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Abstract

Normal functioning of articulating tissues is required for many physiological processes occurring 

across length scales from the molecular to whole organism. Lubricating biopolymers are present 

natively on tissue surfaces at various sites of biological articulation, including eyelid, mouth, and 

synovial joints. The range of operating conditions at these disparate interfaces yields a variety of 

tribological mechanisms through which compressive and shear forces are dissipated to protect 

tissues from material wear and fatigue. This review focuses on recent advances in active agents 

and biomaterials for therapeutic augmentation of friction, lubrication, and wear in disease and 

injured states. Various small-molecule, biological, and gene delivery therapies are described, as are 

tribosupplementation with naturally-occurring and synthetic biolubricants and polymer 

reinforcements. While reintroduction of a diseased tissue’s native lubricant received significant 

attention in the past, recent discoveries and pre-clinical research are capitalizing on concurrent 

advances in the molecular sciences and bioengineering fields, with an understanding of the 

underlying tissue structure and physiology, to afford a desired, and potentially patient-specific, 

tissue mechanical response for restoration of normal function. Small and large molecule drugs 

targeting recently elucidated pathways as well as synthetic and hybrid natural/synthetic 

biomaterials for restoring a desired tissue mechanical response are being investigated for treatment 

of, for example, keratoconjunctivitis sicca, xeroderma, and osteoarthritis.
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1. Introduction

The function of many mechanical, electromechanical, and biological systems depends on 

appropriate lubrication at the articulating interface. In general, one is most familiar with 

friction and wear on metal surfaces in applications such as engines, turbines, and pistons 

[1,2]. Our deepening understanding of frictional behavior has given rise to various strategies 

for modulating friction. Today, strategies exist to alter tribology,1 [3] including application 

of lubricants such as graphite, introduction of rolling rather than sliding components, e.g., 

ball bearings, and the use of acoustic energy to dissipate friction. Further, the articulating 

substrates themselves may be modified, e.g., by plasma treating, smoothing, or hardening, or 

by conjugating lubricious polymers to the substrate, e.g., Teflon® used to coat cookware 

(Fig. 1).

Friction, lubrication, and wear on biological surfaces is, in our opinion, more interesting and 

challenging to study given that the articulating substrates are living substrates of 

compositionally complex mixtures that may be stiff, viscoelastic, compact, or porous and 

possess smooth or rough surfaces. Numerous bodily tissue interfaces require efficient 

biolubrication1 for optimal physiological function, including diarthrodial joints [4–7] and 

mucosal membranes such as the eyelid, esophagus, intestine, and vagina (Fig. 1). When 

function becomes impaired due to injury, disease or old age, increased wear leads to reduced 

lubricity and tissue wear often associated with pain and restricted mobility. The tribology of 

biological systems, or biotribology, has been reviewed elsewhere [3,8–10] with particular 

emphases on diarthrodial joints [4–7], skin [11,12] endothelia [13], eye/contact lens 

interface [14], and tongue/mouth lubrication by saliva [15].

Normal functioning of articulating tissues is required for many physiological processes 

occurring across length scales from the molecular to the whole organism (Fig. 2). Whole-

organism lubrication conserves energy [16] and enables evasion of predators [17] among 

swimming animals as well as prevents desiccation for amphibians [18]. Lubrication also 

plays critical roles during mammalian reproduction. For example, mammalian offspring 

(excluding egg-laying mammals) require whole-body lubrication during vaginal birth to 

reduce frictional stresses resulting from high cervical and vaginal pressures on the neonate 

[19]. Taken together, these examples highlight the levels of biotic organization over which 

biotribological principles govern significant biological functions.

Lubrication in humans is often mediated by aqueous solutions of macromolecules, 

macromolecule assemblies, and high-molecular weight biopolymers. Shear forces are 

transmitted to and dissipated by these naturally occurring biolubricants at the site of 

articulation. Of utmost importance are their chemical functionalities, structure, and 

conformation in their ability to provide extremely low, non-damage-inducing friction to their 

1As defined by Merriam-Webster dictionary, tribology is a study that deals with the design, friction, wear, and lubrication of 
interacting surfaces in relative motion. It should be noted that the term biolubricant is alternately used in the literature to describe 
lubricants that derive from biological feedstock and are used for a variety of non-biological applications for the purposes of being 
more renewable, biodegradable, and environmentally friendly than conventional lubricants [24,25]. This class of materials is not 
included in the present review. Here, we use the term biolubricant to mean a macromolecule or material that reduces friction in a 
biological system.

Cooper et al. Page 2

Biomaterials. Author manuscript; available in PMC 2019 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



host surfaces. Mucins, the glycosylated bottle-brush-structured proteins found in saliva and 

mucus, bear hydrophilic hydroxyl, carboxyl, sulfate, and amino groups, and form lubricating 

gels through intermolecular complexation (Fig. 3a) [20,21]. Mucin-like glycoproteins 

function as effective boundary lubricants in low viscosity conditions [22], forming thin gel 

films [22,23] which repel interfacial contact (Fig. 3b). Mucins also lubricate under high 

viscosity conditions via hydrodynamic lubrication by forming thicker gel layers [24,25]. 

Assemblies of phospholipids are excellent boundary lubricants [26], due to several 

mechanisms including hydration lubrication [27–29] and roller-bearing-type lubrication 

(Fig. 3c) [30,31]. High molecular weight linear polysaccharides confer tissue lubrication 

even in the absence of conjugation to a protein core, exemplified by hyaluronic acid (HA) 

lubricating articular cartilage (Fig. 3d). Many examples of biological lubrication, including 

many of those described below, involve at least one of these classes of macromolecules; 

hydrophilic polysaccharide chains, whether in linear or branched form, or attached to a 

peptidic backbone, constitute the majority of lubricating macromolecules. This review 

begins with a discussion of the articulating tissues of interest, their relevance, and the 

diseases or injuries that decrease lubrication and increase wear, and then proceeds to discuss 

the therapeutic strategies which entail active agents (small molecules and biologics), 

polymer lubricants, and biomaterial-based reinforcement agents. Finally, we present a 

critical overview of the limitations of current systems to improve biolubrication and 

strengthen soft tissues, and evaluate the future outlook.

2. Tissues of interest and associated diseases

The following section highlights several key tissues and interfaces of biotribological 

importance in the human body (Fig. 4). Moreover, it describes the states of disease or injury 

associated with inadequate tissue lubrication or weakened structural integrity at each bodily 

site (Table 1).

2.1. Eye

Tissue interface: eyelid—cornea. The human eye is a critical organ for vision and sense of 

sight. The cornea is the tissue through which light passes before striking photoreceptors in 

the rear of the eye. Corneal tissue is protected from damage and also hydrated by the 

outermost tissue of the eye, a non-permanent barrier, the eyelid. Given that the human eye 

blinks roughly 20,000 times per day [32,33], friction between the eyelid and cornea is 

largely mitigated by tear film. Tear film contains lubricating mucins and phospholipid 

assemblies, both of which are present in the fluid itself as well as adsorbed to the cornea and 

eyelid. The film also contains antimicrobial proteins and growth factors.

Disease: Keratoconjunctivitis sicca (dry eye). Various pathologies causing discomfort to the 

eye when blinking are colloquially termed dry eye. Insufficient lachrymation or 

xerophthalmia, clogged or poorly-functioning tear ducts, inflammation, or other pathologies 

may cause dry eye [34]. The most common treatment for dry eye involves over-the-counter 

eye drops known as artificial tears that directly administer lubricating macromolecules to the 

articulating ocular interface [35]. Artificial tears restore not only lubrication but also optimal 
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tear film viscoelasticity and osmolality [36]. The many native and non-native polymers 

found in artificial tears, along with additional dry eye treatments, are described in Section 3.

2.2. Mouth

Tissue interface: Tongue—inner mouth. Frictional forces in the mouth, modulated by 

saliva’s lubrication, significantly affect the sensory experience of foods [23,37]. Moreover, 

the physical movements related to speech require low-friction sliding of the tongue against 

other soft and hard tissues in the mouth. Saliva contains an abundance of salivary mucins, 

which increase viscosity as well as form boundary-lubricating gels.

Disease: Xerostomia (dry mouth). Xerostomia is often associated with the effects of 

radiotherapy, salivary dysfunctions (reduced saliva production or altered saliva composition), 

or several medical conditions (Parkinson’s disease, hepatitis C, etc.) [38]. When insufficient 

lubrication is provided to the tongue-dinner mouth interface, several pathologies may result 

including poor speech, chewing, swallowing, altered perception of taste, as well as dental 

caries and periodontal diseases [39]. A leading treatment of dry mouth is the administration 

of lubricating sprays, gels, and rinses known as artificial saliva [40]. While these treatments 

temporarily mitigate the symptoms, other remedies aim to provide long-term therapeutic 

benefits are discussed later.

2.3. Abdominal system

Tissue interface: Abdominal organ—surrounding tissue, tendon—surrounding tissue. The 

exterior surfaces of nearly all abdominal and pelvic organs are coated with lubricating 

mucus, composed of mucin and surface adherent polysaccharides. Likewise, the exterior 

surfaces of tendons, ligaments, and muscles are lubricated by both viscous fluids as well as 

by boundary-lubricating polysaccharide-derived macromolecules. All of these intracorporeal 

organs and tissues articulate against and glide over one another during normal locomotion.

Disease: Post-surgical (including peritendinous) adhesions. Upon surgical or other 

disruption to abdominal organs or tendons (along with myriad other tissues in the body), the 

resulting scar tissue may disrupt the low-friction sliding of these tissues, resulting in fibrous 

adhesions. This phenomenon occurs as part of the natural healing process following incision, 

and also can form aberrantly in conditions such as adhesive capsulitis (frozen shoulder) [41]. 

Trauma following adhesion of the stomach, intestine, kidney, liver, and uterus to surrounding 

tissue causes severe organ system complications [42,43], and similar adhesion of tendons to 

surrounding tissue greatly impairs motor function and causes pain [44]. Thus, prevention of 

such adhesions is of critical importance. Numerous drug- and material-based strategies, in 

particular, a class of materials called adhesion barriers, along with alternate therapeutic 

techniques, exist to prevent post-surgical adhesions and have been thoroughly reviewed 

elsewhere [45–47].

2.4. Reproductive system

Tissue interface: Vagina—penis. Human reproduction classically involves insemination via 

vaginal-penile intercourse. The vaginal mucosal membrane secretes a mucin-rich fluid 

which serves as a lubricant to mitigate the frictional forces between the inner walls of the 
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vagina and the male penis during intercourse, which involves, on average, approximately 

100–500 thrusts [48]. Insufficient reduction of friction at this interface can cause 

microtrauma to the vaginal mucosa [49], discomfort for both partners, or vaginal or penile 

injuries [50–52].

Disease: Vaginal dryness. Vaginal dryness affects pre- and post-menopausal women due to a 

variety of underlying pathologies, and the most common symptom is insufficient production 

of vaginal mucosal secretions [53]. The resulting painful sexual intercourse that may occur 

is known as dyspareunia [54], and may significantly hinder sexual function. Personal 

lubricants deliver reduced friction during intercourse [55,56], and are typically water-, 

silicone-, or oil-based liquids [57]. They are also often used along with condoms, with the 

objective of providing improved tissue—biomaterial lubrication. Moreover, local or topical 

hormone therapies are used for augmenting mucosal secretions [58].

2.5. Excretory system

Tissue interface: Urethra—biomaterial, vascular lumen—biomaterial. Urinary catheters are 

used when the required systems for physiologically healthy urination are inoperative [59]. 

Frictional forces exerted upon insertion and removal of the device, as well as during daily 

life wherein gravity may exert downward forces, arise from kinetic or static friction of the 

catheter’s exterior against the urethral lumen. Likewise, vascular catheters passing through 

blood vessels exert frictional forces that are reduced by the polysaccharide-rich glycocalyx 

of the vascular lumen. Another medical device that must similarly pass through vasculature 

is a guidewire, and these frictional forces possess a similar potential for trauma.

Injury: Catheter-induced trauma, guidewire-induced trauma. Several hydrophilic, lubricious 

polymers (e.g., polyvinylpyrrolidone) have been implemented in catheter and guide-wire 

coatings to minimize shear forces transmitted to the lumen upon insertion and removal [60]. 

However, friction-related discomfort is experienced by many patients. Catheter and guide-

wire coatings have been reviewed extensively elsewhere [61–64], and are non-exhaustively 

highlighted in the sections below.

Disease: Urinary incontinence. Aside from urinary incontinence arising from temporary 

pathophysiological changes, the muscles controlling urethral sphincters experience 

mechanical fatigue over decades of use and result in age-related urinary incontinence. 

Biomaterial treatments that address the fatigue-prone properties of aging sphincters to 

impart fatigue-resistance are under development.

Tissue interface: Intestine—stool. Food is lubricated by mucosal secretions and fats for its 

entire duration in the gastrointestinal tract; as soon as food enters the mouth it is lubricated 

by saliva and it continues to be lubricated by mucin-containing fluids throughout its passage 

through the esophagus, stomach, and intestines. In all compartments of the small and large 

intestine, ingested food articulates along the inner intestinal lumen and is lubricated by 

mucinous glycoproteins to dissipate shear forces that would otherwise damage the lumen. In 

addition, fats and oils present in ingested food serve to lubricate stool.
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Disease: Intestinal dryness. Dehydration, unbalanced diet, stress, or some medications cause 

poor lubrication of stool passing through the gastrointestinal tract. Mucosal secretions in the 

lumen may also function poorly, thus withholding the mucin-containing fluid that is required 

to lubricate stool for pain-free articulation through the gastrointestinal tract. These disease 

states can cause constipation and abdominal pain. Laxatives (e.g., polyethylene glycol) are a 

class of ingestible treatments that aid in passage of stool, by lowering the stool-intestine 

friction.

2.6. Synovial joints

Tissue interface: Articular cartilage—articular cartilage. Articular cartilage is the hydrated 

soft tissue lining the ends of articulating bones in diarthrodial synovial joints. The tissue 

supports loads and provides a low friction interface between opposing bones. The native 

lubricant bathing articular cartilage is the synovial fluid, containing the linear 

polysaccharide hyaluronic acid (HA), allowing for maintenance of a viscous fluid film 

separating the cartilaginous surfaces upon sliding [65]. The glycoprotein lubricin provides 

hydrophilicity at the tissue surface to dissipate frictional forces [66]. Phospholipids at the 

articular cartilage surface also provide efficient boundary lubrication [67]. In addition to 

providing wear-resistance at the cartilage surface, structural macromolecules allow the 

applied load to be supported predominantly by the interstitial fluid phase of the tissue, and 

only minimally by the solid matrix of the cartilage. This phenomenon allows healthy tissue 

to endure decades of pressure without weakening in compressive strength or elasticity.

Disease: Osteoarthritis. Osteoarthritis is a chronic debilitating disease that affects weight 

bearing synovial joints. As osteoarthritis progresses, synovial fluid HA concentration and 

molecular weight decrease, thereby deteriorating the fluid’s rheological and friction-

lowering properties [68]. Ultimately boundary mode lubrication prevails in advanced 

osteoarthritis, which is associated with increased friction opposed to hydrodynamic 

lubrication [69]. A clinical treatment known as viscosupplementation involves the 

intraarticular injection of viscous solutions of HA or lightly cross-linked HA intended to 

restore effective biolubrication to the synovial joint, and several preclinical cartilage-

lubricating technologies are under development. Concomitant with the synovial fluid 

deterioration, cartilage permeability increases, which decreases interstitial fluid load support 

and increases fatigue as solid-solid contact becomes dominant [70,71]. Efforts to strengthen 

and reinforce fatigue-prone articular cartilage are described below.

2.7. Skin & hair

Tissue: Dermis. The outermost vascularized layer of the skin—the dermis—experiences 

many physical interactions throughout daily life, and is protected from frictional forces by 

the avascular outermost skin layer, or epidermis. Shear forces acting upon the skin are 

dissipated by a combination of sloughing of atrophic epidermal cells and barrier protection 

provided by dermal hair. Dermal and epidermal biolubrication is not dominated by fluid 

lubrication; instead, boundary-mode dry friction tends to operate under most daily 

conditions. Resisting damage occurring from excessive frictional forces is biologically 

important in order to maintain healthy mechanochemical transduction (i.e., sense of touch), 
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integrin-mediated cell signaling, and generally keeping intracorporeal organs contained 

within the body [72].

Disease: Xeroderma (dry skin). During periods of relatively low humidity or in disease 

states affecting water balance throughout the body, dry skin may occur. Various lotions, 

creams, and other tissue protectants contain lubricating polymers which serve to maintain 

the tissues’ hydration and thus prevent frictional forces from damaging skin were it 

dehydrated [73].

Disease: Chronic wounds. Venous, diabetic, and pressure ulcers, along with other types of 

chronic wounds including chafing (e.g., diaper rash), are exacerbated by dermal frictional 

forces. In some instances, skin friction not only worsens but also initiates the wound. 

Typically, such wounds are covered with a barrier product, often either a solid substrate or a 

viscous gel, to allow frictional forces at the injured site to dissipate, to minimize pain, and to 

prevent infections [74].

Tissue interface: Hair—hair. Hair experiences frictional forces from wind and surrounding 

solid objects over the course of daily life. As in the case of skin friction, hair friction is 

typically mitigated through dry modes of lubrication. Hair fibers are made of the protein 

keratin, and boundary lubrication mechanisms of the proteinaceous fibers allow sliding with 

minimal damage to the macromolecular structure of the hair under optimally healthy 

conditions.

Disease: Dry/damaged hair. Hair-comprising keratin can exhibit several pathologies which 

give rise to dry hair [75]. In addition to inherent biological alterations, environmental 

conditions, affect hair fiber properties including the appearance of dryness [76]. Various 

shampoos and conditioners aim to restore lubricity to hair fibers by strengthening the fiber 

itself or by depositing boundary-lubricating macromolecules to the hair surface.

3. Therapeutic strategies

As a result of disease processes, injury, or many decades of gradual material wear and 

fatigue, tissue tribological and bulk structural properties worsen, causing sub-optimal or 

even painful outcomes. To meet the needs of patients with such conditions, active agents 

(small molecules, proteins, and genes section 3.1) are used to stimulate the body’s 

endogenous production of lubricants. Additionally, the replenishment of naturally-occurring 

biolubricants to the poorly lubricated interface is a widely utilized therapy to address the 

tissue’s malfunction (section 3.2). In addition to naturally-occurring lubricious 

macromolecules, synthetic polymer lubricants (often biomimetic in composition and 

structure) are used as therapeutic tissue tribosupplements (section 3.2). Beyond altering 

friction at the surface of tissues, reinforcement of tissue bulk improves wear- and fatigue-

resistance (section 3.3). Alternate (non-drug and non-material) therapies for augmenting 

biolubrication also exist, providing further motivation for continued development of new 

non-conventional therapies (section 3.4).
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3.1. Active agents

Both small and large molecule drugs, as well as gene therapies, are used to restore optimal 

biotribological tissue properties (Table 2).

3.1.1. Small molecules—Keratoconjunctivitis sicca (dry eye) – Tear film 

hyperosmolarity, which is characteristic of dry eye, triggers the secretion of inflammatory 

cytokines that activate T lymphocytes [77]. This inflammatory environment gives rise to 

apoptosis of corneal and conjunctival cells, including the mucin-producing goblet cells 

responsible for tear film stability [78]. As a consequence of the self-perpetuating 

inflammatory cascade, agents such as cyclosporine are used to target specific inflammatory 

pathways in order to break the inflammatory cycle [79]. To relieve dry eye symptoms, 

additional common anti-inflammatory drugs such as the glucocorticoid methylprednisolone 

are used [80]. Recently, women have been identified to be at greater risk for dry eye, and, 

thus, androgens such as testosterone may be therapeutically administered to mitigate 

symptoms [81].

Xerostomia (dry mouth) – The decrease of salivary secretion is associated with a disturbance 

in the signal transduction process of the intracellular Ca2+ and aquaporin levels [82]. 

Mobilization of Ca2+ and aquaporin trafficking are both induced by muscarinic receptor 

stimulations. The small molecules pilocarpine (Salagen®) and cevimeline (Evoxac®), which 

are both muscarinic receptor agonists, promote a salivary secretion response in the treatment 

of dry mouth [40].

Intestinal dryness – The family of anthraquinone derivatives known as senna or senna 

glycosides (Senokot®) directly stimulate colonic smooth muscle and interfere with water 

and sodium reabsorption to increase intra-colonic fluid secretion which lubricates stool as it 

passes through the intestinal lumen [83]. Other small molecule stimulant laxatives include 

bisacodyl (Dulcolax®), bisoxatin, and sodium picosulfate [84]. Castor oil similarly has 

drug-like activity as a stimulant laxative, increasing intestinal secretions to aid in passage of 

stool via its active fatty acid, ricinoleic acid, binding to prostaglandin EP3 receptors in the 

intestine [85].

Post-surgical adhesions – Inflammatory response to surgery triggers the migration of 

inflammatory cells and fibroblasts to the site of injury, along with the formation of 

capillaries. Ibuprofen has long been used as a non-steroidal anti-inflammatory drug to 

prevent adhesion formation by inhibiting both cyclooxygenase COX-1 and COX-2 [86,87]. 

Locally administered ibuprofen prevents peritendinous adhesions following tendon repair in 

an in vivo chicken model following flexor digitorum profundus incision [86]. 

Corticosteroids, e.g., halcinonide (Halog Cream®), also show preclinical efficacy in 

reducing severity of intraperitoneal adhesions after cecum surgery [88]. Heparin, while a 

naturally-occurring polysaccharide, has drug-like activity in its anticoagulant and 

fibrinolysis-promoting activity [89].

Vaginal dryness – Hormone therapy, in particular, administration of estrogen, is widely used 

to mitigate symptoms of meno-pause including vaginal dryness [90], although estrogen’s use 

is more so directed towards increasing bone density and decreasing bone fractures in 

Cooper et al. Page 8

Biomaterials. Author manuscript; available in PMC 2019 September 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



menopausal women [91,92]. Another steroid, tibolone (Livial®), whose metabolites have 

estrogenic, progestogenic and androgenic effects [92], clinically reduces vaginal dryness 

[93]. These steroids stimulate a multifaceted biological cascade of hormone levels in the 

body, one outcome of which is increased vaginal mucosal secretion.

Osteoarthritis – Monosaccharide glucosamine [94], methylsulfonylmethane (MSM) [95], 

and chondroitin sulfate [96] are taken as oral supplements with the intention of incorporating 

the structural component into diseased tissue to strengthen it and improve biotribological 

properties [96]. Among equine patients, glucosamine is often co-administered with HA 

(Polyglactin®) and clinically provides improvement in animal mobility [97]. Several other 

oral supplements with purported or possible drug-like action in treating osteoarthritis—so-

called nutraceuticals—have been reviewed elsewhere, with variable outcomes [98,99]. 

Intraarticular HA viscosupplements were developed to function as non-biologically-active 

supplements, however more recent understanding indicates a secondary mechanism of action 

via binding synovial CD44 receptors to inhibit production of inflammatory mediators and 

thereby stimulate endogenous production of HA [100,101].

3.1.2. Proteins—Keratoconjunctivitis sicca (dry eye) – A recent clinical trial 

demonstrated that autologous human serum delivered via eye drops relieved dry eye 

symptoms [102]. This technique upregulates the production of the lubricating mucin MUC-1 

in vitro. Moreover, serum proteins in combination with growth factors stimulate tear 

production as well as delivery of the essential tissue-protective proteins to the ocular surface.

Xerostomia (dry mouth) – Interferon a delivered by lozenge increased salivary secretion and 

decreased complaints related to dry mouth in a phase II clinical trial [103]. The placebo-

controlled trial ruled out the effect of the lozenge alone on stimulating saliva production.

3.1.3. Gene therapies—Keratoconjunctivitis sicca (dry eye) – The delivery of 

interleukin-17 receptor via adenovirus-5 vector mitigates dry eye symptoms in a murine 

model; [104] efficacy has not yet been assessed in humans.

Osteoarthritis. The delivery of the gene encoding the glycoprotein lubricin to mice knee 

joints via adeno-associated viral vector protects against development of age-related as well 

as post-traumatic OA [105].

3.2. Biolubricants

For the purposes of this review, natural lubricants include those macromolecules and 

materials that are naturally-occurring lubricants in biological systems (either native to the 

target biological site of use, e.g., mucins for lubricating dry mouth, or non-native to the 

target site, e.g., a plant biopolymer used for treating an animal’s dry skin) (Table 3). 

Synthetic lubricants include macromolecules and materials that are synthesized not via 

naturally-occurring processes, but rather through advances in synthetic polymer chemistry 

and materials processing. Natural and synthetic polymers have related architectures and 

conformations (Table 4), which affect many of their physical properties including 

viscoelasticity, flexibility, and mode of lubrication.
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3.2.1. Natural lubricants—Keratoconjunctivitis sicca (dry eye) – HA, present in native 

tear film, may be administered as a component of artificial tears to restore corneal and eyelid 

lubricity (e.g., Hylo-Vision®) [106]. Alternatively, a HA-binding peptide is covalently 

attached to a lens surface to concentrate HA on its surface in order to increase the amount of 

surface-bound HA and water molecules [107,108]. Cellulose derivatives are also commonly 

used for tear film recovery (e.g., Genteal® and Tears Naturale®) [36]. Hydroxypropyl 

cellulose ophthalmic inserts are another treatment available for moderate-to-severe dry eye 

syndrome [109]. The inserts act by stabilizing and thickening the tear film and prolonging 

tear film breakup time, as well as lubricating and protecting the eye. The treatments are 

indicated when the artificial tears therapy fails. Dextran is yet another polysaccharide used 

for this purpose (e.g., Visine Tears®), modulating friction, as well as viscosity [36]. 

Exogeneous mucins also lubricate and protect the cornea from trauma against hydrogel 

contact lenses [110].

Xerostomia (dry mouth) – A mucin-containing spray (Saliva Medac®) relieves dry mouth 

symptoms, particularly among older patients [111]. Cellulose derivatives and xanthan gum 

are contained in the Biotene®-brand series of oral sprays, gels, and oral rinses [112].

Intestinal dryness – A gel-like fraction of the fibrous content of psyllium seed husk relieves 

symptoms of constipation by lubricating stool on its passage through the gastrointestinal 

tract [113]. In addition to having drug-like effects, castor oil is a plant-derived lubricant that 

directly reduces friction of stool trans-locating through the gastrointestinal tract [85].

Post-surgical adhesions – Several gel lubricants and solid barrier lubricants derived from 

naturally-occurring biopolymers are commercially available for preventing post-surgical 

adhesions of pelvic (ovary, uterus), abdominal (intestine, stomach), and thoracic origin. 

Icodextrin (Adept®) prevents adhesions intraperitoneally following laparoscopic 

gynecological surgery [114]. A solid substrate made of HA and carboxymethylcellulose 

(Seprafilm®) is indicated for preventing adhesions following several surgical procedures 

including uterine myomectomy [115], intestinal resection [116], and general intraperitoneal 

surgeries [117]. A regenerated cellulose mesh (Interceed®) is among the most long-standing 

approved adhesion barriers and is indicated for prevention of adhesion following 

endometriosis repair and other gynecological surgery [118].

Vaginal dryness – Cellulose derivatives, including hydroxyethyl cellulose, are found in a 

variety of personal lubricants for decreasing friction and increasing a gliding sensation 

during sexual intercourse (K-Y Liquid® and Jelly®) [57]. Pectin is another polysaccharide 

derived from plant cell walls that is used in a vaginal moisturizer product (Summer’s Eve®) 

[119].

Catheter- and guidewire-induced trauma – While the majority of catheter-coating polymers 

are synthetic, chitosan, when derivatized with amphiphilic fatty acids to coat endovascular 

stents, reduces friction in vitro compared to non-coated stents [120].

Osteoarthritis – To treat osteoarthritis, HA is intraarticularly injected (known as 

viscosupplementation) to prevent cartilage wear in osteoarthritis [121,122]. While these 

agents have some biological activity (described earlier), the originally-intended mechanism 
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of action of these viscous or gel-like aqueous medical device solutions is to restore viscosity 

and thus lubricity to the articulating surfaces of joints. Linear HA products (e.g. Supartz®, 

Orthovisc®, Euflexxa®) are generally metabolized more quickly, whereas crosslinked HA 

products (e.g. Synvisc®, Monovisc®, and Gel-One®) clear from the joint relatively more 

slowly, with intraarticular residence time half-lives of up to approximately 9 days (Table 5) 

[123]. However, several randomized controlled studies and meta-analyses have challenged 

the efficacy of this procedure [124–128]. Recently, the American Academy of Orthopedic 

Surgeons ceased to recommend viscosupplementation due to the lack of a clinically 

meaningful benefit for the majority of patients [127].

In addition to delivery via intraarticular injection, HA is administered orally as a supplement 

(Oralvisc®) and clinically relieves knee pain symptoms and improves function [129].

A technique to concentrate HA on cartilage surfaces is reported, wherein a 

heterobifunctional poly (ethylene glycol) (PEG) chain links an HA-binding peptide to the 

tissue surface (either through attachment to free amines or via a collagen-type-II-binding 

peptide); this technique reduces ex vivo cartilage friction and increases in vivo retention of 

HA in a rat model [107]. The PEG linker is believed not to serve a lubricating role in this 

study. Hydrophobically-modified HA is also investigated, prepared via several coupling 

mechanisms to attach butyl [130] and hexadecyl (FDA-approved Hymovis®) [131–133] 

functional groups to the HA backbone. Intra- and inter-chain hydrophobic interactions are 

intended to provide increased stability to associative HA conglomerates.

Another lubricious macromolecule, lubricin, is also directly injected into osteoarthritic 

joints. Such tribosupplementation demonstrates chondroprotective effects in rat [134,135] 

and mini-pig [136] models of osteoarthritis.

Phospholipid administration demonstrates clinical benefit in treating osteoarthritis. Both 

liposomes [137,138] and micelles (Flexiseq®) [139] relieved osteoarthritis-related knee pain 

in clinical studies. Co-administration of phospholipids with HA prevented cartilage damage 

in a rabbit model of osteoarthritis [140].

Not native to the human knee as a primary lubricating macromolecule, chitosan is generally 

safe upon intraarticular injection and is used in microbead form [141] (Arthrovisc®) as well 

as in combination with HA [142,143] (Chi2Knee®) for protection of osteoarthritic cartilage. 

The HA/chitosan combination product protects cartilage from degeneration in a rat 

meniscectomy model of osteoarthritis [144]. Chitosan formulated in combination with 

alginate as microgel particles also shows efficacy in preventing development of osteoarthritis 

in a rabbit model of osteoarthritis [145].

Another hydrophilic polymer, poly (γ-glutamic acid), is not natively found in the human 

body but is in a variety of medical and food applications [146]. Poly (γ-glutamic acid) is 

under development for intraarticular injection in treating osteoarthritis, although it is 

unknown whether its mechanism of action relates to lubrication, sequestration of 

inflammatory agents, or a combination of both phenomena [147].
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Xeroderma (dry skin) – Carnauba wax, found in ChapStick®-brand lip protectants, is a 

plant-derived wax that both lubricates skin surfaces and also serves as a barrier to reduce 

skin dehydration by wind and dry air [148].

Chronic wounds. Chronic wounds such as ulcers are treated by a variety of naturally-

occurring polymers. A calcium alginate-covered gauze reduces the amount of granulation 

tissue and causes less pain upon dressing change compared with petroleum jelly-covered 

gauze [149]. Alginate-based dressings are also effective in treating chronic skin ulcers [150].

Dry/damaged hair – Naturally-occurring biopolymers are often used in hair conditioners for 

their ability to reduce inter-fiber interaction and provide longevity to the hair without 

material degeneration. Cellulose derivatives for conditioner applications and general food, 

cosmetic, and pharmaceutical industries have been reviewed elsewhere [151], and examples 

include quaternary hydroxyethyl cellulose and hydroxypropyl cellulose [152].

3.2.2. Synthetic lubricants—Keratoconjunctivitis sicca (dry eye) – Hydrophilic 

polymers, such as PVA are used in artificial tears for lengthened duration of lubricant 

residence in the eye [153]. Additional hydrophilic polymers such as PAA or carbomer 

(Viscotears®) [154], PEG [155], and the PEG-containing star polymer polysorbate. 

Povidone is similarly used in lubricating drops (Soothe Hydration®) [156].

Xerostomia (dry mouth) – Polyacrylic acid (PAA) and PEG are also components in the 

Biotene®-brand series of oral sprays, gels, and oral rinses, along with naturally-occurring 

lubricants [112].

Intestinal dryness – Intestinal dryness may be treated via ingestion of mineral oil to lubricate 

the stool [157]. Specific forms of mineral oil used as lubricant laxatives include liquid 

paraffin and petroleum jelly or white petrolatum [158]. Orally administered PEG (Miralax®) 

is a synthetic polymer for treating constipation, although the mechanism of action is 

believed to be predominantly as an osmotic laxative and stool softener rather than as a 

lubricant per se [159].

Post-surgical adhesions – One of the earliest non-native bio-polymers to be commercially 

used as an adhesion barrier was poly (tetrafluoroethylene), or Teflon®. An expanded poly 

(tetrafluoroethylene) fabric (Gore-Tex® surgical membrane) is used to prevent adhesions 

during resections as well as during treatment of pelvic organ prolapse, and outperforms a 

regenerated cellulose barrier [160]. Sprayable solutions containing either linear PEG 

(SprayGel®) [161] or branched PEG (SprayShield®) [162] are currently CE-marked and are 

used for preventing adhesion following myomectomy [163] as well as ileostomy. Another 

PEG-containing barrier gel combines PEG with carboxymethylcellulose (Intercoat®) and 

prevents peritoneal adhesions following pelvic surgery [164]. Poly (γ-glutamic acid) is 

investigated for prevention of chest wall adhesions following thoracic incision in mice [165]. 

Poly (2-methacryloyloxyethyl phosphorylcholine) hydrogels, formed ex situ [166] or in situ 
[167], prevent peritendinous adhesions in healing rat Achilles tendons and chicken flexor 

digitorum profundus tendons. Poly (L-lactic acid)-PEG copolymers, electrospun into fibrous 
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membranes, also prevent adhesions in the chicken flexor digitorum profundus tendon repair 

model [168].

Vaginal dryness – A variety of synthetic polymers are used in personal lubricants for 

reducing friction during sexual intercourse. PEG is used as a viscosity-modifying lubricant 

(Astroglide®) in aqueous solutions for use during intercourse, as are PAA (carbomer) and 

crosslinked PAA (polycarbophil) (Replens®) [119]. In contrast to aqueous personal 

lubricants, water-proof silicone personal lubricants have been developed. Silicone 

derivatives such as dimethicone, dimethiconol, and cyclomethicone are used in several 

approved products (e.g. Replens®, Astroglide®, K-Y Liquibeads®) [169]. A third class of 

personal lubricants includes oil-based lubricants. Mineral oil is the primary lubricating 

component in Johnson’s Baby Oil® [170]. Petroleum jelly or white petrolatum (Vaseline®) 

is another oil-based personal lubricant. In addition to lubricating tissue-tissue interfaces, 

personal lubricants are used to lubricate the interface between latex and vaginal mucosa. A 

lubricious photocured PVP-based latex coating increases latex hydro-philicity without 

significantly changing latex thickness or appearance and reduces latex friction [171]. The 

hydrophilic coating has not been evaluated for human use.

Catheter- and guidewire-induced trauma – PVP is among the most widely-utilized 

hydrophilic medical coating polymers [172,173], and when coated onto polyurethane stents 

increases lubricity, reduces bacterial adhesion, struvite, and hydroxyapatite encrustation via 

in vitro testing [174]. The SpeediCath® urinary catheter coated with PVP requires less 

withdrawal force than a non-coated catheter [175], and another demonstrates significantly 

improved user satisfaction in urethral as well as transanal (Navina®) applications [176]. A 

composite hydrogel catheter coating containing PEG and polyurethane (Aquavene®) shows 

similar resistance to encrustation in vitro [177]. Similarly, a PVA coating, applied to Foley 

catheters, exhibits markedly reduced friction coefficients in vitro compared to several 

conventional non-coated catheter materials [178]. Polydimethylacrylamide, grafted from 

poly (vinyl chloride) catheters, demonstrates a nearly twenty-fold reduction in frictional 

force against a silicone countersurface upon coating with polydimethylacrylamide [179]. A 

variety of zwitterionic polymers have been interpenetrated with or grafted to or from 

catheters due to their non-fouling and non-thrombogenic properties [180–182]. Linear poly 

(sulfobetaine methacrylate), grafted from the catheter surface (Teleflex®), reduces 

thrombosis in a thrombogenic canine model and decreases broad-spectrum microorganism 

adhesion in vitro [183]. Poly (2-methacryloyloxyethyl phosphorylcholine), coated on a 

polyurethane vascular catheter, reduces nano-scale friction using atomic force microscopy 

[184].

Osteoarthritis – For treatment of osteoarthritis, several synthetic injectable lubricant 

compositions have been recently investigated. HA mimetics are intended to confer 

lubrication via increased viscosity as well as potential boundary-lubricating effects. The 

linear polyanionic sodium (poly (7-oxanorbornene-2-carboxylate) protects ex vivo articular 

cartilage from wear while resisting enzymatic degradation by hyaluronidase and 

demonstrating cytocompatibility in vitro [185].
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Lubricin mimetics, providing functionality similar to the boundary-lubricating glycoprotein 

lubricin, are reported. For example, Israelachvili et al. describe a functionalized PMMA 

backbone for mucin-like lubrication [186]. Another lubricin mimetic, synthesized from a 

chondroitin sulfate backbone forms supramacromolecular assemblies with HA [187]. A 

brush copolymer derived from a PAA core with grafted PEG side chains and a thiol end-

group for cartilage binding adheres to ex vivo cartilage and reduces friction coefficients 

[188]. Degraded ex vivo cartilage treated with a brush copolymer composed of a 

polyglutamic acid backbone containing poly-2-methyl-2-oxazoline side chains for lubricity 

and benzaldehyde groups for binding to cartilage, via formation of a Schiff base, affords a 

low coefficient of friction similar to that observed in healthy cartilage. [189] To create a 

denser and more lubricious film on cartilage, the above brush polymer was modified to 

contain cyclic instead of linear poly-2-methyl-2-oxazoline side chains [190].

Several other classes of polymeric lubricants are not mimetic, per se, of native tissue 

lubricants; however, they are structurally and functionally inspired by biologically occurring 

hydrophilic macromolecules. Lightly crosslinked polyacrylamide networks demonstrate 

symptom-improving effects in goats, horses, and humans following intraarticular injection 

[191–194] such products are not currently approved for human use in the United States. 

Some evidence suggests the mechanism of polyacrylamide’s reduction of osteoarthritis 

symptoms involves lubrication of articular surfaces, while other evidence purports 

cushioning of loads and yet additional findings demonstrate integration of the polymer 

network into the joint synovial lining to provide proximal soft tissues with increased 

elasticity.

Similarly, lightly crosslinked PVP or crospovidone microgel particles afford minimal 

inflammatory reaction and a 30-day residence time upon injection into knee in a rabbit 

model [195]. Finally, silica nanoparticles grafted with the charged polymer sodium poly (3-

sulfopropyl methacrylate) are recently reported to reduce friction in vitro; [196] animal 

studies have not to date been completed. The same polymer, grafted to poly (N-

isopropylacrylamide) microgels, reduces polydimethylsiloxane-on-silicon friction via bench 

testing [197].

Xeroderma (dry skin) – Petroleum jelly or white petrolatum (Vaseline®) has found many 

medical uses over the past century since its original application for treating lacerations and 

burns. It is used as a moisture-preserver on the lips and hands to prevent chapping and 

indirectly functions as a lubricant to reduce the frictional force that wind exerts on the skin.

Chronic wounds – Petroleum jelly is further used as a lubricant to prevent chafing of skin 

with other contacting materials. For instance, it is used on the buttocks to prevent diaper rash 

or cyclist’s rash, on the nipples to prevent chafing during distance running, and on the crotch 

region of athletes. Petroleum jelly may also be used to protect and lubricate chronic 

diabetes-related and ulcerative wounds [198].

Dry/damaged hair – Various synthetic polymers are used in conditioners and shampoos to 

reduce frictional forces acting upon human hair fibers. Typical polymer lubricants include 

poly (diallyl dimethylammonium chloride) (polyquaternium-6) [152], and other linear 
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polyelectrolytes designated in the polyquaternium family [199,200]. In fact, quaternary 

naturally occurring polymers including hydroxyethyl cellulose are designated as 

polyquaternium as well. A brush polymer having a PEG backbone with grafted poly (L-

lysine) side chains adheres to human hair fibers and reduce friction in aqueous environments 

but not in dry environments using nanotribological assessment as determined by atomic 

force microscopy [201].

3.3. Reinforcing agents

An alternative approach to providing improved lubricating materials involves the 

strengthening or reinforcement of one or both articulating materials in order to prevent wear 

or fatigue (Table 6).

3.3.1. Crosslinking and bulk reinforcement technologies—Osteoarthritis – 

Biotribological properties of cartilage have been augmented in vitro using crosslinking 

chemistry based on glutaraldehyde; [202] to address the relative toxicity of glutaraldehyde, 

an alternate crosslinking molecule, genipin, is recently described and strengthens tissue-

engineered cartilage derived from an agarose scaffold [203] as well as from a cartilage-

derived scaffold [204]. To the authors’ knowledge, this technique has not been applied in 
vivo to crosslink a patient’s tissue. Pyridinoline or hydroxylysylpyridinoline is a tri-(α-

amino acid)-functional small molecule naturally occurring as a crosslinking moiety between 

type I collagen fibrils [205]. While it is minimally present in articular cartilage 

(predominantly natively type II collagen), application of pyridinoline crosslinking to tissue-

engineered articular cartilage increases suture pull-out strength ex vivo and in vivo [206].

A hybrid synthetic/natural biomimetic aggrecan diffuses throughout bovine articular 

cartilage ex vivo; it has not to date demonstrated efficacy in improving mechanics of 

articular cartilage [207]. This brush polymer is also being investigated for strengthening 

intervertebral disc to treat degenerative disc disease; the biomimetic aggrecan resists 

enzymatic degradation and increases the compressive modulus of ex vivo intervertebral discs 

following injection into the nucleus propulsus [207,208]. Surfacial treatment of degraded ex 
vivo cartilage using chondroitin sulfate, carboxymethylcellulose, and HA strengthens and 

reduces compressive deformation during fatigue testing [209]. The reinforcing polymers 

covalently attached to the tissue surface via a free radical reaction using UV light and a 

riboflavin photoinitiator.

The friction-lowering properties of a cartilage-reinforcing biomaterial based on an 

interpenetrating polymer network strategy of entangling a synthetic hydrogel network within 

articular cartilage are recently reported [210]. The interpenetrating polymer network is 

synthesized in situ via diffusion of biomimetic monomers throughout cartilage tissue 

followed by green-light-activated photopolymerization. The interpenetrating network 

reduces cartilage friction coefficient under compressive equilibrium by up to 24% in the 

presence of IPN. The tissue-interpenetrating network also provides fatigue-resistance and 

significantly reduces tissue wear rate and worn volume following cyclic compression and 

articulation in ex vivo studies [211]. The treatment has not to date been evaluated in vivo.
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Urinary incontinence – Numerous tissue fillers, approved and in development, allow for 

bulking of the proximal tissue surrounding the urethra for treating urinary incontinence. For 

example, a biomimetic, semi-synthetic/semi-natural aggrecan, synthesized from a PAA 

backbone with grafted chondroitin sulfate side chains, increases tissue volume and reduces 

stiffness when injected into ex vivo porcine urethral explants [212]. The main function of the 

device is as a filler, although the authors also suggest that the higher osmotic pressure of the 

filler will retain more water, and thus increase lubrication at the urethral tissue surface.

3.4. Other therapies

Xerostomia (dry mouth) – Gums, mints, candies, and pastilles, particularly those that are 

sugar-free and contain the sweetener xylitol, are often recommended for stimulation of 

saliva secretion [213]. An alternate method involves electrostimulation which, shown in a 

pilot clinical trial, increases saliva production and relieves dry mouth symptoms [214]. 

Similar to those used for dry mouth, lozenges or sucking candies can increase saliva 

production to coat and lubricate the throat and esophagus.224 However, all of these therapies 

are palliative, and researchers are focused on regenerative techniques for salivary glands. 

Thus far, several strategies are reported for the purpose of restoring salivary glands functions 

including: a) transplanting autologous salivary gland-derived epithelial stem/progenitor 

cells; [215] b) exploiting non epithelial cells and their bioactive lysates; and c) tissue 

engineering approaches using 3D biomaterials loaded with salivary gland cells [216].

Post-surgical adhesions – Thermal preconditioning has been shown preclinically to reduce 

inflammation and adhesion formation in a rabbit model of flexor tendon repair [217,218]. 

The preconditioning involved incubating the limb for 20 min at 41.5°C.

Chronic wounds – Hydrogel liquid bandages have been developed recently, with or without 

an antimicrobial agent, to prevent damage to wounds, skin or mucosal tissue resulting from 

applied pressure, friction and shear force [219]. Additionally, some modern dressings utilize 

silver ions and nanoparticles [220] for antibacterial action, while others contain activated 

charcoal for neutralizing the odor [221]. The role of the bandage is to provide a hydrated 

interface to the tissue and reduce wear. Physical therapies, such as ultrasound, laser therapy, 

and electrical/electromagnetic stimulation, have been clinically investigated in the treatment 

of pressure ulcers. While the number of clinical studies of these technologies are limited, 

and the data collected to date does not demonstrate overwhelming benefit provided from 

these treatments, they may prove beneficial pending additional robust trials and further 

developments [222].

4. Perspectives and future outlook

In conclusion, a variety of therapeutic strategies are clinically applied and preclinically 

investigated to improve outcomes for patients with suboptimal organ or tissue tribology. For 

a host of bodily tissues ranging in size (e.g., hair, ca. 100 μm and skin, ca. 1 m) and critical 

function (e.g., vision, digestion, reproduction, circulation, and ambulation), poor lubrication 

causes loss of structural integrity, wear, inflammation, and pain. Recently developed and 

developing active agents, biolubricants, polymer reinforcements, as well as non-drug/non-

material approaches, effectively treat biomechanical deficiencies associated with the various 
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diseases and injuries described herein. Biotribological principles are ubiquitous in nature, 

spanning wide ranges of physical length scales, levels of biological organization, and 

operating conditions (including, inter alia, normal stresses, shear stresses, coefficients of 

friction, articulation velocities, and lubricant viscosities). Significant advances in 

fundamental understanding of biological and biochemical processes give rise to engineering 

outcomes that can restore healthy levels of wear- and fatigue-resistance to diseased tissues.

For many diseases, it has proven necessary to take a multi-pronged approach and treat not 

only the tissue’s biological deficiency or only the biomechanical deficiency but rather both 

aspects congruously. One reason for these successes is the synergistic interaction of the drug 

and biomaterial, e.g., methylprednisolone’s anti-inflammatory effects coupled with 

hydroxypropyl cellulose’s lubrication, with one enabling the other to function more 

effectively. A need for multifaceted treatments becomes evident in diseases of biolubrication 

where the disease has progressed sufficiently such that tissue re-engineering is necessary. In 

fact, in these severe cases, a combination approach of drug and biomaterial often may not be 

sufficient to restore function, and a tri-pronged strategy including tissue engineering 

techniques such as gene/cellular hybrid therapies and natural or synthetic tissue grafting/

implantation will be required for successful outcomes.

The biomaterial characteristics that are responsible for a successful clinical outcome are 

highly application dependent. Our approach to identifying the list of design requirements for 

a given practice is to discuss with the end user – the clinician, nurse, and/or surgeon – and 

we encourage all to do the same. Material safety is the top priority, given the caveat that a 

treatment for dry eye which is used topically and lasts for minutes has an in vivo contact 

exposure time and resulting in vivo biocompatibility response significantly different than a 

restorative treatment for osteoarthritic cartilage, where the biomaterial is in place for weeks 

to years. For instance, the defining characteristics of the polymers used for lubrication are 

hydrophilicity and a large molecular weight (or lightly crosslinked) to increase residence 

time. Natural bio-materials dominate the research field and commercial successes, likely due 

to known properties, availability, and prior use in regulatory approved devices. However, co-

formulation with other natural materials or processing/manufacturing techniques may not 

provide the specific desired characteristics, and, thus, chemically modified natural materials 

and synthetic materials are investigated. These materials provide greater flexibility in 

controlling degradation rate and mechanism(s), in vivo resident time, adhesivity, osmolality, 

lubricity, rheological properties, modes and sites for one or more derivatizations, and the 

opportunity to introduce or one or more ligands for a cellular response or to attach one or 

more active agents (small molecule, protein, or nucleic acid) for a pharmacological effect. 

Finally a commercialized product does not mean, in our opinion, that all the design 

requirements have been satisfactorily met. Two product lines that showcase this point are 

viscosupplements for treating OA and barriers for prevention of peritoneal adhesions. In 

both cases, these biomaterial products are approved and used in the clinic – therefore a 

success by definition. However there is significant room for improvement as the clinical 

performance of these biomaterials is far from ideal with, for example, viscosupplements no 

longer being recommended by the society that uses them. We see such situations where the 

clinical need is large both in terms of patient numbers and performance enhancement as an 

opportunity to design and evaluate new biomaterials.
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Several key areas remain clinically challenging to address. Osteoarthritis’s deterioration of 

articular cartilage and other synovial joint tissues remains an area of active investigation, as 

humans experience increasingly greater mechanical demands from their joints (athletics, 

work requirements) while living increasingly longer. Additionally, as surgeries are 

increasingly performed (due to improved surgical outcomes with minimally invasive 

techniques), there exists a growing demand for post-surgical adhesion therapies in sites of 

the body previously inaccessible with conventional surgery. Current therapies are generally 

single action or target only one symptom or condition of the disease or injury, and, thus, 

opportunities exist for the development of treatments, for example, that elicit both 

mechanical and biological outcomes – as discussed above. New biomaterial delivery 

techniques, such as targeted localization and in situ formulation, hold promise in future 

investigations of therapeutic biolubricants or reinforcing agents to address these emerging 

unmet needs. Finally, the continued advancement and clinical implementation of genetic and 

proteomic screening will lead to a detailed personalized understanding of the disease or 

injured site to guide treatment selection and subsequent management. Applied research at 

the interface of synthetic polymer chemistry, biomechanics, and biomedical engineering will 

provide biomaterial-based solutions for supplementing the human body’s biotribological 

sites of repeated applied stress as we live for increasing years with failure-prone tissues.

The purpose of this review is to stimulate critical discussions, highlight recent strategies, and 

provide further motivation for the design, development, and evaluation of active agents, 

biomaterials, and technologies to improve biolubrication and strengthen soft tissues in order 

to return them to a healthy or native-like performance state.
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Fig. 1. 
Methods to alter tribology at articulating surfaces and representative examples of traditional 

and biological approaches and materials.
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Fig. 2. 
Several exemplary tribological systems or interfaces classified by operating biotribological 

length scale and by level of biotic organization. Nearly all biotribological interfaces operate 

to some degree at the molecular and nanometer level.
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Fig. 3. 
Schematic representations of common classes of biolubricant macromolecules with 

lubrication-conferring hydrophilic functional groups (blue). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the Web version of this 

article.)
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Fig. 4. 
Several key tissues and interfaces of biotribological importance in the human body and the 

disease associated with inadequate tissue lubrication or weakened structural integrity at each 

bodily site.
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