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Abstract

Joint kinematic instability, arising from congenital or acquired musculoskeletal pathoanatomy

or from imbalances in anabolism and catabolism induced by pathophysiological factors,

leads to deterioration of the composition, structure and function of cartilage and, ultimately,
progression to osteoarthritis (OA). Alongside articular cartilage degeneration, synovial fluid
lubricity decreases in OA owing to a reduction in the concentration and molecular weight of
hyaluronic acid and surface-active mucinous glycoproteins that form a lubricating film over the
articulating joint surfaces. Minimizing friction between articulating joint surfaces by lubrication is
fundamental for decreasing hyaline cartilage wear and for maintaining the function of synovial
joints. Augmentation with highly viscous supplements (that is, viscosupplementation) offers
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one approach to re-establishing the rheological and tribological properties of synovial fluid

in OA. However, this approach has varied clinical outcomes owing to limited intra-articular
residence time and ineffective mechanisms of chondroprotection. This Review discusses normal
hyaline cartilage function and lubrication and examines the advantages and disadvantages of
various strategies for restoring normal joint lubrication. These strategies include contemporary
viscosupplements that contain antioxidants, anti-inflammatory drugs or platelet-rich plasma and
new synthetic synovial fluid additives and cartilage matrix enhancers. Advanced biomimetic
tribosupplements offer promise for mitigating cartilage wear, restoring joint function and,
ultimately, improving patient care.

Introduction

Osteoarthritis (OA) is a debilitating musculoskeletal disease that affects hundreds of millions
of individuals worldwide and the incidence of OA is increasing with the aging population®-2.
Despite the high prevalence of OA and decades of research aimed at improving clinical
outcomes, strikingly few treatment options are available. Canonical treatment options
become increasingly more invasive with disease severity and include lifestyle adjustments
and physical therapy, NSAID use, intraarticular glucocorticoid injections and total joint
arthroplasty3-5. Beginning in the 1990s’, viscosupplementation emerged as a novel strategy
for treating medium-severity OA. This approach involves administration of an exogenous
hyaluronic acid solution, often formulated as sodium hyaluronate (the sodium salt of
hyaluronic acid), to the affected joint. The rationale for viscosupplementation stems from
the observation that the concentration and molecular weight of hyaluronic acid in the
synovial fluid decreases in OA, and results in a reduction in synovial fluid lubricity®.

Thus, introducing additional amounts of high-molecular-weight sodium hyaluronate into

the synovial space is hypothesized to restore lubricity and protect the cartilage from

further wear. However, conflicting clinical reports call into question the efficacy of
viscosupplementation.

To improve upon the strategy underpinning viscosupplementation, several lubricating
materials are undergoing preclinical evaluation as OA treatments. For this approach,
termed tribosupplementation, the materials target specific aspects of cartilage lubrication
and, in some cases, provide additional functionality to the treatment strategy. Several
tribosupplements have been constructed as linear polymers to mimic the structure of
hyaluronic acid; however, growing interest is emerging in hydrogel or crosslinked polymer
networks, as well as micro-particle- and nano-particle-based formulations, to enhance
lubrication, drug delivery and joint residency times.

With an emphasis on improving tribosupplement retention and lubrication, in this Review,
we discuss the structure and function of cartilage, in both healthy and OA conditions, we
evaluate the chondroprotective efficacy of clinically approved viscosupplements, and we
comparatively assess the effectiveness of preclinical tribosupplements categorized as fluid
additives or matrix enhancers (Fig. 1). As the composition and structure of a material affect
its lubricant function, we categorize these materials as linear, hydrogel or particle materials.
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We conclude by summarizing current strategies and discussing future directions in this field,
with an emphasis on improving tribosupplement performance.

Hyaline cartilage structure and function

Hyaline cartilage possesses exquisite load-bearing and friction-lowering properties, owning
to its precise composition and structure, such that this tissue withstands compressive loads
and shear forces over the course of a lifetime. In this section, we provide a summary of the
synovial joint in its healthy state and describe the changes that occur during OA that lead to
the impaired function.

Healthy cartilage

Lubrication of the joint to minimize friction between the articulating joint surfaces and
decrease hyaline cartilage wear is fundamental to normal synovial joint function in health
and disease. Hyaline cartilage (also known as articular cartilage) (Fig. 2) is a hydrated,
avascular, aneural, alymphatic connective tissue that provides a smooth, nearly frictionless
surface on the joint while supporting the applied compressive loads during diarthrodial joint
motion. The extracellular matrix (ECM) of cartilage contains mainly water and anionic
proteoglycans, comprising glycosaminoglycans (primarily chondroitin-6-sulfate and keratan
sulfate) bound to a core protein, that are constrained by an organized fibrous type 11
collagen network. This network bestows the tissue with dual rheological properties and
tribological properties that are essential for diarthrodial joint performance®. Chondrocytes
within the cartilage vary in shape, number, size and activity, depending on the anatomical
zone and mechanochemical microenvironment in which they reside. The superficial zone of
cartilage begins at the articular surface and comprises 10-20% of the cartilage volume. The
interposed transition zone (making up 40-60% of the cartilage volume) connects the surface
layer to the deep zone, which anchors the tissue to the subchondral bone plate (consisting
of 30% of the cartilage volume)10:11, In the superficial zone, the water content is highest
(~80% water); collagen (type Il and IX) is abundant and the fibres are arranged parallel

to the articular surface along the predominant direction of joint sliding®11, Surface-active
hyaluronic acid, proteoglycan 4 (PRG4, also known as lubricin and superficial zone protein)
and phosphocholine lipids, bound to the lamina splendens, synergistically work together

to protect the tissue from interfacial shear forces, achieving coefficients of friction as

low as ~1073. The abundant chondrocytes adjacent to the sliding surface have a flattened
morphology. In the transition zone, proteoglycans are present that are intertwined with
arching collagen fibres to increase the fixed negative charge density and to constrain water
within the matrix to help support compressive loads. Within this zone, chondrocytes are
sparse and spherical. In the deep zone, radially oriented collagen fibres perpendicular to

the subchondral plate anchor the tissue to the bone; this zone has the lowest water content
(65%) and highest fixed negative charge density (20-30% of tissue water content)10-12,
Chondrocytes are abundant in the deep zone, are arranged in columns that run parallel to
the collagen fibres and become hypertrophic as they approach the tide mark and zone of
calcified cartilage.

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeMoya et al.

Page 4

In hyaline cartilage, the type 11 collagen fibrillar network provides structure and

tensile strength, whereas the abundant hydrophilic, negatively charged, sulphated
glycosaminoglycans retain interstitial water, conferring compressive stiffness and
elastohydrodynamic lubrication. Pressurization of entrapped interstitial fluid supports more
than 90% of applied load (known as interstitial fluid load support)13-15, With joint loading,
compression deforms the type 11 collagen network, decreasing pore volumes and relatively
increasing the local fixed negative charge density, which jointly retard interstitial fluid
transport. Subject to this strain-dependent decrease in tissue permeability, the increased
viscous drag of interstitial fluid flowing through the porous type Il collagen network
accounts for the tissue’s non-linear, viscoelastic behaviour'6. Besides affording load support,
the interstitial fluid also contributes to joint lubrication. Compressive deformation induces
fluid efflux from the cartilage, creating an interposed fluid film between the articulating joint
surfaces that decreases the coefficient of friction, protecting the tissue from mechanical
shear wear. The coefficient of friction inversely linearly correlates with the interstitial

fluid load support, achieving its lowest values when the interstitial fluid load support is
greatest!3:17. During an extended period of compressive deformation, unbound interstitial
fluid gradually dissipates. Subsequently, the coefficient of friction increases, resulting in
mechanically suboptimal conditions. Over time, any aberration in this process affects the
structural components of the joint, such as the superficial type Il collagen fibrillar network,
emphasizing the importance of maintaining a healthy lubrication environment for preventing
structural degradation?8.

Synovial fluid, a dialysate of blood plasma, is the naturally occurring lubricant entrapped
between articulating joint surfaces that, via elastohydrodynamic lubrication, imparts
essential functions such as shock absorption, load support and nearly frictionless sliding
motion1®-21, These functions rely on the synergistic action of its constituents. Besides
serum proteins, such as albumin and g-globulin, synovial fluid contains hyaluronic acid,
surface-active phospholipids, and PRG4 that are produced by fibroblast synovial lining cells
and superficial zone chondrocytes. Mechanically, synovial fluid exhibits non-Newtonian
fluid characteristics (that is, non-linear viscosity). During high strain rate activities such as
running and jumping, entanglement and hydrophobic interaction of PRG4 with hyaluronic
acid molecules cause the synovial fluid to behave like an elastic-solid, enhancing its ability
to support the applied loads on the joint?2-24, Boundary lubrication within the synovial
joints is a result, at least in part, of adsorption of PRG4 to the articular surface. The adsorbed
PRG4 interacts with and retains hyaluronic acid at the articular surface, which in turn
complexes with surface-active phospholipids to form a hydration film that ultimately lowers
the coefficient of friction via a process known as ‘hydration lubrication’25:26,

Osteoarthritis

OA manifests clinically with pain and decreased joint function as the hyaline cartilage
progressively degrades, and can be defined as either primary (idiopathic) or secondary
(resulting from injury or another disease). Although the aetiology of OA is multi-
factorial (Fig. 2), this disease typically results from mechanical injury as a consequence
of trauma, joint instability, ligamentous deficiency, skeletal malalignment, obesity or
anatomical deformity. Mechanical overloading induces surface wear and superficial
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zone delamination?’ that propagate to structural tissue failure (manifesting as fissuring

or fibrillation28), tissue swelling2®, compositional loss of glycosaminoglycan3® and
derangement of the type 11 collagen network31. Mechanical injury also incites an
inflammatory response that increases the production of cytokines and catabolic enzymes

by macrophages, neutrophils, lymphocytes, chondrocytes and synoviocytes, which further
break down the tissue. Specifically, elevated cytokines (such as IL-1f and TNF) in

the synovial fluid in OA induce enzyme-mediated cartilage degeneration via matrix
metalloproteinases (MMPs)32:33, Depletion of cartilage glycosaminoglycan and the
subsequent degradation of the type Il collagen fibrillar network increases hydraulic
permeability, reduces interstitial fluid load support and decreases cartilage stiffness,
compromising the overall biomechanical integrity of the cartilage®. Concomitant with these
pathological processes in cartilage, synovial fluid lubricity also decreases in OA owing to

a decrease in the concentration and molecular weight of hyaluronic acid and a decrease

in the concentration of PRG4. These changes decrease the rheological and tribological
properties of the synovial fluid?3:34-38 independently contributing to the propagation of OA
pathophysiology39-40,

Amelioration of OA requires a comprehensive approach, including correcting the
mechanical factors that contribute to acute or chronic chondrocyte injury and tissue wear,
as well as dampening the inflammatory cascade and neutralizing catabolic enzymes that
degrade cartilage. Furthermore, this approach involves reconstituting damaged cartilage
material properties by augmenting tissue ECM constituents. Currently, no device or
pharmacological treatment mitigates cartilage wear and imparts chondroprotection after the
induction of OA.

Cartilage lubrication

The prevention of cartilage wear requires an understanding of lubrication to rationally
design tribosupplements and lubricating biomacromolecules. The time-dependent behaviour
of cartilage is a critical aspect of its biomechanical response. Cartilage exhibits viscoelastic
properties that influence its response to mechanical loading over time. This dynamic
behaviour is particularly crucial in the context of evaluating the effectiveness of
viscosupplements and tribosupplements, as it affects various modes of lubrication. In
general, the mode of lubrication and the coefficient of friction between articulating surfaces
depend on the thickness and viscosity of the interposed fluid layer between the opposing
surfaces, as well as the velocity and magnitude of the contact force. Two fundamental
modes govern lubrication: fluid-film lubrication and boundary lubrication. Fluid-film
lubrication involves the formation of an optimized fluid-film layer that reduces friction
during articulation. By contrast, boundary lubrication occurs when surface-active molecules
form a protective layer between the contacting surfaces. Understanding these primary modes
of lubrication is pivotal for designing viscosupplements.

Classically, the mode of lubrication for non-deformable articulating surfaces (for example,
metal surfaces) is delineated by the Stribeck curve. This curve depicts the coefficient of
friction as a function of the Hersey number (a dimensionless number that is derived by
multiplying the sliding velocity by the lubricant viscosity, and dividing by load per unit
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length)*1. Boundary lubrication occurs at low Hersey numbers (that is, at high loads and
low speeds, and with low-viscosity lubricants); as the articulating surfaces are in contact,
separated only by a thin interposed lubricant layer, the coefficient of friction is high and
relatively constant. This type of setting is where boundary lubricants such as PRG4 are

most effective. Fluid-film lubrication occurs at high Hersey numbers (that is, at low loads
and high speeds, and with high-viscosity lubricants); the coefficient of friction is lowered

as the interposed lubricating fluid drives the articulating surfaces apart. Mixed-mode
lubrication, a combination of these two modes, occurs at intermediate Hersey numbers;

a fluid-film begins to form during this mode of lubrication, reducing direct contact between
asperities on the articulating surfaces. The coefficient of friction is a function of both

the surface chemistry and the lubricant viscosity, and viscous lubricants, such as sodium
hyaluronate supplements, are most effective during mixed-mode lubrication*2:43, Once the
hydrated tissue reaches equilibrium under load*4, cartilage lubrication becomes increasingly
reliant on the properties of the lubricant, as the interstitial fluid load support diminishes

to zero13-15.17.43 ‘Modified versions of the Stribeck curve exist for semi-permeable,
deformable surfaces that incorporate additional intermediary lubrication modes such as
elastohydrodynamic, weeping, squeeze-film, rehydration and boosted modes to account for
the influence of cartilage compliance on articulation®>-49, Elastohydrodynamic lubrication is
unique to cartilage: loading induces fluid efflux from the tissue, creating an interposed fluid-
film entrained between the articulating joint surfaces. The coefficient of friction depends

on the properties of the lubricant, as well as the geometry, surface characteristics (such

as roughness and surface chemistry) and material properties (such as interstitial fluid load
support) of the contacting tissues®.

Designing viscosupplements is a formidable task when confronted with the myriad
challenges presented by osteoarthritic degeneration. The formulation must navigate not only
the challenges posed by elevated cytokines and reduced synovial fluid lubricity but also
tackle the complexities of compromised surface chemistry, altered cartilage structure (such
as fibrillation, reduced fixed charge density and lesions) and shifted biomechanics (such

as deteriorated compressive and tensile properties and heightened permeability) inherent in
OA.

Clinical viscosupplements

Synovial fluid lubricity declines in OA owing to a decrease in the concentration and
molecular weight of hyaluronic acid and a decrease in the concentration of PRG4,
diminishing its rheological and tribological properties?3:34-38, Thus, viscosupplementation
of the depleted synovial fluid is a treatment for OA and is based on the theory that
supplementing the synovial fluid with exogenous, gel-like hyaluronic acid derivatives

via intra-articular injection will enhance synovial fluid viscosity, lubricity and function

by rejuvenating the non-Newtonian fluid properties of synovial fluid®l. Besides this
physicochemical mechanism, pharmacologically, hyaluronic acid has various antioxidative,
anti-nitrosative, anti-inflammatory, reparative and analgesic effects that occur via multiple
biological mechanisms®2. Studies indicate that hyaluronic acid inhibits various pathological
processes, including IL-1p-induced MMP activity in synovial fluid, the mRNA expression
of various pro-inflammatory molecules (including cyclooxygenase 2 and prostaglandin E2
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(PGE»)) in synovial fibroblasts, and the expression of a disintegrin and metalloproteinase
with thrombospondin motifs 4 (ADAMTS4, also known as aggrecanase 1) in chondrocytes.
Hence, hyaluronic acid reduces synovitis and decreases levels of cytokines in the synovial
fluid. These cytokines are known to provoke inflammatory cascades and stimulate the
production of MMPs that degrade cartilage ECM in OA33:54, The analgesic effects of
hyaluronic acid in synovial joints might arise from several mechanisms. First, hyaluronic
acid might inhibit the synthesis of pain-inducing substances such as PGE, and bradykinin.
Furthermore, hyaluronic acid directly interacts with hyaluronic acid receptors on nociceptive
pain nerve endings®.

Hyaluronic acid viscosupplementation

Commercially available sodium hyaluronate viscosupplements vary with respect to their
molecular weight, degree of crosslinking, compositional origin and recommended frequency
of intra-articular injections°6-68 (Fig. 3). The majority of these viscosupplements are FDA
approved for the treatment of OA, with the exception of Suplasyn (Zuellig Pharma), which
is clinically approved in Canada for OA treatment. Systematic reviews and meta-analyses
evaluating the clinical efficacy of viscosupplementation are inconclusive and contradictory,
leading the American Academy of Orthopedic Surgeons and the American College of
Rheumatology not to recommend the use of viscosupplements for treating hand, knee or hip
OAB9.70 However, given the limited array of treatment options available for OA, sodium
hyaluronate viscosupplements are widely used in the clinic and constitute a multibillion
dollar business.

Several prospective randomized placebo control studies report that intra-articular injections
of sodium hyaluronate or crosslinked sodium hyaluronate decrease pain, improve joint
function®9:66.71.72 and are reparative to the cartilage matrix, as evidenced by an increase

in cartilage proteoglycan content (measured by T1Rho MRI) at 6 weeks and 3 months
after treatment’3. Patients with symptomatic primary knee OA treated with an injection

of Hylan G-F20 (marketed as Synvisc (three injections) or Synvisc-One (single injection),
Sanofi; a high-molecular weight derivative of sodium hyaluronate composed of crosslinked
hylan polymers) showed improvements in Western Ontario and McMaster Universities
Osteoarthritis (WOMAC) pain scores, compared with those patients treated with a saline
placebo, 26 weeks after the injection®0. However, this treatment had no effect on gait
velocity. Nevertheless, the patients treated with five weekly intra-articular injections of
sodium hyaluronate (Hyalgan, Sanofi) had improved knee function and longer walking times
for up to 12 months following the treatment’.

Given the influence of the molecular weight of sodium hyaluronate on synovial fluid
lubricity, understanding the effect of the molecular weight of sodium hyaluronate on
viscosupplement efficacy is important. In an investigation of 1,187 patients with late-stage
OA, treatment with the high-molecular-weight viscosupplement Hylan G-F20 delayed total
knee arthroplasty by an average of 2 years’®. Although a systematic review reported

no clinically significant reduction in pain following injections of crosslinked sodium
hyaluronate for OA, a sub-analysis of those studies suggested that higher molecular weight
preparations resulted in notable reductions in WOMAC pain scores’®. A comparison of

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeMoya et al.

Page 8

intermediate molecular weight (800-1,500 kDa) and low molecular weight (500-730 kDa)
sodium hyaluronate preparations’’ suggests that intermediate-molecular-weight hyaluronic
acid supplements provide better pain relief. However, another evaluation comparing high-
molecular-weight (6-7 MDa) with intermediate-molecular-weight (0.5-1.5 MDa) sodium
hyaluronate viscosupplements showed improvements in WOMAC pain scores for both
groups, independent of molecular weight8.

Several prospective randomized placebo-controlled trials contradict the positive findings
of these studies and indicate that sodium hyaluronate and crosslinked sodium hyaluronate
injections have limited efficacy for treating mild to moderate knee OA, irrespective of

the number of intra-articular injections, structure or molecular weight of the hyaluronic
acid supplement’8-82, For example, one trial found that treatment with high-molecular-
weight sodium hyaluronate (Artzal, Seikagaku Corp; also sold as Supartz and Artz in
different countries) or Hylan G-F20 (Synvisc-One) was no better than placebo8l. Blinded,
randomized, controlled trials comparing intra-articular injection of high-molecular-weight
sodium hyaluronate or Hylan G-F20 with saline revealed no differences in WOMAC pain
scores or cartilage preservation as measured by MRI79:83, Also, in another trial, increasing
the number of intra-articular injections did not affect the efficacy of the treatment: intra-
articular injections of 1.5 MDa sodium hyaluronate (Orthovisc) for 3, 4 or 5 sequential
weeks failed to relieve knee pain or recover function at 3, 6, 9 and 12 months following
treatment80, A meta-analysis of various large placebo-controlled trials found only a marginal
superiority of viscosupplementation over placebo in outcomes of both pain reduction and
function improvement that was not clinically significant32 (Fig. 3c,d). However, given the
limited number of trials included in this analysis (24 and 19 trials for the pain and function
assessments, respectively), additional placebo-controlled trials that focus on the effect

of viscosupplementation on patient outcomes, including improvements in pain, function
and quality of life, are needed before obtaining a definitive answer on the efficacy of
viscosupplementation.

The limited ability of hyaluronic acid viscosupplements to consistently mitigate pain and/or
modify OA cartilage pathology is multi-factorial. These obstacles include the short intra-
articular residence time of sodium hyaluronate owing to enzymatic degradation, and the
inability to correct the provocative pathoanatomy and/or abnormal joint Kinetics and joint
kinematics that induced OA84:85,

Enhanced hyaluronic acid viscosupplementation

The inconsistent clinical benefits observed with sodium hyaluronate and crosslinked sodium
hyaluronate intra-articular injections has led to supplementation with additional substances
that target specific aspects of OA pathophysiology, as discussed in this section86.

Platelet-rich plasma.—Platelet-rich plasma (PRP), an autologous derivative of whole
blood, is purported to reduce pain, slow OA progression and recover joint function by
harnessing the inherent properties of platelets, including their anti-inflammatory properties
and high concentration of growth factors that promote chondrocyte proliferation and
chondrogenesis®’~23, PRP added to sodium hyaluronate viscosupplements is intended to
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combine the biological effects of PRP with the mechanical effects of sodium hyaluronate,
and several trials have compared intra-articular injections of PRP alone, sodium hyaluronate
alone, PRP and sodium hyaluronate, and saline placebo®2-%9. Compared with saline
treatment, WOMAC scores improved with PRP treatment, but when comparing PRP
treatment or combined PRP and sodium hyaluronate treatment with sodium hyaluronate
treatment alone, PRP showed no added benefit in reducing pain or improving joint
function®2-99, This result suggests that the addition of PRP to sodium hyaluronate treatment
does not enhance the therapeutic effect of the viscosupplement.

Glucocorticoids.—Glucocorticoids suppress the inflammatory response and reduce

pain in OA-affected joints, and, given their safety profile and long history of use

as an intra-articular injection, are a prime candidate to combine with hyaluronic

acid viscosupplementation100:101 |n patients with symptomatic knee OA, intra-articular
administration of Cingal (Anika Therapeutics; a combination of sodium hyaluronate
(Monovisc, Anika Therapeutics) and triamcinolone hexacetonide (a glucocorticoid)) reduced
the average WOMAC pain scores at 1 and 3 weeks compared with sodium hyaluronate
(Monovisc) alone. However, this effect was not seen 6 and 26 weeks after the injection,
suggesting that the beneficial effects of the corticosteroid on reducing inflammation were
short lived and did not improve the long-term efficacy of the sodium hyaluronatel02,
Although Cingal is currently the only commercially available formulation that combines
sodium hyaluronate and a glucocorticoid, several other preclinical formulations are under
investigation, with variations in terms of structure and amount of sodium hyaluronate,
concentration of glucocorticoids and glucocorticoid used that might have additional clinical
benefits86.

Antioxidants.—Antioxidants are reactive oxygen species (ROS) scavengers that minimize
ROS-associated degradation and clearance of intra-articular sodium hyaluronatel%3, Thus, to
increase joint resident time, several sodium hyaluronate viscosupplements contain various
antioxidants. Treatment with Ostenil Plus (TRB Chemedica; 20 mg/ml sodium hyaluronate
and 5 mg/ml of mannitol) improved WOMAC pain, stiffness and total scores in both patients
with knee OA and patients with hip OA relative to baseline and untreated individuals104-106,
In a 6-month study, Ostenil Plus performed similarly to sodium hyaluronate (Monovisc)

and Hylan G-F20 (Synvisc) in reducing WOMAC pain scores, and performed slightly

better than sodium hyaluronate (Monovisc) at maintaining low WOMAC stiffness scores,
suggesting that the addition of mannitol prolongs linear sodium hyaluronate joint residency
time, producing a similar effect to crosslinked sodium hyaluronate, Hylan G-F20 (refs.
107,108). Similarly, HAppyVisc (Labrha; 15.5 mg/ml sodium hyaluronate and 35 mg/ml
mannitol) reduced WOMAC pain scores over 6 months, as did sodium hyaluronate without
an antioxidant (Euflexxa, Ferring Pharmaceuticals)19. Single injections of HAppyCross
(Labrha; 16 mg/ml Hylan and 35 mg/ml mannitol) administered to patients with early-stage
knee or hip OA mitigated pain scores at follow-up compared with baselinel19111 However,
by comparison, HAppyCross was less effective in patients with late-stage hip OA110.111,
Intra-articular administration of Synolis VA (Aptissen; 20 mg/ml sodium hyaluronate and 40
mg/ml sorbitol) decreased joint pain for both patients with knee OA and patients with hip
OA at follow-up compared with baseline, but Synolis VA was no better than Hylan G-F20
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(Synvisc-One) at reducing WOMAC pain scores 168 days after treatment!12, Overall, the
combination of sodium hyaluronate with antioxidants provides a therapeutic effect that is
similar to that of sodium hyaluronate alone, suggesting that the ROS-scavenging function
might not extend the joint-residency time of the material as intended.

Glycosaminoglycans.—Glycosaminoglycans have dual physicochemical and biological
characteristics: physically, these molecules organize water molecules to create a viscoelastic,
lubricious liquid in aqueous solution and biologically, these molecules reduce the expression
of cytokines and matrix-degrading proteins and also stimulate chondrocyte expression of
additional proteoglycans13, Glycosaminoglycans have been added to sodium hyaluronate
viscosupplements to exploit this dual functionality. In a clinical trial, serial injections

of Arthrum HCS (LCA Pharmaceutical; 20 mg/ml sodium hyaluronate and 20 mg/ml
chondroitin sulfate) at 1, 3 and 6 months notably reduced the WOMAC pain scores

of patients with OA compared with the initial pain scores at study initiation114. A meta-
analysis examining the benefit of glycosaminoglycan supplementation (that is, comparing
Arthrum HCS versus sodium hyaluronate (Arthrum H, LCA Pharmaceutical)) found that
the addition of glycosaminoglycans decreased the initial WOMAC pain score 1 month after
the last serial injection, but had no effect at 3 and 6 months!15, These results suggest that
the addition of glycosaminoglycans provides only short-term benefits to the formulation,
possibly owing to rapid clearance of the glycosaminoglycans from the joint space; methods
to extend their joint residence time might be beneficial, but further investigation is necessary.

Tribosupplements

In the following section, we use the more general term for cartilage lubricants,
tribosupplements, to differentiate them from the previously discussed sodium hyaluronate-
based viscosupplements. Tribosupplements employ physicochemical mechanisms to re-
establish synovial fluid viscosity, lubricity and chondroprotection by rejuvenating the
non-Newtonian synovial fluid properties?®116.117 |mportant biochemical and architectural
motifs critical to endogenous synovial fluid lubricant function serve as inspiration for the
design of tribosupplements118-120, These emerging tribosupplements provide biomechanical
support, lubrication and/or storage capabilities!?1:122 and can be split into two categories:
free-floating fluid additives or cartilage-bound matrix enhancers that target cartilage via
specific reactive domains123,

Fluid additives

Fluid-additive tribosupplements can be split into additional categories: linear polymers,
hydrogels and particles (Table 1). These synthetic tribosupplements augment OA synovial
fluid viscoelasticity to enhance fluid load support and minimize direct cartilage surface
contact during mixed-mode lubrication22:119.122,124-127 ‘Hydrogel and particle constructs
offer a versatile system for integrating additional functionalities, beyond lubricating effects.
These enhancements can include impeding enzymatic degradation, enabling localized
delivery of disease-modifying OA drugs, and/or incorporating stimuli-responsive systems
that react to environmental cues!28,
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Linear polymers.—Linear fluid-additive tribosupplements consist of linear and/or bottle-
brush polymers that remain suspended within the synovial fluid following delivery to

the synovial space. These constructs are inspired by the naturally occurring lubricating
molecules found within synovial fluid: hyaluronic acid and PRG4 (which are linear

and bottle-brush polymers, respectively). For example, researchers have constructed semi-
synthetic brush-like polymers composed of a hyaluronic acid backbone grafted with
poly(acryloylamino-2-methyl-1-propanesulfone) (HA/PA) or poly(2-methacryloyloxyethyl
phosphorylcholine) (HA/PM) (Fig. 4), which emulate articular cartilage’s brush-like
biopolymers that consist of a hyaluronan backbone and hydrophilic side chains'2®. In a

3D in vitro model of degraded human cartilage, combined treatment with HA/PA and
HA/PM performed better than treatment with either polymer alone; the polymers generated
a lubricating surface layer that lowered the coefficient of friction, reduced cartilage fibrosis
and degradation and enhanced chondrogenesis'2®. After intra-articular injection in healthy
rats, HA/PA and HA/PM remained in the joint for up to 8 weeks!2. Intra-articular injection
of the combined HA/PA and HA/PM solution in a rat anterior cruciate ligament transection
(ACLT) model of OA mitigated disease and regenerated cartilage better than saline, HA/PA
or HA/PM treatment alone, as evidenced by decreased Osteoarthritis Research Society
International (OARSI) scores, as well as enhanced type Il collagen and aggrecan staining,
such that the OARSI scores were comparable with those of healthy cartilage2°.

A hyaluronidase-resistant, high-molecular-weight (>2 MDa), anionic, poly(7-
oxanorbornene-2-carboxylate) sodium hyaluronate analogue has also been developed30-
132 Aqueous solutions of the polymer, at various concentrations, had shear-thinning and
thixotropic characteristics similar to those of healthy synovial fluid. Ex vivo bovine and
human cartilage-on-cartilage friction tests demonstrated that these polymers reduced the
average kinetic coefficient of friction relative to healthy synovial fluid and saline. Intra-
articular administration of these polymers in a rat meniscal tear model of OA decreased
cartilage degeneration and had modest chondroprotective effects compared with saline
injection130,

PRG4 is a surface-active, mucin-like glycoprotein, that functions as a lubricant in the eyes,
throat and synovial joints84:85, Various investigators have assessed the ability of full-length
recombinant human PRG4 (rhPRG4 and SynLubricin) and recombinant truncated PRG4
(LUB:1) to mimic the functional performance of native PRG4 (Fig. 4c,d). Assessed as

a boundary lubricant, rhPRG4 reduced the coefficient of friction within an articulating
cartilage-on-glass configuration in a dose-dependent manner and was most effective at
reducing the coefficient of friction when bound at the cartilage surface alongside being
present in the bulk solution133, This recombinant polymer produced a similar coefficient of
friction to native synovial fluid, and reduced the coefficient of friction to a greater degree
when in a solution with sodium hyaluronatel34. In vivo, intra-articular administration of
rhPRG4 in a rat ACLT model of OA reduced the OARSI scores, enhanced PRG4 expression
and production, and decreased urinary levels of C-terminal crosslinked telopeptide of type
1 collagen (CTX-11) compared with no treatment or saline treatment3®, Similarly, in a
porcine model of OA induced by destabilization of the medial meniscus (DMM), rhPRG4
treatment reduced the macroscopic OA score, increased PRG4 production in the synovial

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeMoya et al.

Page 12

fluid, decreased urinary CTX-II levels and reduced IL-1p levels in the synovial fluid and
serum compared with saline treatment, but did not improve the microscopic OA scores!36.

SynLubricin, a codon scrambled recombinant form of PRG4 designed to improve the
manufacturing efficiency of PRG4 while maintaining its function as a boundary lubricant,
reduced the coefficient of friction of articulating cartilage to a greater degree than saline

and to a similar extent to native synovial fluid137. Similarly, a truncated version of rhPRG4,
LUB:1, improved the manufacturing efficiency of the material compared with non-truncated
rhPRG4 while maintaining its activity as a boundary lubricant; LUB:1 administration
decreased cartilage wear in rats with DMM-induced OA, as measured by microscopic
scoring of the affected cartilage, compared with saline treatment38, In humans, rhPRG4

is tolerated as an eye-drop treatment, as evidenced by the completion of a clinical trial in
patients with moderate dry eye disease, further supporting its good safety profilel3,

Using polymeric 2-methacryloyloxyethyl phosphorylcholine (pMPC) as a bioinspired model
system, investigators have examined the relationship between the architecture of a polymer
and its tribosupplement performancel40, MPC-based polymers have highly hydrated
phosphocholine head-groups that can function as efficient lubricant elements, where the
positively and negatively charged chemical groups form a hydrated lubricating layer. When
applied to the surface of an ex vivo articulating cartilage-on-cartilage configuration, both
linear (non-crosslinked) and network (crosslinked) pMPC reduced the coefficient of friction
and compressive strain compared with saline treatment. Upon repeated administration

of pMPC, with an intermediate phase of saline treatment, network pMPC outperformed
linear pMPC in its ability to reduce the coefficient of friction and cushion the cartilage
surfaces, demonstrating that pMPC with a crosslinked architecture functions as a superior
tribosupplement to pMPC with a linear architecture, and remains effective with multiple
applications. Intra-articular injection of network pMPC into healthy equine carpi is safe

and does not affect total synovial fluid white blood cell count, joint effusion or histological
assessment compared with saline treatment 10 weeks post-injection, suggesting that pMPCs
have a good safety profile40.

Building upon clinically established viscosupplementation, the available evidence suggests
that linear fluid-additive tribosupplements composed of semisynthetic polymers, synthetic
polymers and recombinant proteins can reduce the coefficient of friction of articulating
surfaces, in a similar manner to sodium hyaluronate or PRG4, and protect cartilage in
several animal models of OA. Although these materials are the next logical step in the
pursuit of a clinical alternative to viscosupplementation, the exploration of additional
functionalities to fine tune the performance of viscosupplementation is an exciting new area
of research. In the following two sections we discuss the design and use of more complex
fluid-additive tribosupplements.

Hydrogels.—Hydrogels are crosslinked swollen polymer networks. Following
administration to the synovial space, these fluid additives remain in the synovial

fluid. One such hydrogel-based system consists of divinyl sulfone-modified sodium
hyaluronate crosslinked to thiol-terminated poly(ethylene glycol) (HA-VS/SH-2-PEG);
various properties of this system can be controlled by altering the mass ratios of sodium
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hyaluronate, including its viscoelasticity, resistance to hyaluronidase degradation, and
capacity for releasing triamcinolone acetonide (a synthetic corticosteroid)41. Increasing
the molecular weight of PEG in this formulation boosted its viscosity and shear-thinning
profilel4!, HA-VS/SH-2-PEG hydrogels reduced the coefficient of friction relative to
unmodified sodium hyaluronate in steel-on-steel and pin-on-disc tribology tests41. In an
in vivo study using an ACL transection rabbit model of knee OA, intra-articular injection
of HA-VS/SH-2-PEG mitigated both macroscopic and microscopic manifestations of OA,
resulting in lower Pelletier and histological Mankin scores at the lateral femoral condyles
and tibial plateaux relative to saline treatment or treatment with a sodium hyaluronatel41,

Gellan gum is a naturally occurring, anionic, linear polysaccharide that, when ionically
crosslinked, is mechanically stable and resistant to enzymatic degradation. Hydrogels
consisting of sodium hyaluronate chemically modified gellan gum (HA-GG), formed

via esterification of free hydroxyl and carboxyl groups, have characteristics of each
constituent: sodium hyaluronate imparts lubricity and viscoelasticity whereas gellan gum
imparts elasticity and enzymatic stabilityl42. HA-GG gels are easily injected intra-articularly
and possess tuneable viscoelasticity, resistance to hyaluronidase and chondrocyte and
synoviocyte cytocompatibility#2. In tribological wear tests between titanium interfaces,
HA-GG gels decreased the post-wear surface roughness relative to linear sodium
hyaluronate (Artz, Seikagaku)142; however, HA-GG gels have not been evaluated using ex
vivo tissue constructs or in vivo animal models.

Chitosan-based hydrogels are also under investigation as viscosupplements. Chitosan
possesses cationic amines that bind to the anionic articular cartilage surface and

contains hydroxyl groups that facilitate functionalization. A hydrogel formed by in situ
crosslinking of A-carboxyethyl chitosan, adipic acid dihydrazide and aldehyde-modified
sodium hyaluronate has self-healing properties, the ability to reform intermolecular bonds
and restore its material properties following mechanical perturbation; this latter property

is particularly desirable as it enables the formulation to pass through a small-gauge

needle and remain efficacious in the synovial spacel43. In vivo, utilizing a rat model of
monoiodoacetate-induced OA, intra-articular administration of this hydrogel decreased the
production of TNF and IL-1p, increased the expression of proteoglycans, relieved pain and
improved weight-bearing capacity at 2 and 12 weeks post-injection compared with saline or
sodium hyaluronate treatment143,

Similar to cross-linked viscosupplements such as Hylan G-F20, hydrogel fluid-additive
tribosupplements exhibit prolonged joint residence times and reduced susceptibility to
enzymatic degradation. The ability of a hydrogel to both encapsulate and release a drug
means that the tribosupplement can also have pharmacological activity, enabling it to
address OA pathologies beyond poor lubrication.

Particles.—Polymer-based and/or lipid-based particle fluid additives remain within

the synovial fluid following administration to the synovial space and are attractive
tribosupplements because of their lubricity in aqueous solution and, similar to their
hydrogel counterparts, their capacity to carry and deliver a drug cargo to the joint space.
In fact, poly(lactic-co-glycolic) acid (PLGA) microspheres loaded with the corticosteroid
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triamcinolone acetonide, as an extended-release formulation, was approved by the FDA in
2017 as a treatment for OA knee pain. Although not designed as a cartilage lubricant, these
microspheres are a potential therapeutic option and studies to extend the indication to hip
OA are underway144-146,

Particle-based additives offer ease of preparation, controllability of size and
physicochemical properties, biocompatibility, drug-delivering capabilities and optimization
of tribology performancel22.124.147 One example is the block polymer poly(DMA-co-
MPC), which is composed of N-(3,4-dihydroxyphenethyl) methacrylamide (DMA) and
MPC and spontaneously forms spherical aggregates, driven by the hydrophobicity of
DMA and hydrophilicity of MPC48, This block polymer was cytocompatible at high
concentrations, imparted antioxidant activity by eliminating ROS radicals and decreased
friction between silica and polystyrene surfaces compared with waterl48,

Liposomes composed of hydrogenated soy phosphatidylcholine (HSPC) lipids are one
type of lipid-based particle under investigation as tribosupplements. As liposomes tend

to aggregate with time, the researchers incorporated distearoylphosphatidylethanolamine
(DSPE) conjugated to either pMPC or PEG chains into the liposome formulations (referred
to as pMPC-liposomes and PEG-liposomes, respectively) to improve their stability149.150,
The pMPC-liposomes and PEG-liposomes remained stable for up to 3 months at 25 °C
and pH 5.8-6.2, unlike bare liposomes that only remained stable for up to 7 days4°.

The coefficient of friction provided by the boundary layers of the pMPC-liposomes was
comparable with that of bare liposomes, and much lower than that of PEG-liposomes,

as determined by surface force balance measurements between smooth mica surfaces4°.
In vivo, after intra-articular administration in healthy mice, the joint retention half-life

of PEG-liposomes was independent of particle diameter, but decreased with decreasing
PEG molecular weight®0. By contrast, the half-life of the pMPC-liposomes correlated
positively with the liposome diameter, with larger (~170 nm) liposomes having a half-life
fourfold longer than that of small-diameter liposomes (~80 nm). Additionally, the larger
diameter pMPC-liposomes had a half-life fourfold longer than that of size-matched PEG-
liposomes!®0, suggesting that ionic interactions between pMPC and the charged synovial
fluid constituents might also be important for joint retention.

The drug-delivery capabilities of particle additives are an important consideration. NSAIDs
are a mainstay of OA treatment but can cause deleterious off-target systemic adverse
effects151. To achieve localized delivery of the NSAID diclofenac sodium, alongside
enhanced joint lubrication, researchers have investigated electrosprayed hyaluronic acid
methacrylate anhydride (HAMA\) particles loaded with diclofenac sodium and decorated
with pMPC (HA@MPC)152, In tribological testing (using a universal materials tester in

a pin-on-disc configuration), the MPC-coated HAMA particles decreased the coefficient
of friction of the interacting surfaces relative to saline and unmodified particles!52. The
release rate of diclofenac sodium from HA@MPC particles incubating in saline, observed
over 6 days, correlated inversely with the concentration of HAMA present in the particles;
crosslinking the particles reduced their surface pore size and extended the drug release
period152, Importantly, in rats with DMM-induced OA, intra-articular administration of
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drug-loaded HA@MPC particles reduced the OARSI scores compared with treatment with
unloaded or unmodified HAMA particles!®2,

Spherical micro-particles that function as “biological ball bearings’ are also under
investigation and reduce friction at sliding interfaces via a rolling mechanism. To generate
such ‘biological ball bearings’, researchers have coated PLGA microspheres with lubricious
and bioactive nanofat!53. Nanofat is a specialized form of fat tissue that has been emulsified
into very small particles and contains lubricating lipids, bioactive growth factors and stem
cells. Although all of the physiological mechanisms of nanofat have not been elucidated, it
contains bioactive molecules (such as cytokines) that have anti-inflammatory and analgesic
properties®. The combination of nanofat with PLGA porous microspheres forms a 3D
porous network called PMs@NF153, In tribological testing (involving sliding a polyethylene
ball onto a Ti6AI4V disc), the PMs@NF decreased the coefficient of friction over a

range of concentrations, sliding speeds and compressive loads. In in vitro cultures of TNF-
treated chondrocytes, PMs@NF was cytocompatible, upregulated the expression of various
anabolic mediators (including collagen and aggrecan) and downregulated the expression of
various pro-inflammatory mediators (including MMP1, IL-1p and tachykinin precursor 1
(TAC1))1%3. Injecting PMs@NF into the knee of rats with DMM-induced OA mitigated
disease progression, as evidenced by a reduction in osteophyte formation, improvement in
gait and reduction in OARSI score when compared with saline-injected controls1®3,

3,4-dihydroxy-L-phenylalanine is a naturally occurring amino acid that is secreted by
mussels to help them adhere to surfaces®°. Dopamine, a derivative of dihydroxy
phenylalanine, has similar adhesive properties'®®. Inspired by the ball-bearing devices
mentioned previously and mechanisms of mussel adhesion, researchers have developed
porous gelatin microspheres (MGSs) coated with a poly(dopamine methacrylamide-to-
sulfobetaine methacrylate) block-co-polymer to form MGS@DMA-SBMA%. The adhesive
properties of dopamine are used to bind the polymer to the MGS surface. On the particle
surface, the negatively charged head groups of the poly-sulfobetaine methacrylate create a
hydration layer for lubrication. In a polyethylene ball-on-Ti6Al4V disc-based tribological
test, MGS@DMA-SBMA lowered the coefficient of friction compared with uncoated
MGS or salinel>’. MGS@DMA-SBMA loaded with the NSAID diclofenac sodium (MGS
(diclofenac sodium)@DMA-SBMA) was chondroprotective in vitro and in vivo!®’. In

in vitro assays of chondrocytes exposed to TNF, treatment with MGS@DMA-SBMA
increased the mRNA expression of collagen and aggrecan, and decreased the mRNA
expression of catabolic enzymes compared with saline treatment®?. Furthermore, intra-
articular administration of MGS (diclofenac sodium)@DMA-SBMA decreased joint space
narrowing, osteophyte volume and histopathological OARSI scores in rats with DMM-
induced OAL%7,

Lipids form hydration layers on the cartilage surface, and when the surface-attached lipid
layers are broken, the hydration layers are renewed by lipids present in the synovial fluid.
Inspired by this biological process, researchers have developed HAMA-based hydrogel
microspheres with lubricious surface liposomes (Lipo@HM) endowed with the ability to
form self-renewing hydration layers°8. In a polyethylene sphere-on-stainless steel disc
model of articulation, Lipo@HMs reduced the coefficient of friction of the interacting
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surfaces as the surface of the hydrogel microspheres were worn to expose increasing
amounts of lubricating liposomes. The coefficient of friction reached a plateau once a
critical number of liposomes were exposed, and finally increased as the Lipo@HMs were
squeezed out of the contact areal®8. In the same model of articulation, pre-worn Lipo@HMs
reduced the coefficient of friction compared with liposome-free hydrogel microspheres and
saline (by 25% and 50%, respectively)1%8. For these Lipo@HMs, biolubrication arises via
two mechanisms: ball-bearing-like mechanics decrease the interfacial sliding friction via

a rolling mechanism, and reformation of hydration layers enables continuous lubrication.
Rapamycin has also been incorporated into these liposomes (RAPA@Lipo@HMs) to
maintain cellular homeostasis via promoting autophagy. In an in vivo ACLT and medial
meniscectomy rat model of OA, RAPA@Lipo@HMs alleviated joint wear and reduced
cartilage degeneration compared with sham treatment or treatment with PBS, liposome-
free hydrogel microspheres or unloaded Lipo@HMSs, as demonstrated by a decrease in
osteophyte volume, reduction in Mankin score and preservation of type 11 collagen and
aggrecan expression®8, As biolubricants mainly function by reducing mechanical wear, the
in vivo results of treating OA with RAPA@Lipo@HMSs suggest that mitigating OA requires
supplemental biological interventions that upregulate the expression of anabolic genes and
downregulate the expression of catabolic, pro-inflammatory genes.

Attempts to design novel tribosupplements often involve producing a material with
similar rheological properties (including viscosities) to those of commercially available
viscosupplements, on the assumption that such properties are necessary for effective friction
reduction. Recent studies examining poly(acrylic acid) microgels (PAA microgels) as
tribosupplements challenge this paradigm. PAA microgels prepared at diameters ranging
from 5 um to 28 um and resuspended in saline achieved much lower viscosities than

both bovine synovial fluid and commercially available sodium hyaluronate (Hymovis,
Fidia Farmaceutici), yet were able to maintain comparable coefficients of friction to these
materials in a cartilage-on-glass tribological test!®°. These results challenge the field to
reconsider the relationship between rheological and tribological performance, and to focus
the design of materials on reducing friction as opposed to increasing viscosity.

Particles are ubiquitous within the drug-delivery field; however, their engineerability

is expanding their use into additional biomedical applications, such as their use as
tribosupplements. In this context, such particles might decrease the coefficient of friction
between articulating surfaces, while retaining their role as a drug-delivery vehicle, thereby
addressing multiple aspects of OA pathophysiology, which is crucial to halting and reversing
OA progression.

Matrix enhancers

Matrix-binding tribosupplements rejuvenate the abraded chondroprotective superficial zone
of cartilage by providing a layer that enhances boundary mode lubrication, similar to PRG4
(refs. 21,116,119,160). Classified as linear polymers, hydrogels or particles, these matrix
enhancers comprise two domains: one that binds to the cartilage surface, either covalently or
non-covalently, and one that imparts lubricity (Table 2).
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Linear polymers.—Linear matrix enhancers are linear and/or bottle-brush polymers that
contain a cartilage reactive domain. This domain ensures that, following introduction into
the synovial space, the enhancer binds or localizes to the cartilage surface. This interaction
brings the tribosupplement to the damaged cartilage, the tissue that would benefit most from
improved lubricity during OA.

To achieve improved superficial zone localization and recruitment of unbound PRG4,
researchers have generated an aldehyde-modified version of PRG4 (PRG4-CHO) that

binds to the cartilage surfacel6! (Fig. 4e). Inclusion of this aldehyde modification did

not seem to affect the protein structure or lubricating function of PRG4 and led to a

twofold increase in PRG4 binding compared with unmodified PRG4 on both native cartilage
and PRG4-depleted explants®1:162, Tribology testing on PRG4-depleted cartilage explants
following incubation in saline, healthy synovial fluid, unmodified PRG4, PRG4-CHO or
PRG4-SHAM (unmodified PRG4 exposed to the same buffer conditions as PRG4-CHO)
revealed that the static coefficient of friction (resistance to start-up motion) was highest

for saline and lowest for synovial fluid162. However, this coefficient varied with duration
(ranging from 1.2 to 1,200 s) of cartilage interstitial fluid depressurization, which simulates
the amount of time between standing and the first sliding motion experienced by the
cartilage surfacel62, At shorter prolonged standing times, the static coefficient of friction

for PRG4, PRG4-SHAM, and PRG4-CHO was equivalent and lower than that of saline;
however, at longer prolonged standing times, the static coefficient of friction for PRG4-
CHO and PRG4-SHAM was equivalent to that of saline. Overall, both PRG4-CHO and
PRG4-SHAM preparations had equivalent effects to PRG4, effectively reducing the kinetic
coefficient of friction (resistance to a steady sliding motion) to a level lower than that of
saline, but not to the same extent as synovial fluid162. Thus, aldehyde modification enhances
adsorption of PRG4 to the cartilage surface without affecting lubricity.

Inspired by the lubricious and adsorptive domains of PRG4, researchers have created PGA-
PMOXA-HBA polymers, composed of alternating brushes of poly(2-methyl-2-oxazoline)
(PMOXA) and hydroxybenzaldehyde (HBA) that are grafted onto a poly(glycolic acid)
(PGA) backbonel63-165 (Fig. 4f). Increasing the density and the molar mass of the PMOXA
side chains grafted onto the PGA backbone affects the material properties of the resulting
film, by producing a thicker film with increased water content and an improved bio-passive
layer that impedes adsorption of serum proteins63-165_ Application of fluorescein-labelled
PGA-PMOXA-HBA copolymers resulted in a greater fluorescent intensity on enzymatically
digested cartilage (used to simulate the surface of osteoarthritic cartilage) than on healthy
cartilage, suggesting that PGA-PMOXA-HBA preferentially binds to damaged cartilage
over healthy cartilage!63-165_ Notably, in ball-on-disc tribology tests, PGA-PMOXA-HBA
treatment restored the coefficient of friction of degraded cartilage to that of healthy
cartilagel64.

To promote sodium hyaluronate localization at the articular surface, researchers have
developed the tribosupplement HABPep-PEG-ColBPep, composed of a hyaluronic acid-
binding peptide (HABpep), PEG and type 11 collagen binding peptide (ColBpep)1© (Fig.
49). The increased local concentration of sodium hyaluronate at the articulating surface
produces a hydrated fluid film that reduces the coefficient of friction. In healthy rats,
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intra-articular injection of HABPep-PEG-ColBPep increased the in vivo retention time

of rhodamine-labelled sodium hyaluronate by 12-fold versus untreated!®®. In tribological
testing of healthy and OA human cartilage, treating the tissue with HABPep-PEG-ColBPep
and sodium hyaluronate, followed by washing away the unbound sodium hyaluronate and
conducting the friction measurement in a bath of saline, reduced the coefficient of friction
to a similar extent to cartilage samples not treated with HABPep-PEG-ColBPep and tested
in a bath of a sodium hyaluronate solution. These results suggests that the material tightly
binds to sodium hyaluronate, and functions as a boundary lubricant even in the absence

of solubilized sodium hyaluronate®®. Fluorescence imaging of the cartilage after friction
testing confirmed that HABPep-PEG-ColBPep concentrates the limited hyaluronic acid
present in OA synovial fluid to the cartilage surfacel®.

The diblock polymer poly(2-dimethylamino ethyl acrylate)-co-poly(ethylene glycol)
(PDMAEA-c0-PEG) is another matrix enhancer tribosupplement under investigation. In
this formulation, pPDMAEA functions as the cartilage binding block and PEG serves as

the lubrication block67. Application of pPDMAEA-co-PEG to an articulating cartilage
surface reduced the coefficient of friction compared with treatment with saline or the
individual blocks of the homopolymers, suggesting that localization of the polymer to the
articular surface improves the lubricating ability of the material67. Another PRG4-mimetic
matrix enhancer, prepared by grafting PEG onto a PAA core (PAA-g-PEG), leverages the
terminal thiol of the bottle-brush polymer to bind the material to the cartilage surface
through interactions with collagen fibres'23. Fluorescently labelled PAA-g-PEG bound to
the surface of cartilage within 60 min, and the construct reduced the coefficient of friction
of articulating cartilage compared with PRG4-stripped samples lubricated with saline and
LUB:1-lubricated samples; however, the coefficient of friction was not reduced to the level
provided by native PRG4 (ref. 123). In an ACLT rat model of OA, treatment with PAA-g-
PEG did not improve the OARSI scoring of tibial cartilage degeneration. Furthermore, on
explanted cartilage, treatment did not reduce the coefficient of friction compared with saline
treatment, suggesting that treatment with PAA-g-PEG did not protect the cartilage from
surface roughening; however, the treatment was well tolerated as there was no evidence of
worsened synovitis68,

Overall, linear matrix enhancers, inspired by PRG4, build upon their linear fluid-additive
counterparts by localizing the tribosupplement to the cartilage surface, thus ensuring that the
material lubricates the tissue most in need of lubrication. When localized to these interfaces,
linear matrix enhancers reduce the coefficient of friction of the ex vivo articulating surface;
however, additional preclinical testing in large animal models of OA are needed to assess
their safety and performance.

Hydrogels.—Hydrogel matrix enhancers are a newer iteration of tribosupplement in which
the network polymers contain a cartilage reactive group that secures the tribosupplement to
the cartilage surface and localize it to the articulating surface. Extrusion-based 3D printing is
an adaptive technology that enables the creation of layered constructs of a specific size and
shape, using a range of printable materials. However, this approach requires the formulation
of biomaterial inks that meet “printability” requirements (including optimal viscosity and the
ability to exhibit shear-thinning behaviour). Additionally, these inks must have the desirable

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 August 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

DeMoya et al.

Page 19

physicochemical and mechanical properties, while also meeting biological prerequisites

for the intended target tissue (such as demonstrating bioactivity and biocompatibility).

To produce a mechanically robust, layered scaffold that replicates the zonal structure of
cartilage and restores the surface lubrication of hyaline cartilage, one study described an
innovative biomaterial ink derived from ECM particles (pECM biomaterial ink)16. This
ink contains sodium hyaluronate that has been chemically modified with thiol groups such
that it crosslinks directly to the decellularized cartilage ECM particles via disulfide bonds.
This process resulted in the formation of a 3D network of ECM particles®®. Properties of
this material, such as the construct mechanics, nutrient diffusion and cell viability, could be
tuned by changing the composition and concentration of the ECM in-fill. Co-printing two
inks (the pECM biomaterial ink and an ink containing thiol-modified sodium hyaluronate
only) generated a layered scaffold, consisting of a dense layer made with pECM and a
lubricious layer on top made with the thiol-modified sodium hyaluronate only, such that

the overall scaffold had bulk compressive and surface mechanical properties (including
coefficient of friction, adhesion and roughness) that approached those of native cartilagel6°.
The addition of macropores increased the viability of cells introduced into the scaffold6°. In
ex vivo studies, filling cartilage defects with 3D-printed scaffolds manufactured from pECM
biomaterial ink decreased the coefficient of friction and surface roughness, and increased
the compressive modulus and adhesive force, compared with untreated controls®9. Such
3D-printable bioinks are an exciting technology for resurfacing osteoarthritic cartilage.
Future in vivo studies are needed to further evaluate their performance.

Particles.—Particle matrix enhancers are another emerging group of tribosupplements.
Similar to other matrix enhancers, these particles contain a cartilage reactive group

for binding to the cartilage surface. For example, using microfluidic fabrication
technology, researchers have synthesized nanocomposite 4-arm-poly(ethylene glycol)-
maleimide (PEG-4MAL) microgels that contain PLGA nanoparticles (200-400 nm NP)
decorated with cartilage-targeting peptides (HAP-1 or WYR). HAP-1 binds and targets
fibroblast-like synoviocytes, which are the main cell type of the synovium and produce
high levels of inflammatory cytokines during OA, whereas WYR binds to the a1 chain of
type 11 collagen in cartilage’0. In vitro experiments found that the PEG-4MAL microgels
containing the synoviocyte-targeting peptide or cartilage-targeting peptide specifically
bound to synoviocytes (human and rabbit) or bovine articular cartilage, respectively170,
Microgels containing fluorescent rhodamine B-loaded PLGA NPs continuously released the
fluorophore over 16 days, suggesting that drugs loaded into the particles would follow a
similar release profilel’0. After intra-articular injection in rats with DMM-induced OA, the
PEG-4MAL microgels remained in the joint for at least 3 weeks without inducing further
joint degeneration as measured by EPIC-UCT and histology; however, the PEG-4MAL
microgels did not improve the disease state of the treated joints compared with untreated
controls!’0. Given these encouraging results, the drug-delivery and lubrication capabilities
of these types of material should be investigated further.
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Conclusions

In OA, a combination of factors contribute to altered lubrication of the synovial joint. Today,
no currently approved devices or pharmacological treatments impart chondroprotection after
the induction of OA. Various linear and crosslinked sodium hyaluronate viscosupplements
are now available that have analgesic effects that are equivalent to administered

NSAIDS, but do not provide chondroprotection. The short joint residence time of these
viscosupplements has led to the clinical development of enhanced viscosupplementation,
including co-delivery of sodium hyaluronate or crosslinked sodium hyaluronate with drugs
that target unaddressed pathologies®.

The natural lubricating capabilities of hyaluronic acid, PRG4 and surface-active
phospholipids have inspired the design, synthesis and evaluation of tribosupplements.

As biolubricants mainly function by reducing wear, when used in isolation these

substances have limited chondroprotective and/or chondroregenerative effects. Mitigating
OA requires supplemental pharmacological interventions that upregulate anabolic mediators
and downregulate catabolic, pro-inflammatory mediators. Multifunctional nanoparticles,
micelles and/or hydrogels that perform both as a tribosupplement and delivery system for
disease-modifying small molecules or protein therapeutic molecules represent a key advance
and future direction worthy of study. Increasing the joint residency time and localizing
bioactive molecules to the sites of tissue damage should also improve their therapeutic
efficiency.

Future work must define the stages of OA when tribosupplements will be most effective,
including establishing objective success criteria and minimally clinically significant
thresholds. OA affects all synovial joint structures, including the synovium, subchondral
bone, meniscus, patellar tendon, quadriceps muscle and infrapatellar fat pad. One important
avenue to explore is which tissues are the pain generators that are amenable to pain
mitigation through biomechanical interventions. The interplay between rejuvenating the
composition and material properties of synovial tissue and fluid, and the alleviation of pain
while restoring joint function warrants mechanistic validation through independent animal
experiments. In these studies, inflammatory molecules (such as IL-1, IL-2 and TNF) and
known pain neuropeptides (such as substance P) should be measured in the affected tissues
to better understand the nociceptive and neuropathic aspects of OA-related pain and how
improving synovial fluid lubrication and cartilage tissue properties might mitigate this pain.

The majority of viscosupplement and tribosupplement in vivo work uses rodent models of
mechanically induced OA in young animals. However, the growth plates never close, and
bone regeneration can occur in these animals, unlike in humans. Rodent joints are extremely
small compared with joints in larger animals and humans, and the cartilage has a different
composition and structure to humans (including the presence of a thick layer of calcified
cartilage). Furthermore, quadruped models might not replicate the pathomechanics (such

as the kinematics) of humans. These limitations, combined with a lack of studies in older
animals, as well as outcome differences between males and females, hamper translation, and
is a call to the community to consider age and sex differences in future small and large
animal studies’L,
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Amelioration of OA requires a comprehensive approach that addresses the multitude of
factors involved. Continued research by interdisciplinary teams composed of clinicians,
veterinarians, biomedical engineers, chemists and biologists will afford new materials and
treatment approaches specifically designed to synergistically interact within the synovial
space and recapitulate the molecular and macromolecular interactions present in a healthy
joint.
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Boundary lubrication

The mode of lubrication in which the two sliding surfaces are only separated by a thin film
of lubricant, such that imperfections along the surfaces can come into contact with each
other.

Fluid-film lubrication
The mode of lubrication in which two sliding surfaces are completely separated by a film of
lubricant.

Hydration lubrication
The phenomenon of water molecules clustering around charged groups to form hydration
layers that maintain extremely low coefficients of friction.

Interstitial fluid load support
The proportion of an applied load that is supported by pressurized fluid entrapped within the
cartilage matrix.

Non-Newtonian fluid
A fluid that has a variable viscosity depending on the stress applied to it.

Rheological properties
The deformation properties of a material, often described in terms of viscosity, storage
modulus and loss modulus.

Shear-thinning
A rheological behaviour in which the viscosity of a fluid decreases with increasing shear
strain.

Tribological properties
The frictional properties of a material during rubbing; lubricants are intended to affect
tribological properties by decreasing friction between two rubbing surfaces.
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Tribosupplementation
Delivery of a material, other than an exogenous hyaluronic acid solution, to a synovial joint,
with the intention of improving cartilage lubrication as a treatment for osteoarthritis.

Viscosupplementation
Delivery of an exogenous hyaluronic acid solution, often formulated as sodium hyaluronate,
to an osteoarthritic joint, to restore the lubricity of the synovial fluid.
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Key points

In osteoarthritis, compositional changes to the synovial fluid reduce the
lubricating ability of the joint and can lead to propagation of cartilage wear.

Clinically approved viscosupplements are aimed at restoring synovial fluid
lubricity and reducing the inflammatory response, but their efficacy remains
nebulous.

Enhanced viscosupplements combine sodium hyaluronate with additional
materials (such as glucocorticoids and antioxidants) that target specific
aspects of osteoarthritis, but the benefits of these additions seem minimal.

Tribosupplementation, the delivery of non-hyaluronan-based lubricants to
the joint, shows some promise but is largely in the preclinical stages of
development; this approach includes fluid additives and matrix enhancers.

Fluid additives are cartilage lubricants (with a linear, hydrogel or particle
structure) that remain suspended in the synovial fluid following intraarticular
injection and comprise linear, hydrogel and particle structures.

Matrix enhancers are cartilage lubricants (with a linear, hydrogel or particle
structure) that, in addition to containing a lubricious domain, contain a
domain that binds to the cartilage surface.
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Fig. 1 |. Types of viscosupplementation and tribosupplementation.
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This figure depicts the various categories of clinical, hyaluronic acid-based

viscosupplements and tribosupplements that are discussed in this

Review. The term

viscosupplement describes an exogenous hyaluronic acid-based solution. Viscosupplements

can be further subdivided on the basis of structure (linear versus ¢

ross-linked) and

composition (administered alone versus in combination with additional components that

enhance the drugs’ therapeutic effects). Tribosupplements are alte

rnative non-hyaluronic

acid-based lubricants that can be further divided by structure (linear polymer, hydrogel

or particle) and matrix-binding capacity (that is, whether the tribo

supplement remains

suspended in the synovial fluid or contains a matrix binder that localizes it to the cartilage

surface).
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Fig. 2 |. The composition, morphology and biomechanics of cartilage and synovial fluid in the
healthy and osteoarthritic states.

a, Hyaline cartilage consists of three layers: the superficial zone, transition zone and

deep zone, each with a different morphology, composition and structure. Chondrocytes are
embedded within the extracellular matrix (ECM) of cartilage and synthesize and maintain
the ECM constituents. The superficial zone interfaces with the synovial fluid, which
contains hyaluronic acid and proteoglycan 4 (PRG4). Hyaluronic acid is an anionic, non-
sulphated, high-molecular-weight biopolymer that endows synovial fluid with its viscosity.
PRG4, a surface-active glycoprotein, attaches to the lamina splendens, binds to hyaluronic
acid present in the synovial fluid to localize it to the articular surface and thereby

provides a discontinuous, sacrificial layer that enhances superficial zone pressurization
and boundary lubrication. b, During osteoarthritis (OA), the composition, morphology
and biomechanics of cartilage and synovial fluid change. Compositionally, osteoarthritic
cartilage contains decreased amounts of hyaluronic acid, PRG4, and type Il collagen
compared with healthy tissue because of wear and an aberrant balance between anabolism
and catabolism. Similarly, in the synovial fluid, the concentration and molecular weight of
sodium hyaluronate decreases and the concentration of PRG4 decreases during OA. OA
also results in morphological changes to cartilage as the structure of the collagen matrix
transitions from the characteristic arching fibrils, producing a matrix that is perpendicular
to the subchondral bone in the middle and deep zones and parallel to the articular surface,
to a disorganized distribution of fibrils. Ultimately, the compositional and morphological
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changes in OA reduce cartilage stiffness, such that the same applied force (Fy) produces a
larger strain (&) in osteoarthritic cartilage than in healthy cartilage.
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Fig. 3|. Clinical results for several clinically approved viscosupplements.
a,b, Results from clinical trials of linear viscosupplements (a) and crosslinked

viscosupplements (b). On the x-axis, the viscosupplements are grouped by molecular weight
of sodium hyaluronate. The left y-axis, corresponding to the bars, represents the relative
decrease in average pain at the study end point compared with the average pain reported

at baseline. The dark blue bars represent Western Ontario and McMaster Universities
Osteoarthritis pain scores whereas the light blue bars represent visual analogue scale pain.
The right y-axis, corresponding to the symbols, represents the total amount of sodium
hyaluronate injected. The shape reflects the size of the clinical trial (key). ¢,d, The clinical
outcomes for pain (c) and function (d) for those trials that included a placebo control, and

a summary estimate of 24 placebo-controlled trials for pain and 19 placebo-controlled trials
for function (Overall), are compared using standardized mean differences82. A standardized
mean difference of less than 0 indicates that the viscosupplementation is favoured over
placebo. The shaded region demonstrates the values for which clinical outcomes between
viscosupplementation and placebo are equivalent, on the basis of a minimal clinically
significant difference of 0.37. Data are represented as mean with 95% confidence intervals.
All of the viscosupplements are FDA approved, except for Suplasyn, which is approved for
clinical use in Canda. NR, not reported.
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Fluid additives
—-— Synovial fluid
— Proteoglycans
Hyaluronic acid
W - PRG4 (Lubricin)
R PRG4-like polymers
Bottle-brush polymers Recombinant versions of PRG4
a HA/PA C Full-length PRG4
PA side chain
Hyaluronic acid 8 7 > "2 Y2 Mucin-like domain
backbone S - =

= = —
I ey @ —coor

b HAa/PM d LuBi

I\ =S == =
e M on— gL —coon
Matrix additives
€@ PRG4-CHO f PGA-PMOXA-HBA g HABpep-PEG-COLBpep

Lubricity —|
domain

Cartilage- —
binding
domain

Cartilage surface

Fig. 4 |. Structures of various linear tribosupplements.
a—d, Various linear polymers are under investigation as tribosupplements, including fluid

additives and matrix enhancers. These include fluid additives that mimic the bottlebrush
polymers present in synovial fluid, such as HA/PA (a) and HA/PM (b) and linear polymers
that mimic proteoglycan 4 (PRG4, also known as lubricin), such as full-length PRG4 (c)
and LUB:1 (d). HA/PA and HA/PM consist of synthetic polymers poly(acryloylamino-2-
methyl-1-propanesulfone) (PA), and poly(2-methacryloyloxyethyl phosphorylcholine) (PM)
covalently bound to an hyaluronic acid (HA) backbone, respectively. Full-length PRG4 is

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 August 27.
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derived from natural sources or produced via recombinant protein synthesis. The yield of
recombinant PRG4 is maximized by truncating the mucin-like domain to form LUB:1. e-g,
Matrix additives are also under investigation that contain a cartilage-binding domain, as
well as a lubricity domain, including PRG4-CHO (e), PGA-PMOXA-HBA (f) and HABPep-
PEG-COLBPep (g). PRG4-CHO contains succinimidyl-4-formylbenzamide, which enables
PRG4 to covalently attach to the articular surface and improve lubricity. For PGA-PMOXA-
HBA, the HBA domains covalently bond to cartilage and the PMOXA blocks create a
lubricious film between articulating surfaces. HABPep-PEG-COLBPep consists of PEG
flanked by a collagen-binding peptide (COLBpep) and a HA-binding peptide (HABpep).
The COLBpep allows the construct to specifically bind collagen at the cartilage surface,
whereas the HABpep interacts with HA suspended in synovial fluid to promote lubrication.

Nat Rev Rheumatol. Author manuscript; available in PMC 2024 August 27.
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