyl-sn-glycero-3-phosphoethanolamine; DSPE-PEG2000, |,2-distearoyl-sn-glycero-3- 140
phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]; DSPE-PEG2000-maleimide, |,2-distearoyl-sn-glycero-3-142 phosphoethanolamine-N-[maleimide (polyethylene glycol) 2000]; PCL, polycaprolactone; PEl, polyethylenimine;
PEPS, poly(ethylene glycol)-block-poly(propylene sulphide); FA, folic acid; PSA, polysialic acid; PLGA-SeSe-mPEG, the coupling of poly (lactic-co-glycolic acid), methoxy polyethylene glycol and Se; CDMP-1, cartilage-derivedmor-
phogeneticprotein-|; LMWH-TOS, the coupling of low molecular weight heparin and d-a-tocopheryl succinate; mPEG-PPF, amphiphilic methoxy polyethylene glycol-polypropylene fumarate; CAP, chondrocyte affinity peptide; Abs, anti-
TNF a antibodies; ABP, azabisphosphonate; MSNs, mesoporous silica; pSBMA, photopolymerization of 3-[dimethyl-[2-(2-methylprop-2-enoyloxy) ethyl] azaniumyl] propane-|-sulfonate polymer; SNF, silk fibroin nanoparticles; PN,
polyurethane nanoparticles; PNIPAM-PMPC, poly[N-isopropylacrylamide-2-methacryloyloxyethyl phosphorylcholine]; MK-8722, an activator of 5’-adenosine monophosphate-activated protein kinase (AMPK); XG, xanthan gum;
SWCNTs, single-walled carbon nanotubes; PS, polystyrene; DS, dextran sulfate; PEG-4MAL, 4-arm-poly(ethylene glycol)-maleimide; HAP-1, SFHQFARATLAS sequence peptide; WYR, peptide WYRGRL; SOD, superoxide dismutase;
O-HTCC, O-(2-hydroxyl) propyl-3- trimethyl ammonium chitosan chloride; sPL, super-activated platelet lysate; Dex, dexamethasone; TA, triamcinolone acetonide; PPNP, polyphenol-poloxamer assembled nanoparticle; CAP,
chondrocyte-affinity peptide; SF-MSCs, synovial fluid-derived mesenchymal stem cells; PAMAM, poly- (amidoamine); HCL, hydrochloride; CS, chitosan.
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The targeting agents can be loaded into the liposomes. This strategy typically targets protein receptors or genes, such
as CGS21680 (adenosine A2A receptor agonist),log’109 miR-15a (a microRNA that silences SMAD2 gene expression),' '’
and microRNA-143-3p (targeted regulation of BMPR2 expression).!'! The stable lipid bilayer structure of liposomes can
help transport sensitive cargo into cells and enhance the effect of the agents.''?

(@ Liposome surface modification with functional targeting groups

Liposome surface modifications with functional targeting groups is another common strategy. The synovium and inflam-
matory microenvironment can be targeted by modifying with the HAP-1 (ALSQAFRHAFTS; sc-HAP-1) peptide,''® ART-2
(CKPEDRALC) peptide,'' or a specified number of PEG groups.115 Bone-targeted delivery of liposomes can be achieved by
modifying with alendronate, pyrophosphate, and oligopeptides.''® Considering that cartilage is rich in type II collagen, liposomes

modified with type II collagen antibodies''’

reportedly provided cartilage targeting for targeted drug delivery.

Micelles

Micelles are nanoscale materials comprised of amphiphilic polymers that self-assemble in aqueous solvents, and their
size range is generally 5-100 nm.""® Micelle formulation requires a critical polymer concentration known as the critical
micelle concentration (CMC). The self-assembly process occurs when the amphiphile concentration in the aqueous
solution reaches the CMC.""”

Micelle formulations are commonly used as a DDS for hydrophobic agents. Wei et al.'?® encapsulated the sPLA2
(secretory phospholipase A2) inhibitor into micelles for lesion tissue targeted drug delivery, and Wang et al.'*' loaded
siRNA in micelles to target pS6 of the NF-kB pathway. Oxygen species (ROS)-responsive micelles were developed
based on elevated ROS exposure in arthritic joints. For example, the diblock copolymer poly (ethylene glycol)-block-

poly (propylene sulfide)'*?

and PLGA-SeSe-mPEG (poly (lactic-co-glycolic acid-SeSe-poly (ethylene glycol)) were used
to modify micelles for ROS-sensitive drug delivery.'*® Considering that the folic acid (FA) receptor is highly expressed
on arthritic macrophage membranes, FA-modified PSA (polysialic acid)-CC (natural cholesterol) micelles were devel-
oped to target macrophages in the synovial inflammatory microenvironment.'** Conjugate polymers of heparin and d-a-
tocopheryl succinate (LMWH-TOS) also reportedly target the inflammatory microenvironment.'*>

The acidic environment and overexpressed matrix metalloproteinases-13 (MMP-13) are typical OA markers, which
enable the development of stimulus-responsive drug-delivery systems with high specificity for OA. pH-sensitive

amphiphilic methoxy polyethylene glycol-polypropylene fumarate micelles,'*® 1277129

poly (B-amino ester) micelles,
and multiple targeted micelles have been developed for OA drug delivery. For example, Lan et al."*® developed an
MMP-13 enzyme and pH-responsive theranostic micelle for OA treatment and a specific collagen type II targeting
peptide (WRYGRL) conjugate PPL was used to target the cartilage.

To date, few studies have reported micelle applications for clinical OA treatment,'*'

which may be related to the common
limitations of micelles, including their inability to encapsulate hydrophilic drugs, CMC dependency, and toxicity concerns.

Dendrimers

Dendrimers are highly branched polymers with demonstrated therapeutic potential for drug delivery. Their structure can
be divided into three main components: (1) the core or nucleus, (2) inner layers consisting of repetitive molecular units
called dendrons, and (3) terminal groups on the surface.'>*"'*3 Poly(lysine) (PLL), polypropyleneimine (PPI), poly-
ethylenimine (PEI), poly(arylether), and poly(amidoamine) (PAMAM) are the most popular dendrimers used in oral
delivery."*® Dendrimers can steadily incorporate many active compounds and/or ligands that improve their solubility.'*’
Hu et al."*® conjugated kartogenin (KGN), PAMAM, and PEG to obtain PEG-PAMAM-KGN (PPK) and KGN-PEG-
PAMAM (KPP) conjugates. This strategy improved KGN release and enhanced chondrogenic effects in OA joints. In
addition, the dendrimer formed by PAMAM is a dense cationic macromolecule that binds anionic cartilage and easy to
penetrates anionic cartilage tissues. Geiger et al.*’ conjugated insulin-like growth factor 1 and PEG to PAMAM and
improved cartilage-targeted drug delivery. Chondrocyte-affinity peptides'*® or chondroitin sulfate (CS)-modified
PAMAM polymers'*° further enhanced polymer cartilage targeting, and azabisphosphonate (ABP)-capped dendrimers

selectively targeted monocytes and directed them toward anti-inflammatory activation in the RA joint.'"’
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Dendrimers possess various advantages, such as increased solubility of hydrophobic drugs and tunable physicochemical
properties. Currently, there are many pre-clinical studies related to dendrimer applications;'*>'**"1%5 however, their applica-
tion in OA treatment is limited. Disadvantages such as non-entrapment of hydrophilic drugs, cellular toxicity, and rapid drug

release (up to 70% of the encapsulated drugs are released within a few hours'*®

) limit their application in OA treatment.
Polymer Nanoparticles (PNPs)

Polymer nanoparticles (PNPs) are solid particles that can be prepared in the range of nanometers to microns.'*” There are
two structural types: nanocapsules, which consist of a hydrophilic drug reservoir and a polymer shell, and nanospheres,
which contain a homogeneous polymer matrix that can load dispersed/intercepted drugs. The release kinetics of both
types can be adjusted according to the formulation strategy, chemical composition, and molecular weight of polymers and
drugs.'*® PNPs have many promising advantages for drug delivery, including:

1. Improved drug release
Several studies report significantly improved and sustained drug release using PNPs for drug delivery. PLGA,'**!°
polylactic acid (PLA),'' polyurethane,'>* different polymer combinations,'> silk fibroin,'>* and polymer-grafted

5

mesoporous silica'”” used to prepare PNPs for drug delivery. These formulations reportedly provide improved and

sustained drug-release profiles for celecoxib, curcumin, and KGN by IA drug delivery.
2. Improved drug efficacy by microenvironmental responsive drug delivery (PH/Thermo sensitive)

Microenvironmental-sensitive drug-release strategies have been attractive for PNP drug delivery. pH and temperature
sensitive PNPs are rapidly evolving, including hollow dextran/poly (N-isopropyl acrylamide) NPs,'*® dual-functional
poly[N-isopropylacrylamide-2-methacryloyloxyethyl phosphorylcholine] (PNIPAM-PMPC) nanospheres,'®’ hyaluronic

58

acid-poly(N-isopropylacrylamide) (HA-pNiPAM) nanospheres,'”® and chitosan oligosaccharide-conjugated pluronic

F127 grafting carboxyl group nanospheres'>® which possess temperature-responsive release properties. Previous studies

showed that NH,HCO; laden poly (lactic-co-glycolic acid) (PLGA) NPs demonstrate pH-responsive drug release.'®%'¢!

3. PNPs tissue/cell targeting

In recent years, more and more PNPs targeted drug-delivery systems have been developed for OA therapy. Cartilage
targeting is the most popular strategy that can be achieved by modifying the PNPs with cartilage affinity groups.'®?
Collagen II-binding peptide-modified formononetin (FMN)-poly (ethylene glycol) (PEG) NPs,'%>1%4 xanthan gum-poly
(sulfobetaine methacrylate) (XG-PSBMA) NPs,'®> WYRGRL (a short cartilage-targeting peptide sequence)-modified
PLGA NPs,'®*!1% polyethylene glycol (PEG) chains (PEG-SWCNTs) modified with single-walled carbon nanotube
(SWCNT) NPs,** and quaternary ammonium cation modified PLGA NPs'®’ have been developed for cartilage targeting.
In some instances, cartilage targeting originates in the basic material of the PNPs.'®*"'In addition, dextran sulfate used
to target macrophages,'®® HAP-1 peptide used to target synovial,'®® O-HTCC (O-(2-hydroxyl) propyl-3trimethyl
ammonium chitosan chloride) and polyphenol-poloxamer used to target ROS,"’*!”! C11 peptide (the C-terminal region
of rh174) used to target bone,'’”> PNPs have also been developed to target the specific microenvironment of OA joint.

Over the past decade, significant progress has been made in the functional modification of PNPs. However, the side
effects, toxicity, and complicated preparation processes of PNPs continue to challenge their application in OA treatment.

Exosomes

Exosomes are extracellular vesicles (loading content including lipids, nucleic acids, and proteins) secreted by cells for cell-to-cell
communication.”® The size of exosomes is generally between 30-150 nm.'”® Previous studies demonstrated the utility of
exosomes as drug-delivery systems. Compared with other nanoparticles, exosomes possess higher stability, biocompatibility,
biological barrier permeability, and lower immunogenicity,'’* and can overcome some challenges, such as toxicity and a high
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clearance rate.'”> Current studies on exosomes for OA treatment are mainly focused on two aspects: 1) to investigate the
diagnostic significance and biological effects of endogenous exosomes in OA patients; 2) to investigate stem cell-derived
exosomes for OA treatment.””

On the other hand, in recent years, the utility of exosomes as drug-delivery systems has become increasingly
attractive for OA treatment. Tao et al.** prepared circRNA3503 loaded exosomes from synovial mesenchymal stem
cells and further incorporated the exosomes into an injectable thermosensitive hydrogel. This composite gel strategy
successfully delivered small-molecule RNAs, improved drug targeting, and prevented OA progression. Liang et al.'’®
reported chondrocyte-affinity peptides (CAP) and lysosome-associated membrane glycoprotein 2b (Lamp2b) protein-
modified exosomes (CAP-exosomes) that can efficiently encapsulate miR-140 and target chondrocytes in vitro. The
CAP-exosomes successfully delivered miR-140 to deep cartilage regions and alleviated OA progression, demonstrating a
potential organelle-based, cell-free therapy for OA. Xu et al.'”’ reported KGN-loaded MSC-binding peptide E7 modified
exosomes (E7-Exo) that targeted synovial fluid-derived mesenchymal stem cells. The E7-Exo induced a higher MSC
cartilage differentiation than KGN alone or KGN-loaded unmodified exosomes.

Exosomes have shown promising potential as drug carriers in OA treatment. However, studies of using exosome as drug-
delivery systems are still limited. The greatest technical challenge is the difficulty in obtaining sufficient amounts of exosomes
for in vivo studies. Table 3 demonstrated more details of the nanoparticle drug delivery systems mentioned in this review.

Microspheres
Microspheres are skeletal spherical drug-delivery systems formulated by dispersing or dissolving a drug in a polymer,
with a particle size of approximately 1-200 um. Microspheres are commonly used in OA treatment to prolong the

retention time of drugs and lubricate joints.'”®'"®

Liang et al.'®

reported that mometasone furoate-loaded PLGA microspheres increased the drug retention time in
joints by up to 35 days. Stefani et al.'®' developed an acellular agarose hydrogel incorporated with dexamethasone-
loaded PLGA microspheres for OA treatment. Combining microspheres and hydrogels improved the sustained drug-
release properties for OA treatment for up to 99 days. Li et al.'®* demonstrated that super-activated platelet lysate (sPL)-
loaded PLGA/chitosan/gelatin microspheres improved the sustained drug release, inhibited osteoarthritis, and promoted

cartilaginous repairs. Park et al.'®?

reported the utility of gelatin microspheres that are responsive to proteolytic enzymes
typically expressed in arthritic flares, resulting in the on-demand and spatiotemporally controlled release of anti-
inflammatory cytokines for cartilage preservation and repair.

On the other hand, IA DDS are not only committed to improving drug effectiveness, but also focus on improving joint
lubrication properties. Bio-lubricants have been designed for the treatment of early OA by improving the lubrication
performance of synovial joints. Therefore, some people have also improved the lubricating properties of hydrogels by
modifying polymer materials. Sulfone-modified HA,'®* lactose modified chitosan'®® and gellan gum'®® could modulate

1.'7 reported photo-

viscoelastic properties of osteoarthritis synovial fluids and improve OA joint lubrication. Han et a
crosslinked methyl methacrylate gelatin (GelMA) hydrogel microspheres incorporated into a self-adhesive polymer
(DMA-MPC) to prepare a new composite microsphere (GeIMA@DMA-MPC). This biomimetic injectable hydrogel
microsphere enhanced lubrication and controlled the drug release for OA treatment. Zhang et al.'®” demonstrated that
YAP (Yes-associated protein)-selective inhibitor-loaded chitosan microspheres could target subcellular YAP activity and
alleviate OA progression. Yang et al.'®® reported ball-bearing-inspired polyampholyte-modified microspheres with a
super lubricated ability (MGS@DMA-SBMA). The MGS@DMA-SBMA microspheres significantly enhanced joint
lubrication and improved the sustained drug release, which are highly desirable for IA OA treatment.

Several microsphere formulations have been commercially available or proved to be promising for OA treatment. A
triamcinolone acetonide sustained-release microsphere formulation (Triamcinolone acetonide extended-release (ER),
Zilretta®) was approved for OA treatment in the United States.'® In addition, several microsphere formulations, such
as fluvastatin,'° celecoxib,'! and etoricoxib,'** are planning to tested in clinical trials.

Generally, different polymers (such as polylactic acid, gelatin, and chitosan) can be developed into microspheres,
which can also be modified with different functional groups to help improve drug delivery/targeting.'®® Table 4

demonstrated more details of the microsphere drug delivery system mentioned in this review.
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Table 4 Summary of Microspheres Drug Delivery System

Material Drug Carrier Effect In vivo/ | Experimental | Treatment Effect Ref
vitro Subject
PLGA Mometasone Slow release In vitro | - The drug could be released for 35 days. [180]
furoate
PLGA/CS/Gelatin sPL Slow release In vitro | Chondrocytes; Continuous release of sPL from microspheres could significantly increase [182]
& vivo Rats cartilage proliferation, reduce cell necrosis, and increase the expression of

type Il collagen, ACAN and SOX9 in OA chondrocytes. The microspheres in
vivo could also smooth the surface of cartilage.

PLGA Dexamethasone | Slow release In vivo Dogs Cartilage repairing [181]
GelMA and DMA-MPC DS Lubrication; Slow In vitro | Chondrocytes; The microspheres had the characteristics of lubricity and sustained release so | [179]
release & vivo Rats they could significantly up-regulate the expression level of cartilage anabolism

genes and down-regulate the expression level of cartilage catabolism protease

genes.
(&) YAP-selective Targeting In vitro | Chondrocyte; YAP could maintain the phenotype of chondrocytes and prevent cartilage [187]
inhibitor & vivo Mice degeneration in OA by targeting downstream molecular activity of ECM
hardness.
Poly (dopamine methacrylamide-ethyl | Diclofenac Lubrication; Slow In vitro | Chondrocytes; The modified microspheres had the properties of enhancing lubrication, [188]
methacrylate methanesulfonate); sodium release & vivo Rats reducing degradation and slow release of drugs. The drug-loaded super-
Methyl methacrylate gelatin lubricating microspheres with good biocompatibility had a protective effect on

chondrocyte degeneration induced by inflammatory factors in vitro and had a
therapeutic effect on osteoarthritis in DMM model rats, that is, to reduce the

load of osteophyte and cartilage degradation.

Gelatin/Genipin IL-4; IL-13 On-demand and In vitro | Chondrocytes Exposure of the IL-4 and IL-13 loaded microspheres reduced the inflammation | [183]
spatiotemporally of chondrocytes up to 80%.
controlled release

Abbreviations: sPL, super-activated platelet lysate; DS, diclofenac sodium; GelMA, photo-crosslinked methacrylate gelatin hydrogel; DMA-MPC, self-adhesive polymer; ADSCs, adipose-derived stem cells; DEX-TA, amine-terminated
dextran—tyramine conjugates; PLGA, poly (lactic-co-glycolic acid); CS, chitosan; YAP, yes-associated protein.
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Current Active and Passive Targeting Strategies for 1A DDSs
Tissue/cell-specific active and passive targeting technologies have been developed to improve drug retention and efficacy
in joints. We collected and analyzed 36 studies with clear target mechanisms. The results demonstrated that targeted
synovium/synoviocytes, cartilage and chondrocytes, and joint microenvironments (synovial fluid) accounted for 61.11,
33.33, and 5.56%, respectively, of the IA DDSs used for OA treatment (Figure 4). The details are listed in Table 5.
Different strategies have been used to target cartilages/chondrocytes, including the passively targeting anionic
cartilage ECM/collagen type I1.*'*'%® For example, a six-amino acid collagen II-binding peptide (WYRGRL)-
conjugated drug-delivery system targets collagen and provides significantly longer joint retention than a normal control
peptide.'?>!'?® In addition, drug retention increased with the collagen II-binding peptide content in the drug-delivery
system. Antibodies for collagen IT'”7'*® have also been used as ligands in drug-delivery systems to target cartilage.''”'"”
A drug-delivery system incorporating a cell-penetrating peptide (YGRKKRRQRRR-C) significantly enhanced the drug
uptake by chondrocytes by approximately 4-folds compared to the non-targeting formulation.>°® A passive, electrostatic-
based strategy was also developed for targeting cartilage.**'3*2°1292 For example, drug-delivery systems with cationic

136,139

surface charges (especially dendrimers ) significantly improved the joint retention of drugs, as the cartilage ECM

accumulated anionic charges because of the dense sulfated proteoglycan networks.**:'4!-2%3

The OA targeting strategy not only focuses on the cartilage/chondrocytes, but also on other joint tissues/cells, such as
the synovium/synoviocytes, owing to the complicated disease progression in OA. This strategy focused on targeting
surface receptors in two major cells: 1) the minor type A synovial macrophages that significantly proliferate and activate
under inflammatory conditions; 2) and the dominant type B fibroblast-like cells which produce ECM components of the
synovial membrane and synovial fluid. Previous studies have demonstrated tuftsin peptide incorporated nanoparticles that
target macrophages in the joint;”** copolymer nanoparticles incorporated with IL-1Ra proteins targeted synoviocytes
through the IL-1 receptor and increased drug retention in the joint;*> RGD (Arg-Gly-Asp) peptide-modified liposomes
targeted vascular endothelial cells of synovium though RGD peptide binding to avp3 integrins,”’> which are strongly up-
regulated on angiogenic endothelium at the inflammatory sites; avp3-targeted fumagillin nanoparticles significantly
decreased inflammation and angiogenesis, and preserved proteoglycan integrity in synovial tissues.”°®

Overexpressed activated macrophages and acidic microenvironments are two significant features of RA joints.
Multifunctional FA receptor-targeting and pH-responsive nanocarriers have been developed for RA IA treatment.
Folate-incorporated nanoparticles promoted drug uptake of macrophages compared to untargeted nanoparticles,”®’ and

Target
Microenvironment
(Synovial fluid)

Target

Synovium or Tarqet

Synoviocytes Cartilage and
Chondrocytes

Figure 4 Representative research targets of IA DDSs.
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Table 5 Representative Research Targets of IA DDSs

Target

Nanomaterial Type

Targeting Modality

Physical Properties

Major Findings Ref

Cartilage and

chondrocytes

PAMAM dendrimer, PEGylated to control surface charge, with IGF-I

conjugated

Passive (positive

charge for cartilage)

“Gen 4” 14 kDa (4.5
nm), 64 NH2 groups
per molecule (less

cationic)

“Gen 6” 58 kDa (6.7
nm), 256 NH2 groups

per molecule (more

The more charged “Gen 6” dendrimer transported more slowly [49]
into cartilage (6 days vs 2 days for “Gen 4” for full thickness
distribution), but to a greater extent (nearly twice as much “Gen

6” compared to “Gen 4” after 6 days).

cationic)
Globular protein (Avidin) Passive (positive 7 nm Positively charged Avidin had stronger interactions with cartilage [229]
charge for cartilage) +20 mV than the neutral form of the protein.
Triblock self-assembly nanoparticle Passive 300 nm Nanoparticles penetrated the full-thickness of cartilage in vivo, [45]
shown by fluorescence microscopy.
Micelle + CPP Passive (naked) 15 nm CPP modification increased association with chondrocytes. Only [200]
smaller micelles could diffuse through the cartilage (larger
liposomes were trapped in the superficial zone).
Active (CPP) 106 nm
Liposome + CPP Passive (naked) 138 nm
Active (CPP) 397 nm
Peptidic siRNA carrier (CPPsiRNA complex, coated with albumin) Active (contains a 55 nm After incubating the cartilage for 48 h with the carrier; the carrier | [230]
CPP) was present throughout the cartilage, primarily accumulated
intracellularly and aggregated in the superficial zone. Signal was
detectable in chondrocyte lacunae after 14-21 days in culture.
Poly (propylene sulphide) nanoparticle with collagen type Il peptide Active (targeting 38 nm The 38 nm targeted particles were immobilised within the tissue [196]
peptide for collagen 96 nm with a 71-fold greater accumulation than scrambled controls at 48

D)

-Peptide: —3mV £ 9
mV

+Peptide: +18 mV %
35 mv

hr. For targeted particles, 38 nm particles had 14.9-fold more

accumulation than 96 nm particles in the cartilage matrix.

(Continued)
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Table 5 (Continued).

Target Nanomaterial Type Targeting Modality | Physical Properties | Major Findings Ref
Cartilage and Liposome with an anticollagen Il antibody Active (antibody for 150-250 nm Antibody-enhanced liposomes qualitatively showed selective [199]
chondrocytes collagen II) binding to OA cartilage. Liposomes without the targeting antibody

did not show significant binding to cartilage.

Liposome with an anticollagen Il antibody Active (antibody for 100-300 nm The amount of nanomaterial increased proportionately with [231]

collagen II) disease severity via fluorescence tracking.

Hyaluronic acid-coated bovine serum albumin nanoparticles Active (binding to 108.1 nm % 5.9 nm Hyaluronic acid coating statistically improved chondrocyte uptake [232]

chondrocyte CD44) 21,1 mV £32mV of the loaded drug through active transport processes.

Hyaluronic acid-coated polylactide (PLA) nanoparticles Active (binding to 650 nm * 40 nm Hyaluronic acid coating improved uptake into chondrocytes [233]

chondrocyte CD44) relative to poly vinyl alcohol (passive strategy).

Globular protein (Avidin) Passive (positive 7 nm At 24 h, significantly more Avidin (cationic) than Neutravidin [195]

charge for cartilage) +20 mV (neutral) in remained various joint tissues. At 7 days, Avidin is
mostly cleared from joint tissues.

DOTAM derivative with collagen type |l targeting peptide Active (targeting N/A Targeted molecules had greater retention compared to untargeted | [194]

peptide for cartilage) controls at 125 h post injection, and increasing the sites of peptide
conjugation increased joint retention.
Synovium or Gold nanoparticles (no drug) Passive 5 nm-52 nm Effective tissue permeation was only achieved with the smallest [234]
Synoviocytes particles (5 nm). Exposure to pro-inflammatory factors did not
affect permeation.

Chloroquine loaded solid lipid nanoparticle Passive 113.6 nm TNF-A levels were significantly reduced when chloroquine was [235]
loaded into a solid lipid nanoparticle versus free suspension of
chloroquine.

Brucine loaded PLGA nanoparticles in PLGA microparticles Passive 12.38 nm Burst release of brucine was slowed and particles stayed in the [236]
articular cavity for significant time.

Dendritic polyglycerol sulfate (no drug) Passive 3 nm Cells treated with NPs did not show any change in the synthesis of | [237]

proinflammatory cytokines (TNF-A and IL-6) and exhibited a

greater expression of anti-inflammatory cytokines (IL-10).

|39 el
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Synovium or

Synoviocytes

Thiolated glycol chitosan nanoparticles encapsulating polymerised Notch | | Passive 200 nm In vitro Notch-I inhibition of siRNA-NPs in murine macrophage [238]
targeting siRNA cell was confirmed. siRNA-NPs exhibited higher targeting

efficiency in the arthritic joints of CIA mice.
Chitosan-graft-PEl nanoparticles complexed with plasmid enhanced green Passive (gene 100 nm-300 nm Nanoparticles were able to carry plasmid DNA inside synoviocytes | [239]
fluorescent protein delivery) where the DNA was detected entering the cell nuclei.
Melittin-Derived Cationic Amphipathic Nanocomplexes combined with Passive (gene 55 nm Administration of p5RHH-p65 siRNA nanocomplexes decreased [240]

siRNA targeting the p65 subunit of NF-«xB

delivery)

inflammatory cytokine expression and cellular influx into the joints,

protected against bone erosions, and preserved cartilage integrity.

Multiwall Carbon Nanotubes (no drug)

Passive

60 nm diameter

10 mm length

MWCNTs led to formation of granulation tissues within adipose [241]
tissues at higher concentrations in vivo. With RAW 264.7 cells, the
MWCNTs increased the TNF-A, MCP-1 and RANTES induced
inflammatory responses in a dose dependent manner while
decrease MIP-la. With HFLS, they decreased secretion of IL-6 and
MCP-I.

Carbon nanotubes coated with PEG and DEX

Passive

180 nm (DEX-PEG
coated CNT) —18 mV

DEX and PEG coated CNTs were able to decrease inflammatory [242]
cytokines (IL-1b, TNF-A and IL-6) and MMP3 at both a gene and
protein expression level at a lower concentration than free DEX in

vitro with FLS.

N-trimethyl chitosan-polysilicon acid nanoparticles coated with decoy Passive (gene Without Nanoparticles decorated with decoy [243]
oligodeoxynucleotides delivery) methotrexate: 159 nm, | oligodeoxynucleotides specific to transcription factor NFkB

+23 mV resulted in significant decreases in inflammatory mediators (IL-6

With and IL-8).

methotrexate: |84 nm,

+33 mV
Clodronate liposomes Passive 120 nm-160 nm A single IA dose of clodronate liposomes significantly reduced the | [244]

number of CDé68-positive macrophages and the expression of
ICAM-I and VCAM-I in the synovial lining.

DEX-HPMA copolymer conjugate

Passive (Stimuli
Responsive pH

sensitivity)

73 kDa (2.8 nm)

The conjugate has greater anti-inflammatory effects compared with | [245]
systemically administered free DEX. This differential effect of the
conjugate was related to its selective accumulation, potential

macrophage-mediated retention, and pH-sensitive drug release in

arthritic joints.

(Continued)
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Table 5 (Continued).

Target Nanomaterial Type Targeting Modality | Physical Properties | Major Findings Ref
Synovium or Mineralised nanoparticles composed of PEGylated hyaluronic acid as the Passive (Stimuli 218 nm-265 nm The mineralised nanoparticles revealed pH-dependent [246]
Synoviocytes hydrophilic shell, 5b-cholanic acid as the hydrophobic core, and calcium Responsive pH demineralisation followed by acceleration of methotrexate release
phosphate as the pH-responsive mineral and loaded with methotrexate sensitivity) into the cytosol.
PLGA gold/iron/gold half-shell nanoparticles conjugated with RGD and Passive (Stimuli 135 nm When combined with consecutive NIR irradiation and external [247]
loaded with methotrexate Responsive - NIR and magnetic field application, these nanoparticles provided enhanced
magnetic) therapeutic effects.
Alginate nanoparticles decorated with tuftsin peptide and loaded with IL-10 | Active (IL-1 surface ~300 nm Targeted alginate nanoparticles loaded with IL-10 plasmid DNA [204]
plasmid DNA receptors) efficiently repolarized macrophages from an M| to an M2 state.
Self-assembling block copolymer with protein tethering moiety (IL-1Ra) Active (surface 270 nm + 5 nm IL-IRa-tethered particles bound to synoviocytes via the IL-1 [45]
receptors) receptor and significantly increased whole joint retention of IL-1Ra
relative to soluble IL-Ra.
Micelle carriers of camptothecin, surface modified by vasoactive intestinal | Active (surface Not reported Single subcutaneous injections of the micelles led to mitigated [248]
peptide receptors) inflammation in joint if CIA mice up to 4.5 weeks after induction.
RGD peptide—exposing long circulating PEG liposomes loaded with Active (surface 100 nm In vivo, increased targeting of radiolabeled RGD-PEG-L to areas of | [205]
dexamethasone and targeted to a3 integrins expressed on angiogenic receptors) LPS-induced inflammation in rats was observed.
VECs
a,P3-targeted fumagillin nanoparticles Active (surface 250 nm Synovial tissues from animals treated with targeted fumagillin [206]
receptors) nanoparticles showed a significant decrease in inflammation and
angiogenesis, and preserved proteoglycan integrity.
Nanocarrier composed of lipids, PEG-PLGA forming a hydrophilic shell, Active (surface 133.6-208.5 nm Folate targeted particles demonstrated superior uptake in RAW [207]

folic acid around the hydrophilic shell as a targeting ligand, and poly
(cyclohexane- |,4-diylacetone dimethylene ketal) (PCADK) and PLGA as a

hydrophobic core and loaded with methotrexate

receptors)

(varied based on
composition of

components)

264.7 cells than untargeted nanoparticles. A smaller paw size and
less swelling was observed in the AIA model of rat when injected

with the targeted particles compared to the untargeted particles.
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Synovium or PLGA nanoparticles coated either with macrophage-derived microvesicle Active (surface 130 nm In vitro binding of the microvesicle coated particles was greater [208]
Synoviocytes proteins or red blood cell membrane proteins and loaded with tacrolimus | receptors) than controls. The microvesicle coated particles also showed
greater therapeutic impact in CIA model than controls.
Superparamagnetic iron oxide nanoparticles (no drug) Passive (Stimuli Not Reported Intra-articular and peri-articular injection of the particles led to [249]
Responsive uptake in the synovium, with increased local concentration when
-magnetic) an extracorporeal magnet was applied.
Microenvironments Positively surface-charged poly(lactide-co-glycolide) (PLGA)/Eudragit RL Passive 170.1 nm Increasing retention time and sustain release profile in joints after | [48]
(synovial fluid) nanoparticles (no drug) intra-articular injection, by forming micrometer-sized electrostatic
aggregates with hyaluronic acid.
Nanoparticles based on Eudragit RLI00 or cationically modified dextran. Passive ~130nm Hydrogels formed after the nanoparticles were mixed with synovial | [209]

Abbreviations: CPP, cell penetrating peptide (nonspecific to chondrocytes); DMM, destabilization of the medial meniscus; IGF-1, insulin-like growth factor |; PAMAM, polyamidoamine; PEG, polyethylene glycol; AlA, adjuvant-induced
arthritis; CAIA, collagen antibody—induced arthritis; CIA, collagen induced arthritis; CFA, complete Freund’s adjuvant; CNT, carbon nanotube; DEX, dexamethasone; FLS, fibroblast-like synoviocytes; HFLS, human fibroblast-like
synoviocytes; HPMA, N-(2-hydroxypropyl) methacrylamide; IA, intra-articular; ICAM-1, intercellular adhesion molecule I; IL, interleukin; MCP-1, monocyte chemoattractant protein |; MIP-1a, macrophage inflammatory protein | alpha;
MMP, matrix metalloproteinase; MWCNT, multiwall carbon nanotubes; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; NIR, near infrared; PEl, polyethylenimine; PEG, poly (ethylene glycol); PLGA, poly(lactic-co-
glycolic acid); RA, rheumatoid arthritis; RANTES, regulated on activation, normal T cell expressed and secreted; RAW 264.7, macrophage- like cell line derived from tumors induced in male BALB/c mice by the Abelson murine leukemia
virus; RGD, arginine-glycine-aspartic acid; SLNs, solid lipid nanoparticles; TNF-A, tumor necrosis factor alpha; VCAM- |, vascular cell adhesion molecule |; AlA, antigen-induced arthritis; CIA, collagen induced arthritis; HUVEC, human
umbilical vein endothelial cells; IL-IRa, interleukin | receptor antagonist; LPS, lipopolysaccharide; MPCM, mouse peritoneal cavity macrophages; RA, rheumatoid arthritis; RAW264.7, macrophage-like cell line derived from tumors

induced in male BALB/c mice by the Abelson murine leukemia virus; RGD, arginine-glycine-aspartic acid; VEC, vascular endothelial cells.
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drug-delivery systems incorporated with macrophage-derived micro-vesicles can target macrophages in the synovium or
pannus of inflamed tissues.””® Drug deliveries were also designed to target synovial fluid by ionic cross-linking with
endogenous/exogenous hyaluronic acid.*®*%°

Evidently, numerous targeted strategies have been developed to deliver and improve the efficacy of drugs in joints.

Active and passive targeting strategies for OA joints have rapidly evolved over the past decades (Figure 4 and Table 5).

Current Signaling Pathways Targeted by IA Drug-Delivery Systems

Many pathways are involved in the pathogenesis of OA, and drug delivery system targeting different pathways have been used in
IA drug-delivery systems. Articular drug-delivery systems provide significant support for the precise targeting of key sites in
OA.>'%22! We searched 14,160 studies on articular drug-delivery systems with clear signaling pathways from the 1st of January
2016 to the 13th of July 2021. The results demonstrated that the current research on articular drug-delivery systems mainly focus
on five signaling pathways. TGF-f is the leading signaling pathway accounting for up to 26.35% of the studies (3730), followed
by the NF-«xB, PI3K, Wnt, and p38 MAPK (1790) signaling pathways which account for 21.97 (3109), 19.64 (2786), 19.39
(2745), and 12.65% (1790), respectively, of the studies (3109) (Figure 5, Table 6). None of the signaling pathways were proven to
play the dominant role in OA initiation and progression. The mechanism of action of OA has yet to be fully elucidated.

Discussion

IA injections play an important role in the treatment of OA owing to their significant advantages. In this review, we
summarized the current drug-delivery systems for IA DDSs. We collected and analyzed studies that reported the
application of different nanoparticle-based IA DDSs in pre-clinical/clinical trials. Polymeric microspheres were the
leading nanoparticles and accounted for 35.17% of IA DDSs. Nanoparticle and hydrogel/gel formulations accounted for
28.57 and 14.29%, respectively, of IA DDSs (Figure 6A). Although OA treatment remains a challenge in clinical

PIBK/AKT/mTOR signaling pathway TGF-B signaling pathway
Number of related publications: 2786; Number of related publications: 3730;
Representative publications:[220,221]. Representative publication:[213].
19.64% -
s [ N\ge.35%
- (Y :-' ] "'.
K o. .’ " S :
2.65%
19.39%
p38 MAPK signaling pathway NF-kB signaling pathway
Number of related publications: 1790; Number of related publications: 3109;
Representative publications:[218,219] Representative publications:[214,214].

WNT signaling pathway

Number of related publications: 2745;
Representative publications:[216,217].

Figure 5 Statistics over the past five years on the current research status of IA DDSs target signaling pathways.
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Table 6 Summary of Previous Studies on Signaling Pathway in IA DDSs

Miao-San

Signaling Publication | Carrier Material or Drug Delivery | Carrier Effect Treatment Effect Ref
Pathway Ratio Type Source
TGF-B signaling | 26.35% Hydrogels Collagen-genipin - - Contributing to chondrogenic differentiation [213]
pathways -carbon dot

nanoparticles
NF-«B signaling | 21.e97% Nanoparticles | Gd,(COj3);-PDA- Hesperetin Target chondrocytes Inhibiting receptor activator of nuclear factor B ligand (RANKL)- | [214]
pathways PEG specifically and release induced osteoclast formation while promoting osteoblast

drug smartly. differentiation.

Hyaluronic acid - - Inhibiting CD44-induced NF-«B activation in chondrocytes. [215]
PI3K/AKT/ 19.64% Nanoparticles | hBMSCs Curcumin Increase the solubility and | Alleviating IL- | f-induced catabolic effects on OA-CH. [220]
mTOR signaling stability of the drug.
pathways ] . ] .

PVP(K30)-K3Fe Prussian blue - Alleviating ROS and apoptosis of chondrocytes by activating the [221]

(CN)6 PI3K/Akt/mTOR pathway;

Reducing inflammatory cytokines and inhibit ECM degradation by
reducing MMPs expression.

Whnt signaling 19.39% Hydrogels Sodium Berberine Provide a drug release The subchondral bone was partially repaired and the cartilage was | [216]
pathways hyaluronate and environment. protected from degeneration.

sodium alginate

Amnion membrane | Adipose-derived | Retain ADSCs. Inhibiting the catabolic responses of IL-1f and inhibiting the Wnt/ | [217]

stem cells Bcatenin signaling pathway.
(ADSCs)
p38 MAPK 12.65% Microspheres | Poly (D, L-lactic PH-797804 Slow release. Significantly reducing inflammation and joint destruction and by [218]
signaling acid)-Cyanine 7 inhibiting several biomarkers.
pathways o ] ] ] . ]
Hydrogels Hyaluronic acid Lingzhi and San- | Lubricate joints Down-regulate inflammatory factors. [219]

Abbreviations: PDA, polydopamine; PEG, poly (ethylene glycol); OA-CH, OA-patients; PVP, polyvinylpyrrolidone.
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28.57% Approved
14.29% Phase 3
21.43% Phase 2
14.29% Phase 1
21.43% Pre-clinical

oooooo
goooo

Nanoparticle formulation

35.71% Polymeric microsphere B

7.14% Polymeric formulation

7.14% Liposome formulation

14.29% Hydrogel / Gel formulation

7.14% Drug combination

28.57% V

®

Total =14 Total =14

Figure 6 Recent reported IA DDSs in pre-clinical/clinical trials/approved stages. (A) Proportion of different formulation of recent reported IA DDSs in pre-clinical/clinical
trials/approved stages; (B) proportion of recent reported IA DDSs in pre-clinical/clinical trials/approved stages.

practice, there are many IA drug delivery formulations for clinical application are ongoing, and several formulations
including ZILRETTA, TIVORBEX, ZORVOLEX, and VIVLODEX have been approved®*>>*° (Figure 6B, Table 7).
Different IA drug delivery systems have their advantages and disadvantages. Hydrogel often used as lubricant as its
high water content and rheological properties. The excellent biocompatibility of hydrogel is also attractive for loading
live cells and drugs. However, the loose network and high water content of hydrogels makes it difficult to increase drug
retention time in joint. Microspheres are widely used for controlled delivery of therapeutics via different routes of
administration (mainly subcutaneous and intramuscular) for augmenting effectiveness and reducing toxicity of the
incorporated agents to non-targeted cells and tissues. However, the stability of microspheres is a challenge issue and
they are not easily to mass-produce. Nanoparticle is a promising drug delivery system as its unique ability to penetrate
tissues and easy to modify functional groups. However, some challenge issues still hinder the application of these
nanoparticles. For example, 1) the sustained release and retention properties of most nanoparticles are still weak; 2) the
drug leakage issue of liposome formulations; 3) the entrapment efficiency issue of hydrophilic drug micelles; 4) drug
release too fast issue of dendrimer. Although exosomes have unique advantages in biocompatibility and non-toxicity, it is
difficult to address the large quantities production issue, which significant hinder its future application. At present,
significant challenges remain regarding to the safety, efficacy duration, and targeting properties to all IA DDSs. There is
another important issue that may raise significant concerns: how to sterilize DDs while maintaining their effectiveness?
Liposomes and microspheres are more suitable for gamma ray sterilization.?”® For unstable nanoparticles, aseptic

filtration is recommended.”?’ High-pressure steam sterilization and ethylene oxide sterilization are not suitable for

Table 7 Recent |IA DDSs Reported in Preclinical and Clinical Trials

Stage Name Formulation Type Agent Company

Approved ZILRETTA Polymeric microsphere Triamcinolone acetonide Flexion Therapeutics
TIVORBEX Nanoparticle formulation Indomethacin iCeutica Inc.
ZORVOLEX Nanoparticle formulation Diclofenac iCeutica Inc.
VIVLODEX Nanoparticle formulation Meloxicam iCeutica Inc.

Phase 3 FX005 Polymeric microsphere p38 MAPK inhibitor Flexion Therapeutics
FX006 Polymeric microsphere Glucocorticoid Flexion Therapeutics

Phase 2 SB-061 Polymeric formulation Peptide Symic Bio, Inc.
TLC-599 Liposome formulation Ropivacaine Taiwan Liposome Co.
SOLUMATRIX Nanoparticle formulation Naproxen iCeutica Inc.

Phase | FX007 Polymeric microsphere TrkA receptor antagonist Flexion Therapeutics
EP-104I1AR Polymeric microsphere Fluticasone Propionate Eupraxia Pharmaceuticals Inc.

Pre-clinical FX301 Polymeric thermosensitive Funapide Flexion Therapeutics
OA GEL Gel formulation Diclofenac PolyActiva Pty Ltd
HA-based Intra-articular formulation Clodronate Abiogen Pharma Sp
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most drug delivery systems as the properties of DDSs and its loaded drugs would easy to be destroy.”?’ However, there
still are some formulations had been proved that their properties maintained their properties after autoclave.?®

A multifunctional drug-delivery system with excellent biosafety and drug-targeting properties is a promising direction
of future IA drug delivery system development. Combined different strategies to prepare drug delivery systems for 1A
injection treatment are increasingly attractive. However, the more complex strategy of the drug delivery system, the more
it is required to address synergies effects between different strategies.

Conclusions

Different IA drug delivery systems are developing rapidly with some significant progress. The ideal performance of an
IA DDS depends on the nature of the drug delivery platform. Desirable properties of an IA DDS for OA included
excellent continuous and controlled drug delivery, lubrication performance, and disease-targeting that could significantly
improve the treatment of OA. At last, the most important issue is the benefits of new IA treatments must be carefully
weighed against their cost and potential risks.
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