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Abstract: Dry mouth, also known as xerostomia, is a condition in which insufficient or ineffective
saliva does not provide sufficient oral lubrication. The severity of this condition can vary from a mild
discomfort to a debilitating condition that greatly impairs patients’ lives. Xerostomia arises as a side
effect of various medications, diseases, radiation therapy, chemotherapy, or nerve damage. Various
aqueous dispersions of macromolecules have been proposed to assist or replace the saliva in these
patients. It is vital that these macromolecules have ample lubricity and water retention properties
while showing long-lasting efficacy. The emphasis of this review is to provide a general overview on
lubricating macromolecules that have been clinically used or reported in the literature as potential
replacements for saliva. These include various natural or synthetic polymers, proteins, peptides, and
lipids that are used in the form of solutions, gels, emulsions, and colloids. Perspectives into the future

of macromolecular oral lubricants in the treatment of xerostomia are also provided.
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1. Introduction

Xerostomia is the subjective sensation of dry mouth. It affects 20% of the general
population worldwide [1]. Adults over 75 years of age with co-morbid diseases and
polypharmacy are more prone to this condition, resulting in the frequency rising to 46%
in this age group [2]. There are multiple factors causing xerostomia, but medication side
effects are among the most prominent etiologies, followed by radiation therapy and various
chronic autoimmune syndromes, such as Sjogren’s syndrome [3]. If an individual does not
treat xerostomia, it may cause complications such as nutritional deficiency, low mood, and
depression [4]. Patients with xerostomia may face difficulty speaking, eating, and sleeping,
and it could significantly impact their overall quality of life. Because saliva is important to
buffer the acidity of the mouth, dry mouth could also lead to dental cavities and eventually,
tooth loss [5].

Saliva is the key medium responsible for the lubrication of oral surfaces. It is a fluid
mostly composed of water (99%), ions, and proteinaceous substances, including mucins,
amylases, and other low molecular weight proteins [6]. As a response to biochemical inputs
and environmental cues, saliva is secreted from the salivary glands through a coordinated
action of the assembled acinar, ductal, and myoepithelial cells [7]. Saliva has a low surface
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tension (59 mN m~! compared to 72.7 mN m~! for distilled water [8]), which helps it
wet the oral mucosa as a thin film [9]. The salivary conditioning film (SCF) contains
glycoproteins like mucin, which retains water and results in hydration lubrication of the
oral cavity [10]. Salivary gland dysfunction may alter the composition and the production
of saliva, resulting in aberrant SCF with less mucin, which results in poor lubrication,
mouth dryness, difficulty in swallowing, and may cause oral burning sensations [10].
The normal unstimulated saliva flow rate is 0.3-0.4 mL min—!, which could decrease to
0.1 mL min~! while sleeping and increase to 0.4-0.5 mL min~! under stimulation [11].
In patients with xerostomia, this stimulated rate can decrease to 0.1-0.2 mL min~ ! [12].
Nevertheless, xerostomia could also happen with higher salivary flow, which may be
caused by psychogenic reasons or as a result of changes in the saliva composition [13].
Lubrication on a surface is often quantified by coefficient of friction (CoF), which is the ratio
of the friction force to normal force [14]. The lower the CoF, the more efficient the surface
lubricity. For instance, the average friction coefficient of the tongue without a salivary
coating u = 0.25, while with a salivary coating p = 0.16, as measured by a stainless steel ball
that was pressed on the dorsal surface of tongue with a constant normal load of 0.1 N and
sliding at a constant velocity of 0.5 mm s~ [15].

Certain patients found to have decreased salivary production could be managed
pharmaceutically with pilocarpine, a muscarinic agent, although this could also increase
sweating [16]. Another option for those who still have some salivary capacity is xerostomia
lozenges, which are designed to increase salivary flow. For other patients, a potentially
effective approach to manage dry mouth is using lubricating agents, which alleviate
the xerostomia symptoms and improve overall oral health. There are several types of
lubricating agents that can be used to manage dry mouth, which can be either synthetic
or natural macromolecules. Artificial saliva containing polyacrylic acid, carboxymethyl
cellulose, and porcine gastric mucins, which especially mimics the viscous properties of
saliva, can be considered for mouth lubrication [17]. These materials are typically used in
the form of saliva substitutes, mouthwashes, and lubricating gels [18].

This review provides a general overview of the literature on the causes and symptoms
of xerostomia. Natural oral lubrication by saliva will be discussed, and the clinical and
non-clinical approaches for diagnosing xerostomia are reviewed. This review summarizes
treatment options for dry mouth based on macromolecular biolubricants. The properties
of these lubricants are discussed, and their mechanisms of action explained. The clinical
performance of these artificial saliva formulations, which act as biolubricants, are also
reviewed when available based on the recent literature. The focus of this review is primarily
on the fundamental aspects of material design as they relate to the material performance in
clinical or laboratory settings.

2. Causes of Xerostomia

Xerostomia patients can be categorized into the following two primary groups: those
experiencing a reduced salivary flow or those with no saliva production whatsoever.
Individuals diagnosed with Sjogren’s syndrome, or those who have lost salivary gland
function due to radiation damage, may fall into the category of “no saliva production”.
These patients have sustained damage to their salivary glands rendering them incapable of
producing saliva, leading to the development of a dry mouth condition. On the other hand,
patients with polypharmacy-induced xerostomia or with other conditions contributing to
dry mouth usually retain some salivary gland function, but the saliva produced is inefficient
and fails to meet the requirements for healthy saliva. Dysfunctions can range from an
inadequate quantity of saliva production to improper concentrations of proteins essential
for proper salivary function. Compared to patients with no saliva production, those with
unproductive saliva encounter greater challenges in managing their dry mouth symptoms.
This difficulty is largely attributed to the dilution of topicals intended to alleviate dry
mouth symptoms by the residual salvia. Moreover, unproductive saliva often exhibits a
sticky, ropey consistency, as the saliva produced has a decreased contribution from the
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minor salivary glands, which normally secrete mucins to lubricate the mouth [19]. This
aspect further contributes to the sensation of xerostomia. The common causes of xerostomia
are discussed in detail below.

2.1. Medication Side Effects

Sufferers of xerostomia are often members of the geriatric population. A prospective
study conducted in Japan analyzed 600 people over the age of 70, and demonstrated that
37.3% of geriatric patients (27.8% of men and 47.3% of women) suffer from xerostomia [20].
This phenomenon is more readily explained by the extensive use of medications within
this population, rather than the process of aging alone [21]. Polypharmacy is the condition
that describes a patient’s simultaneous use of multiple medications (five or more) for the
treatment of one or more medical conditions [22]. Polypharmacy is a primary risk factor
for xerostomia, regardless of the medication ingested [22].

There is an extensive list of medications that have been shown to induce xerostomia,
including antimuscarinic agents [23], bronchodilators [24], antipsychotics [25], antidepres-
sants [26], and hypertensive medications [27]. Drugs that act by inhibiting the release
of acetylcholine at the parasympathetic effector junction are the primary contributors to
oral dryness [23]. Salivary secretory cells possess the muscarinic M1 and M3 receptors
and adrenergic «l and «2 receptors, all of which are involved in the salivary secretion
mechanism (see Figure 1a) [28].
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Figure 1. (a) Schematic of the muscarinic receptors in salivary glands. The diagram depicts the
secretory unit of the salivary glands. Acetylcholine is released into the synaptic cleft and signals for
the activation of the muscarinic receptors. Acetylcholine bonds to the acinar M1 and M3 receptors,
which leads to the activation of the intracellular production of salivary fluid and proteins. Reprinted
from reference [23] with permission. (b) Salivary gland function following radiation treatments. The
graph plots the salivary flow rate of the submandibular glands’ saliva secretion following conclusion
of radiation therapy (RT) as a function of time. Standard error is shown by error bars. Reproduced
from reference [29] with permission.

Antimuscarinic medications cause oral dryness due to the inhibition of M3 receptors,
thus preventing parasympathetic innervation from establishing salivary secretion [23].
Similarly, antipsychotics exhibit anticholinergic properties, which induce xerostomia via
a lack of salivary secretions [30]. Bronchodilators have also been shown to inhibit the
muscarinic receptors required to initiate the secretion of saliva via blockage of the mus-
carinic receptors [24]. Antidepressants, including tricyclic antidepressants (TCAs), cause
xerostomia via the inhibition of cholinergic, histaminic, and «1 adrenergic receptors located
on the salivary glands [31]. TCAs have been found to not only decrease the salivary flow
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rate, but also alter the composition of saliva. Muscarinic receptor inhibition by TCAs
results in a marked decrease in salivary sodium concentration, and an increase in salivary
potassium concentration [31,32]. This unhealthy salivary composition is not congruent
with physiological salivary function and causes sensations of dry mouth. Hypertensive
medications, including beta-blockers, cause the stimulation of the «2 adrenergic receptors
present on the salivary glands. This stimulation affects the composition of saliva, notably a
decrease in the salivary protein, amylase, potassium, calcium, and phosphate concentration,
causing xerostomia [33]. Notably, the effects of dose influences, duration of drug use, drug
metabolism, and drug—drug interactions can induce xerostomia, regardless of the drugs
direct metabolic effect on the salivary glands [34].

2.2. Cancer

Surgical and non-surgical cancer treatments have also been proven to cause xeros-
tomia [35]. Cytotoxic agents cause damage to the oral mucosa, which in turn causes the
sensation of dry mouth. Cytotoxic agents induce changes to the composition of saliva,
which further contributes to the feeling of dry mouth. Following chemotherapy, the salivary
flow rate reduces, and the concentrations of immunoglobulin A and amylase in the saliva
decrease [36].

Xerostomia is the most prominent in patients suffering from head and neck cancer,
those of whom are undergoing external-beam radiation therapies (RT). A cross-sectional
study which surveyed 906 oropharyngeal cancer survivors concluded that 39% of this
population suffered from dry mouth [37]. These therapies cause severe and potentially life-
long hyposalivation, thus inducing dry mouth and negative effects on the patients’ overall
oral health [38]. The salivary glands are largely affected by radiation treatments, which
often proceed the onset of xerostomia. Exposure to radiation causes damage to the acinar
cells (saliva-producing cells) and impairment to duct function [39]. This impairment is
thought to be caused by radiation directly disrupting the plasma membrane of the secretory
cells, thus damaging muscarinic receptor-stimulated secretion [40]. When salivary glands
are located within the region that is being treated by radiation, a significant decrease in
glandular function results within the first week of treatment [41]. This decrease in function
progresses over the course of treatment, until the salivary flow rate becomes insignificant.
Following radiation therapy, secretary function in the salivary glands continues to decline,
and there is little recovery of glandular function over time [42]. One month post RT,
stimulated salivary flow rate drops to 17% of the baseline function (BF), and unstimulated
salivary flow rate drops to 12.5% of the BE. One year post RT, stimulated salivary flow rate
increases slightly to 29% of the BF, and unstimulated salivary flow rate increases slightly to
25% of the BE. Two years post RT, stimulated salivary flow rate increases to 50% of the BF,
and unstimulated salivary flow rate increases slightly to 37.5% of the BF (see Figure 1b) [29].

2.3. Other Conditions Leading to Xerostomia

The pathological mechanisms of many medical conditions, including autoimmune
diseases, endocrine diseases, viral infections, and storage diseases, can directly induce
xerostomia. Sjogren’s syndrome is an autoimmune disease caused by inflammation of the
exocrine glands, coupled with the production of autoantibodies against the ribonucleo-
protein particles SSA /Ro and SSB/La. This mechanism causes severe destruction of the
salivary glands, and the affected person produces very little to no saliva [43]. Additional
autoimmune diseases, including rheumatoid arthritis, give rise to xerostomia due to the
lymphocytic infiltration of the submandibular glands, and the affected protein secretory
mechanisms further disable the submandibular glands. The saliva composition of pa-
tients with rheumatoid arthritis has decreased concentration of total salivary proteins and
peroxidase activity, which induces the subjective feeling of xerostomia [44].

Diabetes mellitus is a disease of the endocrine system that often gives rise to xerostomia.
High levels of glucose in the blood, caused by disordered glycemic control, results in
damage to the salivary gland parenchyma and to the circulation supplying the salivary
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glands. These physiological changes modify the composition of salivary proteins, decrease
salivary flow rate, and decrease salivary pH, resulting in xerostomia [45]. Viral infections,
such as human immunodeficiency virus (HIV), manifests oral complications including
xerostomia. The decreased salivary flow rate in HIV patients is thought to be caused by the
infiltration of cytotoxic CD8+ T-cells in the lymph nodes, causing significant hyperplasia in
the parotid gland, thus producing less salivary secretions [46]. Amyloidosis is a storage
disease that causes xerostomia due to amyloid infiltration and the destruction of salivary
glands. The damage made to the salivary glands negatively impacts saliva production [47].

One of the most prevalent diseases with symptoms of xerostomia is diabetes mel-
litus [12,48], commonly known as type 1 and type 2 diabetes. This could be a result of
damage to the salivary gland’s functional tissue, variability in the patient’s glycemic control,
dehydration, or alterations to the microcirculation to the salivary glands [48,49]. Further
studies have noted that xerostomia is more prevalent and severe in patients with type 1
diabetes compared to those with type 2 diabetes [12]. In addition to diabetes mellitus,
xerostomia has also been associated with thyroid dysfunction [48,49], and is more prevalent
in hypothyroidism as opposed to hyperthyroidism [49]. The cause behind this association
is the atrophy of the parotid saliva gland [49].

Alongside endocrine disorders, xerostomia has been noted as a symptom of chronic
inflammatory disorders, metabolic disorders, neurological disorders, genetic disorders,
and infectious disorders [48,49]. The most common rheumatological chronic inflammatory
disorder associated with xerostomia is Sjogren’s syndrome, which involves an autoimmune
attack on the exocrine glands, particularly the salivary and lacrimal glands [49]. Various
metabolic disorders, ranging from kidney diseases to chronic alcoholism, can result in
xerostomia [48,49]. This is primarily due to dehydration in the body and excess water
secretions in the urine [49]. Certain neurological conditions have also been associated with
xerostomia, including Parkinson’s disease and depression [48,49]. Parkinson’s disease likely
induces hyposalivation due to the autonomic dysfunction associated with the disease [49].
Depression-associated xerostomia is often a result of the medication that a patient is taking;
however, some studies have shown psychological associations between depression and
xerostomia [49]. Genetic disorders that result in xerostomia can range from issues with
hyposalivation to issues with saliva composition [49]. Patients with Prader-Willi syndrome
have very viscous saliva [49], likely due to excess proline-rich proteins (PRPs) or mucins
in the saliva. Additional genetic disorders include Down syndrome and Gaucher disease,
both of which result in low salivary excretions [49]. Certain infectious viral diseases can
induce xerostomia, including HIV and Hepatitis C [48,49]. The reduced salivary output for
these diseases may be associated with their treatments; however, some theories suggest
that xerostomia in Hepatitis C patients may have resulted from the virus infiltrating the
salivary glands, or the immune responses damaging the salivary glands to contain the
infection [49].

3. Mechanism of Lubrication in the Mouth

Saliva plays several important roles in the mouth, such as lubrication, food processing
and perception, and microbial defense. It is composed of 99% water and 1% proteins and
enzymes [50]. By minimizing contact between the soft and hard tissues of the mouth, saliva
decreases any dynamic friction and prevents adherence or static friction between the soft
and hard tissues [51]. Despite its high water concentration, saliva is best described as a
shear-thinning non-Newtonian fluid because its viscosity decreases as shearing force on it
increases [50]. The viscoelasticity of saliva can be attributed to the presence of mucins—a
high molecular weight glycoprotein [50]. Mucin, which is a natural glycoprotein in tears,
saliva, mucus, and synovial fluid, can attach to the surface of tissue and organs and act as a
lubricant [52,53].

The ability of macromolecules to form a film on and between the hard and soft oral
surfaces depends upon the strength of the attractive intermolecular forces between the
macromolecule and the oral surfaces. Macromolecules must associate with the enamel
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surface of the teeth and with the soft tissue [54,55]. The surface enamel of teeth is largely
composed of hydroxyapatite and fluorapatite, which are minerals composed of a mixture of
Ca1p(PO4)s(OH); and Cao(PO4)s(F)2 [56,57]. The ionic nature of calcium apatites suggests
that polar substances will associate with it. The surface of most of the oral soft tissue
is nonkeratinized stratified squamous epithelium, but the gingiva, the dorsal surface of
the tongue, the hard palate, and the retromolar pads, are keratinized stratified squamous
epithelium [55]. Keratinized tissue has a layer of cornified cells facing outward [55]. This
layer is rich in the protein keratin and is water repellant [58].

Mucins are composed of ~50% carbohydrates in the form of oligosaccharides—three
to ten sugar molecules bound together—bonded to serine or threonine, forming the gly-
coprotein structure [59]. The high serine content, in part, allows the protein to form an
extended structure [50]. The two types of mucins typically found in saliva are MUC1 and
MUC2 [59], with MUC2 being more prominent and a gel-forming extracellular mucin [60].
MUC2 is larger and has more o-linked glycosylation domains that allow it to form branched
structures (Figure 2a). The lubricating properties of mucins can be attributed to their ability
to bind ions and, consequently, water. Mucins have charged residues in their structure
which, upon binding certain ions like sulfates, can lead to a swollen tertiary structure
due to the repulsion of these negatively charged residues and, consequently, the uptake
of water [59]. This swollen tertiary structure generates a protective barrier between the
mucin molecules which allows for further lubrication. Unstimulated saliva, which is mostly
submandibular and sublingual saliva that are rich in mucins (Table 1), generate a coefficient
of friction of 0.25 between a pig’s esophagus and tongue soft tissues [61]. Stimulated saliva,
which is primarily parotid saliva that does not contain mucins (Table 1), generates a friction
coefficient of 0.33 between the soft tissues [61]. While parotid saliva only makes up 20%
of the whole-mouth saliva [62], it contributes to >50% of the oral saliva during periods of
high saliva flow, leading to a lower mucin content during mastication and swallowing [62].
During periods of low salivary flow rate, the submandibular glands produce ~65% of the
oral saliva, allowing the mucins to form protective layers on the oral tissues [59,62]. The
protective layer that mucins provide is so important that the loss of mucin production is
a major cause of xerostomia [59]. Without the protection of mucins during low salivary
flow, patients can develop oral ulcers, caries, and infections that are not native to the oral
cavity [59].

Table 1. Composition of healthy parotid, submandibular, sublingual, and minor gland saliva mea-
sured using SDS-PAGE and ELISA for qualitative and quantitative concentrations, respectively.
T =low, 11 = high, ND = no data.

Parotid Submandibular Sublingual Minor Glands
Mucins MG1/MG2 0 [61-63] 1/1161,63] /171 [63] 1/0[63]
Statherin (uM) 12.8 [64] ND ND ND
Amylases (U/mL) 161.8 [63] 15.9 [63] 15.9 [63] 101.4 [63]
Water 99% [50,62,63] 99% [50,62,63] 99% [50,62,63] 99% [50,62,63]
Proline-rich Proteins (mg/mL) 1.7 [63] 1.3 [63] 1.8 [63] 2.1[63]
Cystatin S (ug/mL) 0.5 [63] 177 [63] 28 [63] 56 [63]
Lysozymes ~0 [63] 1 [63] ™ [63] ~0 [63]
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Figure 2. (a) Schematic representation of the structure of mucins 1 and 2, showing the peptide back-
bone with a heavy oligosaccharide binding alongside various other domains in the mucin structure.
MUC2 is a gel-forming mucin, whereas MUC1 is typically a membrane-bound mucin. Reproduced
from reference [60] with permission. (b) A proposed structure for how statherin molecules aggregate
on hydrophilic (HP) and hydrophobic (HB) surfaces. Reprint from reference [65] with permission.
Note that the second layer of statherin is less dense than the first. (¢) The primary structure and a
proposed secondary structure of the statherin protein, giving it amphipathic properties. Reprinted
from reference [65] with permission.

Like mucins, PRPs are found throughout the oral mucosa with the function of pro-
viding lubricity to the oral cavity [50]. Unlike mucins, these proteins, which are mostly
produced in the minor glands, appear in all types of saliva in relatively similar quanti-
ties [63] (Table 1). There are over 50 different types of PRPs [50] with slightly differing
structures between them, giving slightly different properties to each type. Parotid saliva
appears to contain basic and acidic PRPs, whereas the submandibular and sublingual
saliva appear to exclusively contain acidic PRPs [50]. Additionally, the high proline content
in PRPs-similar to the serine content in mucins—allows the structure of these proteins to
extend [50], providing a cushioned surface to lower the coefficient of friction between
the different tissues of the mouth and provide lubrication [66]. PRPs also become part of
the enamel pellicle by binding to hydroxyapatite on the tooth surface and controlling the
crystallization and demineralization of calcium on the surface [50,62]. This pellicle, also
composed of cystatins and statherin, helps secure and stabilize the bonding of hydroxyap-
atite to the tooth surface [54], maintaining the healthy enamel.

Despite being the main oral lubricant, saliva also contains various proteins for antimi-
crobial purposes. Cystatins are cysteine protease inhibitors which block the degrading
activity of proteases from various origins including bacteria [67], protozoans [68], and
endogenous [68]. Cystatin S is also known to bind lipopolysaccharide (LPS) [69], which is
a surface protein and toxin found in Gram negative bacteria and is responsible for causing
inflammatory responses that can destroy healthy tissues. Cystatin S is particularly found in
the human saliva, with the highest concentration being found in submandibular saliva [63]
(Table 1). Very little cystatin S resides in the parotid saliva [63] (Table 1). The likely reason
for this is that parotid saliva is stimulated due to mastication and swallowing [63], whereas
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submandibular saliva is used to protect and coat the oral cavity during unstimulated resting
periods [63]. There is very little reason for parotid saliva to have antimicrobial defenses
because the primary function of stimulated saliva is to wet food particles to create a bolus
that could be swallowed easier. It does not stay in the oral cavity for an extended period. In
opposition, unstimulated saliva from the sublingual and submandibular glands is mucous
saliva which coats and protects the oral tissues and must be saturated with antimicro-
bial proteins to protect the oral cavity during periods of inactivity. Similar to cystatin S,
lysozymes are immunological proteins present in the mucosa which provide antimicrobial
activity against Gram positive and Gram negative bacteria as well as some viruses and
fungi [70]. A similar trend is observed with the presence of lysozymes in different types of
saliva as is seen with cystatin S (Table 1), where there is little to no presence of lysozymes
in the parotid saliva, yet there is a large amount in the submandibular and in particular,
sublingual saliva.

Saliva contains many enzymes and proteins that aid in digestion and microbial defense;
however, some proteins play an active role in oral lubrication [71]. Statherin is a calcium-
binding salivary protein that sticks to the tooth enamel to prevent the teeth from damaging
and chipping during mastication by lowering the friction coefficient between the teeth [65].
Statherin can do this because of its amphipathic structure, allowing it to bind to both
hydrophilic and hydrophobic surfaces [65] (Figure 2b). It can also bind to itself in aggregates
and form layers of statherin [65]. Each layer is less dense than the previous, allowing for
compression and easy removal of layers due to shear stress [65]. The friction coefficient
is reduced more on hydrophilic surfaces than hydrophobic because the hydrophobic
interactions of statherin’s non-polar region—between the different layers of statherin—in
the presence of a hydrophilic surface are weaker than the ionic interactions of its polar
region in the presence of a hydrophobic surface, allowing for easier removal of layers [65].
Statherin’s charged regions (Figure 2c) bind to the hydroxyapatite of the enamel, providing
a low coefficient of friction between the teeth themselves, and the tongue and the teeth [72].
Additionally, statherin appears to be one of the first proteins to form the enamel pellicle,
leading to the further protection of the clean tooth surface [73]. Further research shows
that statherin is the primary protein that can be found at the saliva—air interface, at a
concentration of 7 mM [74]. Statherin can also bind most of the calcium that is found in
saliva, preventing excessive buildup of calcium onto the teeth, leading to calculus [75]. An
abundance of statherin allows for easy calcium exchange with the hydroxyapatite of the
tooth while moderating the mineralization to the tooth surface [50,74], maintaining healthy
enamel in the mouth.

The enamel pellicle—composed of many of the proteins listed in Table 1—forms within
seconds of the tooth being cleaned [76]. This formation is vital to tooth health as it protects
the tooth from demineralization and crystallization, while also stabilizing the binding
between the enamel and the hydroxyapatite on the surface of the tooth [50,62]. While this
is beneficial in the short term, the enamel pellicle can become dental plaque—a biofilm of
bacteria feasting on the sugars of the pellicle—within a matter of days unless it is removed
through brushing [76]. Dental plaque begins to degrade the hydroxyapatite of the tooth
and damages the enamel, leading to dental caries and oral infections [76]. Once dental
plaque becomes petrified due to the crystallization of calcium and mineral deposits in the
old biofilm [77], it becomes hard dental calculus [78]. While dental calculus is hard, it has a
value of 30-60 on the Vicker’s Hardness Scale compared to a value of 350 for solid tooth
enamel [78]. Despite the generation of this hard tissue on the tooth enamel, there is no
reference in the literature regarding the effect of calculus on the tooth-on-tooth coefficient
of friction and the damage that this can cause.

Despite different saliva having different effects on friction in the oral cavity, most
tribological experiments focus on whole-mouth saliva, a mix of all saliva in the mouth
in an unstimulated condition, which is ~65% submandibular/sublingual, to evaluate the
frictional forces that take place in the mouth at rest. Berg et al. used whole-mouth saliva,
which has been shown to reduce the friction coefficient between the hard silica from 0.66 to



Lubricants 2024, 12, 126

9 of 29

saliva flow

microbes

0.03 under physiologically relevant pressures [79]. Studies also show that whole-mouth
saliva loses most of its elasticity and viscosity when it has been aged or centrifuged instead
of being used fresh [80]. This is likely due to the separation of the heavy mucins and PRPs
from the saliva mixture [80].

4. Effect of Biofilm and Implants on Oral Friction and Wear

Biofilms are vital for reducing the oral friction between the teeth, and between enamel
and dental implants, due to their viscoelastic properties [81]. Oral biofilms are formed
when foreign bacteria enter the oral cavity, adhere to, and proliferate on either teeth and/or
implants [82]. The salivary pellicle formed on the tooth enamel is particularly rich in
nutrients and provides a safer environment for the bacteria to grow and proliferate [82].
The bacteria can then secrete adhesive proteins like glucans [83] to become adherent to
the tooth/implant surface and multiply into a biofilm. More than 700 bacteria have been
identified as living inside the oral cavity [84]. In the salivary pellicle, some bacteria include
the following: Streptococcus, Campylobacter, and Actinomyces [84]. Over the short term,
biofilms can create a hydrated interface and lubricate biomaterials in vivo, which lead to
less wear on the implant and the surrounding tissues [81]. While the biofilm can lower the
coefficient of friction between biomaterials and implants, studies have shown that over
the long term, biofilms can decrease an implant restoration’s resistance to corrosion or
degradation, thus making the implant restoration’s surface rougher [81,85]. This leads to
increased wear on the oral tissues in the presence of an implant and will increase the friction
coefficient in the oral cavity [81,85]. This degradation comes from the interaction of implants
with the lipopolysaccharides in Gram negative bacteria [85] and hydrogen peroxide, which
is released from bacteria and leukocytes during inflammatory responses [86]. Additionally,
some cariogenic biofilms can degrade resin-modified glass ionomers, and oral bacteria
can release esterases, which can degrade other resin-based restorations and cements [82].
Biofilms will degrade implants and increase the coefficient of friction up to the point where
the increased frictional forces tear apart the biofilm and lead to a significant increase in oral
frictional forces [81] (see Figure 3). Ongoing research on dental implants studies the design
of biofilm-resistant implants to ensure that implants are not degraded and that oral lubricity
is maintained following installment of the implant [82]. Similar to the consequences of
biofilms on the teeth surface lubricity, the salivary pellicle that these biofilms form also
affect the lubricity of the oral cavity [76]. The salivary pellicle is rich in mucins, statherin,
and acidic PRPs, providing plenty of lubricity for the oral cavity, yet it also contains plenty
of nutrients for cariogenic biofilms to form, which eventually leads to the surface wear and
diminished lubricity [76].

me
decrease of pH -
" + MeO
-~ '\ change of oxygenatlon Me® Me’
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+ Microbiologically Influenced Corrosion and ions release

Figure 3. The effects of biofilms on oral implants’ surface roughness, demonstrating their effects on the
friction and wear of the oral cavity after the corrosion. Reprinted from reference [81] with permission.
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5. Methods of Studying Oral Friction
5.1. Ex Vivo Models for Studying Oral Friction

Lack of salivary lubrication leads to an increased coefficient of friction between the
tongue and tooth enamel of 1.87-3.21 [87,88], compared to a value of 0.3-0.5 for tissues
that are lubricated, as measured ex vivo using a tongue—enamel friction system [87,89].
This increase can induce significant discomfort and pain for patients. The role of macro-
molecular lubricants is to reduce the friction coefficient through various mechanisms of
lubrication. To test the efficacy of these lubricants, ex vivo tribological tests and models that
can replicate oral friction are necessary. Any model of oral friction must have an accurate
representation of the various oral tissues and how they function, in addition to replicating
the biomechanics of the entire oral cavity. Very few studies use oral biological tissues for
tribological studies and instead focus on the ability of whole-mouth saliva and various
saliva substitutes to reduce the friction coefficient between various hard enamel-like sur-
faces, such as silica discs [73,79,88], spheres [80,90], and smooth glass [90], yet the few that
use biological tissues focus on silicone balls or enamel [87,88] friction models on porcine
tongues (see Figure 4). The topography of the tongue has a significant influence on the
lubrication of the mouth [90]. Pig tongues are often used for tribological tests because of
their inherent similarities to the human tongue [90]. Despite their usefulness, these ani-
mal tissue models have some significant flaws as they decompose quickly [90], they have
complex surface chemistry [91], and there is a significant variability between the surface
chemistry and topography of each tongue that is used as a model [91]. Because of these
issues, studies are pointing towards using synthetic materials as alternatives to biological
tongue models [90,91]. For example, PDMS tongue models can easily be synthesized in the
lab space, allowing researchers to have control over the surface chemistry and topography
of their tongue model [91]. Furthermore, PDMS can be modified to mimic the deformability
and wettability of biological tongues [91].

(a)

Load cell

(b)
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Regulated Water |
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Figure 4. Various models of measuring the friction coefficient of friction between biological and
synthetic surfaces. (a) Measuring the friction between two soft biological surfaces, while testing the
saliva and saliva substitutes. Reprinted from reference [61] with permission. (b) An artificial mouth
simulator maintaining the frictional area at 37 °C and using enamel as the hard surface. Reprinted
from reference [92] with permission.
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Due to the difficulty of measuring oral friction in vivo, most in vivo studies revolve
around mouthfeel, in which patients are asked to describe the texture of a material or
food in their mouth using specific adjectives that can be correlated to different levels of
friction. Some standard questions regarding mouthfeel ask whether the patient sips liquids
to swallow food, gets up at night for a drink, has difficulty swallowing dry food, sucks on
candies to relieve dry mouth, has too much or too little saliva, and has difficulty swallowing
certain foods [93].

5.2. Clinical Approaches for Studying Dry Mouth

In clinical settings, dry mouth is determined by collecting a patient’s history with hy-
posalivation, the medications they take, severity of symptoms, and the patient’s assessment
of their salivary flow [94]. Clinicians can also perform visual and physical tests including
having the patient swallow a dry biscuit without water or testing the adhesion of a dental
mirror on the buccal mucosal surface [94]. The most common method for clinicians to test
for xerostomia is to measure the unstimulated whole-mouth salivary flow rate [94]. Visual
signs of severe xerostomia include caries around the gum line—that is the cervical line of
the tooth—as well as depapillation or erythema of the dorsal surface of the tongue [94].
Clinicians may also palpate the salivary glands to assess firmness, enlargement, and ten-
derness to aid with diagnosis. Occasionally, the minor salivary glands may be biopsied
from the inside of the lip to look for diagnostic indications of Sjogren’s syndrome [94].

There are a variety of ways to measure stimulated and unstimulated salivary flow
rate to test for xerostomia [95] (see Figure 5). Measuring unstimulated salivary flow rate
can involve patients consistently pouring saliva from the lip into a graduated cylinder
for 15 min, spitting saliva that has accumulated every 60 s into a graduated cylinder, or
aspirating saliva from the floor of the mouth continuously [96]. Stimulated salivary flow
rate is measured similarly, except it is measured after having the patient chew unflavored
gum for 1 min [95]. The saliva is collected for a period of five minutes [95].

Figure 5. Methods for collecting saliva and measuring salivary flow in the mouth. (a) A Sialometer ™

graduated cylinder for collecting stimulated or unstimulated saliva. (b) A Carlson—Crittenden
collector for collecting parotid saliva from the mouth. (c) The suction technique where an aspirator
is placed on the floor of the mouth to collect saliva and measure its flow rate. Reprinted from
reference [96] with permission.
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A standardized test has been developed to provide clinicians with a consistent means
of testing for xerostomia, called the Clinical Oral Dryness Score (CODS) [94]. This test
uses a variety of qualitative tests to determine whether the patient has dry mouth and
how severe it is, ranked on a scale from 1 to 10 [94]. The tests involved in the CODS
include the following: dental mirror sticking to tongue and buccal mucosa, frothy saliva,
no pooling saliva under the tongue, loss of papillae on tongue, altered or smooth gingival
texture, “glassy” appearance to the oral mucosa as a whole, fissured tongue, active cervical
caries or cervical carries restored in the past six months, and debris or food adhered to the
palate [94].

6. Lubricating Saliva Substitutes

Lubricating saliva substitutes aim to supplement patients that may be deficient in
native saliva or when their saliva composition has been negatively affected. Saliva substi-
tutes provide moisture as well as lubrication to oral surfaces and prevent damage resulting
from direct solid—solid contact. This lubrication is essential for addressing the symptoms of
xerostomia, such as difficulty in swallowing and speaking [10]. The ingredients of saliva
substitutes have different functions. These ingredients include hydrophilic macromolecules
as lubricating agents, active molecules like malic acid and tartaric acid as saliva stimulants,
buffering agents like phosphate buffers for controlling pH and ionic content, as well as
artificial flavoring agents [2]. Here, we describe effective lubricating macromolecules that
have been used in the literature as artificial saliva, and discuss their structure, mechanism
of lubrication, and potential shortcomings for long-lasting oral lubrication.

6.1. Natural Macromolecular Lubricants for the Treatment of Xerostomia

This section discusses macromolecules that are extracted from biological environments,
including natural proteins, glycoproteins, lipids, and polysaccharides, and have been used
in artificial saliva formulations.

6.1.1. Lubricating Proteins and Glycoproteins

Within native saliva, mucins are the major source of lubrication [97]. Patients can
be supplemented with animal-derived mucins as a saliva substitute [98]. Porcine gastric
mucins or bovine submaxillary mucins are commonly used for this purpose [97,98]. These
animal-derived mucins are similar in structure and function to human oral mucins and
function similarly to the native saliva [98].

Vissink et al. compared artificial saliva supplements containing mucins to those
containing carboxymethyl cellulose in a controlled trial over 3 years following three groups:
two groups were given either carboxymethyl cellulose- (group I) or mucin- (group III)
based artificial saliva, and a third group was given both types of artificial saliva for a month
each and then asked to choose one to continue with (group II) [99]. If patients in group I
or III complained, they were given the other solution. Out of the 61 patients in group II,
57 preferred the mucin saliva substitution after trying both the mucin and carboxymethyl
cellulose solutions. Patients commented that the mucin provided longer post-application
effectivity (30 min for mucins compared to 10 min for carboxymethyl cellulose) and greater
comfort. Patients using the carboxymethyl cellulose complained of stickiness and caking.

6.1.2. Lubricating Lipids

Native saliva has lipid concentrations of 0.2, 0.9, and 1.3 mg/dL in the parotid, sub-
mandibular, and whole stimulated saliva, respectively [100]. Most are not membrane lipids
because 96-99% of these lipids are cholesteryl esters, cholesterol, triglycerides, diglycerides,
monoglycerides, and free fatty acids, rather than polar lipids (which include phospho-
lipids) [100]. Little is known about the function of lipids within saliva or how changes to
lipid production affects the oral cavity [101].

The nature-derived lipids discussed in this section are nonpolar hydrocarbon chains
that interact with oral surfaces primarily through relatively weak London dispersion inter-
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molecular forces. The ability of lipids to provide oral lubrication depends on their ability to
coat oral surfaces and reduce the coefficient of friction through viscous dissipation of fric-
tion energy. This mechanism of action differentiates lipids from the other macromolecules
discussed in this paper, which primarily lubricate surfaces through water retention and
hydration lubrication. Longer chain lipids tend to be more viscous, allowing them to
potentially stay on oral surfaces longer than short-chain lipids. In this section, we discuss
rapeseed oil, coconut oil, and olive oil in the context of oral lubrication.

Rapeseed oil is a vegetable oil used as an artificial saliva substitute [102], although
literature on the tribology of rapeseed oil on oral hard and soft tissues is not available.
Canola oil is rapeseed oil that is low in erucic acid and glucosinolate [103]. Rapeseed oil is
extracted from the seed of the Brassica genus from the Cruciferae family [103]. The low erucic
acid and glucosinolate content of the Brassica plant makes them more attractive candidates
because of the linkage of these substances to poor health outcomes and diseases in animals,
including fat deposits in the heart, skeletal muscles, and adrenal glands, and inhibited
uptake of iodine by the thyroid [103]. Like other vegetable oils, rapeseed oil contains mainly
triacylglycerides (91.8-99.0%) [103]. Rapeseed oil was shown to improve xerostomia in a
prospective crossover study of 120 head and neck radiotherapy patients [104]. Xerostomia
was assessed using questionnaires before and during each treatment. There was no statisti-
cally significant difference between the average summative effectivity of rapeseed oil and
the three other treatments tested (carboxymethylcellulose, animal mucins, and Aloe vera).
Rapeseed oil performed better than carboxymethyl cellulose in the frequency of applica-
tion (p-value = 0.028) and sleep quality (p-value = 0.015). It did not perform worse than
carboxymethylcellulose, animal mucins, or Aloe vera in any category. However, when asked
to pick their favorite macromolecule, 17.5% chose rapeseed oil, while approximately 27%
chose each of the other three. This may be due to the poor taste of rapeseed oil (4.3 & 0.15
compared to approximately 3.2 &= 0.14, on a scale of 1 as very good and 6 as poor).

Coconut oil is a lauric vegetable oil largely composed of low molecular weight satu-
rated triacylglyceride fats [103,105]; however, coconut oil is calorie dense. It is digested
easily by most people and is resistant to becoming rancid when stored [105]. Virgin co-
conut oil (and also coconut milk and coconut water) might be capable of demineralizing
the enamel of teeth [106]. Commercial grade coconut oil is extracted from dried coconut
kernels and purified [105]. Virgin coconut oil is extracted from coconut milk [105]. The
lipid composition of these two forms is different [105]. Commercial grade coconut oil is
more prone to experiencing microbial contamination during processing [105]. Tribological
studies of coconut oil have been conducted in relation to using it as a biolubricant for
machinery [107]. Although literature on the tribology of coconut oil on oral hard and soft
tissues is not available, in vivo studies of coconut oil as a saliva substitute have also been
conducted. In a study of 30 radiotherapy head and neck xerostomia patients, participants
were asked to use coconut oil for two weeks [108]. Participants chose to administer an
average of 5 mL of oil 3 times per day. The results indicated that 41.4% continued to use
coconut oil after the study concluded.

Olive oil, with 99% triacylglycerides [109], is considered a home remedy for xerostomia
but is also found as an ingredient within some artificial saliva substitutes [110,111]. In a
crossover study on 39 patients, an artificial saliva formulation containing olive oil showed
increased unstimulated whole salivary flow rates, reduced complaints of xerostomia, and
improved xerostomia-associated quality of life, although no specific information was
provided on the role of olive oil in this performance [110]. In addition to potentially
providing lubrication, olive oil has antimicrobial and anti-inflammatory properties [111].

6.1.3. Lubricating Polysaccharides

Polysaccharides are chains of monosaccharides covalently bonded with glycosidic
bonds. Polysaccharides have carbon backbones and are hydrophilic due to the presence of
multiple hydroxyl groups on each monosaccharide. The hydroxyl groups hydrogen bond
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with each other and with water. The excellent water retention properties of polysaccharides
make them attractive candidates for biolubrication [112].

Xanthan gum is an anionic [113] (at pH > 7) exopolysaccharide [114] formed from the
monosaccharides glucose, mannose, and glucuronic acid [115]. It is produced commercially
from the Xanthomonas campestris bacteria [116]. Xanthan gum is hydrophilic and creates
viscous solutions at low concentrations [113]. The viscoelastic properties of xanthan gum
dispersions resemble native saliva, which may help it approximate the feel of native saliva
in speech and eating [117]. A randomized, double-blinded study compared Xialine® to
a placebo (Xialine® without xanthan gum) in 30 head and neck radiotherapy xerostomia
patients [117]. Xanthan gum did not reduce the symptoms of xerostomia better than the
placebo except for the quality of speech, where presence of the gum made the formulation
twice as effective.

Sodium hyaluronate is the sodium salt of hyaluronic acid (HA), which is a gly-
cosaminoglycan composed of D-glucuronic acid and N-acetylglucosamine [118]. HA is a
naturally occurring mucoadhesive polysaccharide found in the extracellular matrix [119],
connective tissues such as cartilage [120], and human saliva [121]. Sodium hyaluronate
is highly anionic, allowing it to absorb large amounts of water and provide lubricating
properties [122]. HA is biocompatible, non-immunogenic, and can be degraded by the
hyaluronidase enzyme found in the human body [119]. HA aqueous dispersion displays
non-Newtonian fluid mechanics and similar viscosity values to stimulated and unstim-
ulated whole saliva when tested with the shearing forces representative of those in the
oral cavity [122]. In a study by Takemura et al. (2022), commercial artificial saliva in the
form of a rinse, containing sodium hyaluronate as the main active ingredient, significantly
increased the unstimulated salivary flow rate compared to a placebo and an artificial
saliva that did not contain sodium hyaluronate. Interestingly, all the treatments tested
had similar scores rating the subjective sensation of lasting intraoral moisture after 1 h of
use [119]. This could be because despite HA having a similar viscoelastic profile to human
saliva, it showed inferior wettability (i.e., film-forming ability) to oral surfaces compared
to the whole human saliva. Thus, chemical modification of HA to increase wettability
may be required to provide more effective and long-lasting xerostomia relief [122]. The
molecular weight of hyaluronic acid is an important consideration in designing HA-based
artificial saliva: high molecular weight hyaluronic acid has been shown to inhibit lysozyme
and peroxidase antimicrobial—particularly candidacidal—activities. This inhibition of
lysozyme and peroxidase activity was more pronounced when the high molecular weight
hyaluronic acid was adsorbed onto hydroxyapatite ceramic beads mimicking teeth than
when simply dissolved [123]. Considering that artificial saliva will likely adsorb onto the
salivary conditioning film and/or intraoral structures, low molecular weight hyaluronic
acid should be used in HA artificial saliva formulations. High molecular weight HA (up
to 20,000 kDa) can be extracted from animal sources such as bovine cartilage, while lower
molecular weight HA (1000-4000 kDa) can be extracted from bacteria or yeast [124].

6.1.4. Complex Mixtures

Naturally derived complex materials with good water retention properties are attrac-
tive candidates for oral lubrication. There are a few examples of these materials discussed
in the literature for treatment of dry mouth as indicated in Table 2.

Table 2. Lubricating components of natural complex mixtures used in artificial saliva substitutes.

Substance Components that Provide Lubrication
Yam tuber Mucilages (mannan glycoproteins) [124-126]
Linseed extract polysaccharides, glycoproteins, and proteins that mimic mucins [127]
Milk Fats and protein [128-130]

Aloe vera gel Acemannan polysaccharides [106]
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Yam tuber extract is an attractive candidate for saliva replacement because it contains
mannan glycoproteins called mucilages [126]. Raw Korean yam (Dioscorea batatas) extract
has been studied as a saliva replacement material. Solutions with a similar viscosity to
unstimulated and stimulated saliva can be achieved through a mixture of yam extract
and simulated salivary buffer solutions [131]. The yam solutions had greater wettability
on resins than human saliva, supporting their potential to relieve the sensation of oral
dryness. Further testing is required to assess how the tribology of yam tuber artificial saliva
solutions compares to that of native saliva, and to further assess the effect of yam tubers on
the biological environment of the oral cavity.

Linseed extract contains polysaccharides, glycoproteins, and proteins that mimic
mucins, creating an aqueous solution with properties similar to those of native saliva [127].
This makes linseed extract a good prospect as an artificial saliva substitute. Salinum®, a
market saliva substitute containing linseed extract as the active ingredient, was compared
to MAS-84, a carboxymethylcellulose formulation, in a single-blind crossover study of
21 head and neck radiotherapy patients [132]. The patients used each formulation for three
weeks (with a one-week break in between) and were randomly assigned to use either one
first. Linseed extract required fewer applications and lasted longer than carboxymethyl-
cellulose (60 min compared to 30 min), with statistical significance. Linseed extract also
reduced the plaque index and gingival bleeding, while carboxymethylcellulose did not.
Subjective measures of taste, speech, overall relief, and chewing and swallowing also
showed increased improvement with linseed extract. Although Salinum® and MAS-84
differ in composition and mechanical properties, the results of this study may suggest that
linseed extract is superior to carboxymethylcellulose as a saliva substitute for head and
neck radiotherapy xerostomia patients.

Whole bovine milk is an aqueous colloid that comprises 3.5-5% fats (98% of which
are triacylglycerol) that are emulsified by the protein surfactant casein [133,134]. If not
for its sugar content and the effect of sugar at increasing dental caries, bovine milk has
characteristics that are attractive for saliva substitutes [128]. Milk can buffer acids within
the mouth and protect enamel by decreasing the solubility of enamel and possibly helping
to remineralize the enamel [128]. A unique macromolecule within milk is the protein casein,
which constitutes 20% of the solids within milk [134]. It is a molecule that can inhibit the
dissolution of hydroxyapatite [135]. Caseins exist as unfolded non-globular structures in
milk and form micelles [129,130]. There are no clinical studies on milk as a saliva substitute
in the literature. In an oral tribology study using PDMS to represent the oral surfaces
and milk as the saliva substitute, decreased coefficient of friction values were achieved by
increasing the fat content of the milk and increasing thickness and viscosity by addition of
xanthan gum [136]. This study also found that a larger fat droplet size is associated with a
lower coefficient of friction. They hypothesized that this occurred because larger droplets
can be compressed, dragged, and trailed along surfaces more easily.

Aloe vera gel is an extract from the Aloe barbadensis miller succulent plant known for
its antibacterial, anti-inflammatory, and healing properties [137]. Aloe vera gel is produced
by the parenchyma cells of the plant [138]. Aloe vera gel is highly hydrated (>98% water)
and its gel consistency is attributed to polysaccharides [137]. More than 60% of the solid
within the gel is polysaccharides [139]. Acemannan, a mannose-containing polysaccharide,
has been reported as the main active substance present in an Aloe vera filet [139]. The
tribology of Aloe vera has been studied in the context of applying it as a biolubricant in
machinery [140]. Literature on the tribology of Aloe vera on oral hard and soft tissues is
not available. Aloe vera is used commercially in artificial saliva substitutes. Aldiamed oral
gel, an artificial saliva substitute that uses Aloe vera gel as its major active ingredient, was
compared to carboxymethylcellulose, rapeseed oil, and animal mucins in a prospective
crossover study of 120 radiotherapy (head and neck) patients [104]. Xerostomia was
assessed with a questionnaire before and during each treatment. The average additive
scores indicated, with statistical significance, that the four treatments improved xerostomia.
However, there was no significant statistical difference between the average additive scores
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of the four treatments. Instead of one solution working best, each had unique properties
most helpful to patients in different contexts. Aloe vera required the lowest frequency
of use. This result had statistical significance against baseline xerostomia (p < 0.0001),
carboxymethylcellulose (p < 0.0001), and mucins (p = 0.014). Aloe vera gel also improved
sleep quality the most. This result had statistical significance against baseline xerostomia
(p < 0.0001) and carboxymethylcellulose (p = 0.006).

6.2. Synthetic Macromolecular Mouth Lubricants

This section highlights the application of synthetic macromolecules or synthetically
modified natural materials, including synthetic polymers, chemically modified biomacro-
molecules and synthetic polypeptides, as mouth lubricants.

6.2.1. Chemically Modified Biomacromolecules

Carboxymethyl cellulose is a polymer mainly used in artificial saliva as an agent
with thickening, lubricating, mucoadhesive, and film-forming properties. Carboxymethyl
cellulose has hydrophilic groups which can absorb a significant amount of water and
form hydrogels. Also, this polyanionic polymer has mucoadhesive properties that can
be used for transmucosal applications [141]. Sarideechaigul et al. investigated the effect
of two combinations of artificial saliva containing 0.1% pilocarpine, one with sodium
carboxymethylcellulose (SCMC), the other with sodium polyacrylate (SPA). They conducted
a double-blinded clinical assessment for six weeks of xerostomia treatment on 31 patients,
using the Clinical Oral Dryness Score (CODS) and Xerostomia Inventory (XI). Overall, both
the SCMC and SPA formulas improved hyposalivation to normal saliva flow rates, which is
0.3-0.4 mL min—!. However, in the SCMC-treated group, the unstimulated and stimulated
whole salivary flow rates were greater, and CODS were considerably lower, which indicates
better performance of SCMC-based artificial saliva over its SPA-based counterpart [142].

Chitosan is a cationic mucoadhesive polymer capable of forming strong electrostatic
interactions and hydrogen bonding with many other macromolecules [143]. It can be
modified with catechol to boost its water solubility and its affinity to glycoprotein [144].
Mucoadhesion takes place in two steps where at the contact step, the polymer contacts the
mucosa, then at consolidation step, the polymer has to react with the mucosa by forming
mucoadhesive bonds [145]. Wan et al. [87] obtained various degrees of catechol conjugation
on chitosan (with 7.6%, 14.5%, and 22.4% catechol conjugation to the backbone of the
polymer) as a mucoadhesive with a layered structure, including a rigid bottom and a
soft secondary salivary conditioning film (S-SCF). They collected healthy and diseased
simulated whole saliva (SWS) from Sjogren’s syndrome patients and flowed them over a
Quartz Crystal Microbalance with Dissipation (QCM-D) sensor followed by the flow of
Chi-C and reflow of saliva to analyze the formation kinetics of SCFs. A larger frequency
shift showed that after the reflow of saliva, more salivary proteins adsorbed on the sensor
in the chitosan—catechol (Chi-C) samples with higher catechol conjugation. Also, the ratio
of dissipation to frequency shifts demonstrated that the structural softness was higher with
higher catechol conjugation.

Adamczak et al. investigated the water adsorption capabilities of polymer-coated
liposomes, made of low-methoxylated pectin (LM-pectin), high-methoxylated pectin (HM-
pectin), alginate, chitosan, and hydrophobically modified ethyl hydroxyethyl cellulose
(HM-EHEC), using dynamic water sorption measurements (DVS). The findings revealed
that alginate-coated liposomes absorbed the most water, which prolonged the moisture
protection of oral surface. Chitosan-coated liposomes had the highest water sorption
capacity with a high mucoadhesive property [146]. Hiorth et al. studied the oral lubricating
properties of positively, negatively, and neutrally charged polymer-coated liposomes using
a ball-on-disc tribometer at 2 N load at 37 °C. This study revealed that the positively charged
formulation of the chitosan-coated liposomes gave rise to better lubrication properties
(lower friction coefficient, u < 0.1) at orally relevant shearing speeds (~50 mm/s) than the
negatively and neutrally charged polymer-coated liposomes [147].
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Phosphatidylcholine (PC) is the zwitterionic head group in some phospholipids such
as lecithin [148], which is a class of essential phospholipids that make up a significant
portion of the phospholipid mass in eukaryotic cell membranes. Lecithin is an amphi-
pathic phospholipid, comprising a hydrophilic zwitterionic group headgroup and two
hydrophobic fatty acid tails [149]. PC is found in all human cells [149] and many other
natural sources, such as eggs [148], soybeans, and sunflowers [150]. PC is also abundant in
lipoproteins, biliary lipid aggregates, and lung surfactants [151]. Phospholipids usually
self-assemble into bilayers due to a hydrophobic effect, when the aggregated phase is more
energetically favorable [152]. Macromolecules containing PCs have excellent hydration ca-
pabilities and exhibit hydration lubrication [14,153,154]. The zwitterionic headgroup forms
an abundance of strong hydrogen bonds with water molecules while retaining the ability
to rapidly relax when exposed to shearing forces. Thus, the hydration of the zwitterionic
groups is exceptionally stable while subjected to large stress [155].

An important consideration when selecting phospholipids for lubrication applications
is the lipid bilayer phase behavior. A lipid bilayer’s solid /gel to liquid phase transition is
dependent on the temperature and on the diacyl chain length of the phospholipid. Phospho-
lipids with longer acyl chains are much more resistant to increases in temperature before
transitioning from the solid/gel phase to liquid phase. A study investigating the effect
of the bilayer phase on lubrication properties of the PC vesicles explored the tribological
and mechanical properties of dipalmitoyl phosphatidylcholine (DPPC) and 1,2-dioleoyl-
sn-glycero-3-phosphatidylcholine (DOPC). DPPC is a solid/gel phase phospholipid at the
physiological temperature with a phase transition temperature of 42 °C, while DOPC is a
liquid phase phospholipid with a phase transition temperature of —19 °C. The tribological
properties of DPPC and DOPC were measured using a tribometer. DPPC and DOPC bilay-
ers were subject to approximately 180 back-and-forth cycles of 6 mm displacement over
the course of 1 h. The coefficient of friction of DPPC bilayers was 0.002 &= 0.0008 and did
not change over time. The DOPC coefficient of friction was initially 0.01 &= 0.005 and after
1 h of friction, the friction DOPC friction coefficient increased to 0.05 £ 0.02. The DOPC
bilayers were always deformed after being subjected to 1 h of frictional force, as visualized
using fluorescence microscopy. The mechanical resistance to puncture and deformation
was tested using AFM force spectroscopy. Force versus Z-piezo displacement distance
curves were recorded in response to hundreds of approach-retraction cycles. The DPPC
bilayers were not punctured by the AFM and remained mechanically stable in the range
of normal forces tested (0-20 nN). The DOPC bilayers, however, were always deformed
during friction tests. Additionally, DPPC showed high packing density compared to DOPC,
which is also associated with increased resistance [156] to indentation and lower coefficients
of friction [155]. Thus, solid phase phospholipids were much more resistant to indentation
and deformation than liquid phase bilayers. Even though both DPPC and DOPC bilay-
ers have significantly lower coefficients of friction than saliva, DPPC liposomes would
likely be more favorable in artificial saliva formulations because they are more densely
packed and because their lubricity does not diminish over time due to their enhanced
mechanical stability.

A challenge with using DPPC and other phospholipids is that they are not mucoad-
hesive on their own [157] due to the phospholipids having a weak negative charge at
physiological pH, thus it is unlikely to be involved in strong electrostatic attraction with
mucins in the oral mucosa [158]. A possible solution to increase mucoadhesion and ad-
sorption on the oral mucosa would be to add positively charged functional groups to some
of the liposome PC heads. Because solid/gel phase PCs have a much lower coefficient of
static friction than human saliva, some addition of positively charged functional groups
would likely not compromise the intraliposomal water layer crucial to effective lubrication.
For example, liposomes made of DPPC and dicetyl phosphate (DCP) in a molar ratio of
8:2 were coated with either chitosan, polyvinyl alcohol with a long alkyl chain, or poly-
acrylic acid (i.e., carbomer) bearing cholesterols, and all showed enhanced mucoadhesion
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to rat intestinal cells. Liposomes coated with chitosan showed the highest mucoadhesive
percentage confirmed through fluorescence microscopy [157].

6.2.2. Synthetic Polymers

For lubricating and protecting the oral cavity, a saliva substitute must be maintained
for a long period of time. This could be achieved using a bioadhesive polymer in the
saliva substitute. Some highly hydrophilic mucoadhesive polymers are anionic such as
carboxymethyl cellulose (CMC) and polyacrylic acid (PAA), which are rich in carboxylic
moiety (-COOH) and act as moisturizing agent because of hydrogen bonding with mucosal
surfaces. Cationic mucoadhesive polymers, such as chitosan and cationic hydroxyethyl
cellulose, however, interact electrostatically with residual anionic mucin in the mucus
layer. Other non-ionic polymers, such as polyethylene glycol (PEG) and methyl cellulose
(MC), could be used as mucoadhesive agents mainly through hydrogen bonding. Novel
mucoadhesive polymers such as thiolated polymers react with mucus by thiol-disulfide
exchange, resulting in strong mucoadhesion with covalent disulfide bridges with the mucus
layer [159]. Incorporation of these highly hydrophilic polymers in the oral cavity may
result in long-lasting hydration and lubrication of oral surfaces.

By immobilization of polyethylene glycol (PEG) to the oral epithelial cells, a salivary
film could be mimicked to provide lasting relief from the symptoms of mucosal dryness
for patients suffering from xerostomia [160]. In a study conducted by Blakeley et al., a
sugar-binding lectin, wheat germ agglutinin, was used to enhance PEG adhesion to cells,
and the ability of wheat germ agglutinin-coated PEG (WGA-PEG) to reduce oral friction
and improve dry mouth was studied by an ex vivo oral tissue tribology rig where the
bovine enamel section rubbed against a porcine tongue. Both forms of functionalized PEG
and free PEG provided lasting hydration to the tissue when trapped between the enamel
and tongue, resulting in sustainable lubrication. However, in cases where there are more
complex oral states, such as swallowing or drinking, the free PEG may be removed easily.
Therefore, it was anticipated that the WGA functionalized PEG would provide longer relief
than PEG due to its improved bioadhesion [160]. Moreover, Xiaoyan et al. investigated the
water adsorption and structural properties of the mixture of mucin and thiolated PEG-SH
with QCM-D. Their results suggested that thiolated PEG was more efficient for lubrication
behavior compared to mucin [161].

Carbomers are synthetic mucoadhesive PAA polymers. Carbomers are available in
different grades, with the grade depending on the conjugation with different functional
groups, such as allyl sucrose and allyl pentaerythritol. These functional groups account for
0.75-2% of the molecular weight. Carbomers also contain different amounts of carboxylic
acid groups, usually making up between 56% and 68% of the molecular weight [162].
Carbomers exhibit excellent swelling due to the highly hydrophilic carboxylic acid groups
hydrogen bonding with water. Hydrated carbomers exhibit different water absorption
capacities and different viscosities under different pH conditions. Initially, hydrated car-
bomers are acidic, but at the physiological pH of the mouth (6.2-7.6) [163], the carbomers
become partially deprotonated and highly hydrophilic due to the COO- groups, thus ab-
sorbing large amounts of water [164]. Furthermore, during this neutralization process,
carbomer chains become ionized and the resulting internal repulsion causes the carbomer
chains to uncoil [165] and form a bulk network, which increases the viscosity of the gel [166].
Moreover, carbomers are highly mucoadhesive because the carboxyl groups form hydrogen
bonds with the oligosaccharide chains on mucins [167]. In a 2009 study by Mehravaran
et al. investigating the rheological behavior and mucoadhesiveness of artificial saliva pump
spray formulations, their carbomer-containing artificial saliva formulations exhibited en-
hanced viscosity compared to other artificial cellulose-based saliva formulations. Moreover,
when carbomers 971 and 940 were tested against shearing rates similar to those in the oral
cavity, the carbomer-based formulations exhibited pseudoplastic viscosity behavior similar
to natural saliva and a lower viscosity reduction compared to natural saliva, indicating a
longer duration of action due to its higher resistance against being dislodged from the oral
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cavity. All artificial saliva formulations containing carbomers tested in the Mehravran et al.
study showed higher mucoadhesive strength when compared to natural saliva, again indi-
cating their potential for longer durations of action [168]. The findings of Mehravran et al.
(2009) are consistent with that of Vinke et al. (2020), which showed that saliva substitutes
containing carbomers adsorbed to the SCF and increased the relief period [168,169]. Inter-
estingly, despite showing considerable mucoadhesion and adsorption to the SCFE, carbomers
on their own did not increase structural softness of the S-SCF; however, carbomers and
the cellulosic polymer hydroxyethyl cellulose (HEC) together displayed synergy and were
highly mucoadhesive and lubricating [169]. Thus, carbomers may be especially effective
in artificial saliva formulations when combined with other highly hydrophilic materials.
Some commercial saliva substitutes that contain carbomers—listed as polyacrylic acid
in the ingredients—are Biotene and BioXtra [169], which have been shown to alleviate
xerostomia symptoms during the day and improve speech in a clinical study. However,
swallowing was not improved in these studies by using these products [170]. Furthermore,
carbomer-based pump spray formulations were more easily and uniformly applicable to a
glass tile meant to simulate the buccal mucosa compared to other formulations [168].

6.2.3. Synthetic Polypeptides

Recently, some hydrogels have been proposed as novel candidates for artificial saliva.
However, they need to mimic saliva more closely from chemical and structural perspectives,
which has led to the use of peptides and other bioactive ingredients in their structure [94].
Recombinant supercharged, unfolded polypeptides (SUPs) with elastin-like motif are a
promising class of proteinaceous materials that could restore biolubrication in polyelec-
trolytes. Veeregowda et al. investigated the effect of positively charged SUPs on the
lubrication and structure of the salivary conditioning film after adsorption of the polypep-
tides and exposure to saliva [17]. They demonstrated that if the number of positive charges
is sufficiently high on cationic SUPs, they can adsorb on the SCFs to recruit glycosylated
mucins from the saliva. These hydrated and rigid films improve lubrication and maintain
the film’s structural integrity upon high contact pressures.

Wan et al. conducted biophysical and in vitro friction measurements to investigate the
effect of SUPs with the repetitive motif K (GVGKP) on the improvement of oral lubrication
with saliva from patients with xerostomia, by collecting saliva from patients with Sjogren’s
syndrome. Five different SUPs, including K72, K108, and K144, and two cysteine-modified
K108cys and K144cys were investigated in this research. The QCM-D was used to analyze
the structural softness and formation kinetics of SCF for each sample. Through this QCM-D
analysis of these five variants of SUP and a buffer, they realized that after adsorption to the
surface, both K108cys and K144cys had higher structural softness due to the adsorption
of more salivary glycoproteins. Using samples from four healthy volunteers and four
dry mouth patients with Sjogren’s disease, the ex vivo assessment of K108cys in terms of
salivary lubrication was carried out using a customized tongue—enamel friction device.
The study involved sliding enamel against the tongue for 2.5 s and calculating the COF.
Saliva was introduced to create the initial SCF, followed by K108cys or buffer solution
for four cycles. The relief period was monitored until the COF increased, marking the
relief period. The relief period for patients with S-SCF increased from 15 + 2.5 (lowest) to
30 £ 3.6 (highest) min with intermediate exposure to K108cys. In fact, the S-SCF treated
with K108cys assisted in the retention of water on the surface and provided high lubricity
for a longer length of time by producing a soft layer on top of a slightly stiff charge-
stabilized layer (Figure 6). The findings showed that an intermediate layer of K108cys
induced electrostatic stabilization of SCFs, which is associated with strong water retention,
resulting in a prolonged relief time for both healthy and patient saliva [171]. Table 3
summarizes all the saliva substitute macromolecules discussed in this review.
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Figure 6. The introduction of SUPs results in strong water immobilization at the layered S-SCFE.

Extracted from [171] with permission.

Table 3. Summary of natural and synthetic saliva substitutes with their respective advantages and

disadvantages.
Saliva Substitute Advantages Disadvantages
Natural
Porcine/Bovine Similar in structure and function to mucins in
Mucins human saliva [98], loses effectiveness within 30 min  No noted disadvantages
of applying [99]
Low erucic acid and glucosinolate indicates it is
. healthier than other oils [103]; is on par with mucins,
Rapeseed Ol carboxymethyl cellulose, and Aloe vera with regards Poor taste [104]
to effectivity [104]
Easily digested and preserves well without
. becoming rancid [105], 41% of study participants Calorie dense [105], may demineralize tooth
Coconut Oil . . .
chose to continue using coconut oil after the study enamel [106]
[108]
Artificial saliva containing olive oil increased
Olive Oil unstimulated whole saliva flow rate and improved ~ No clear correlation between olive oil itself and

patient’s xerostomia [110], antimicrobial and
anti-inflammatory properties [111]

improved xerostomia

Xanthan Gum

Mimics native saliva’s mouthfeel during eating and
speech [117]

No distinct advantages of xanthan gum over
placebos (Xialine® without Xanthan Gum) aside
from speech production [117]

Sodium Hyaluronate

High water content providing lubrication [122];
biocompatible, non-immunogenic, and degraded by
the body’s hyaluronidase [119]; similar rheometric
and non-Newtonian qualities as saliva under the
same shearing forces [122]; increases unstimulated
salivary flow rates compared to placebos [122]

Inferior wettability and film-forming ability to
whole human saliva [122]; high molecular
weight HA (up to 20,000 kDa) reduces lysozyme
and peroxidase, leading to infection [123], so low
molecular weight HA from bacteria and yeast
will have to be used [123,124]

Yam tuber extract

Can achieve a similar viscosity to saliva by mixing
with simulated salivary buffer solutions [131],
greater wettability on resins compared to whole
human saliva [131]

No noted disadvantages
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Table 3. Cont.

Saliva Substitute

Advantages

Disadvantages

Linseed extract

Similar properties to native saliva [127], lasts longer
(60 min compared to 30 min) than commercial
carboxymethyl cellulose saliva substitutes [132],
reduces gingival bleeding and plaque index [132],
improved subjective taste, speech, chewing,
swallowing, and overall relief compared to
commercial carboxymethyl cellulose saliva
substitutes [132]

No noted disadvantages

Whole bovine milk

Protect enamel by buffering acids, decreasing
enamel’s solubility, and helping remineralize
enamel [128]; contains casein which can inhibit
hydroxyapatite dissolution [135]; combining whole
bovine milk with xanthan gum decreases the
coefficient of friction on PDMS [136]

High sugar content leading to dental caries [128],
no studies on whole bovine milk as a saliva
substitute to date

Aloe vera

Lowest frequency of use compared to
carboxymethyl cellulose, animal mucins, and
rapeseed oil [104]; statistically significant
improvement in xerostomia symptoms [104];
improved sleep quality more than carboxymethyl
cellulose, rapeseed oil, and animal mucins [104]

No noted disadvantages

Synthetic

Carboxymethyl
cellulose

Statistically significant improvement in xerostomia
symptoms [104], mucoadhesive and high water
retention properties [141], improves stimulated and
unstimulated whole saliva flow rates [142]

Stickiness, caking, loses effectiveness within 10
min of applying [99]

Chitosan

Mucoadhesive properties [145], can be modified
with catechol to become softer and adsorb more
salivary proteins [145], chitosan-coated liposomes
have the highest water sorption properties
compared to other polymer-coated liposomes [146]

No noted disadvantages

Alginate-coated

Outperform chitosan, methoxylated pectin, and
hydrophobically modified ethyl hydroxyethyl

No noted disadvantages

liposomes cellulose coated liposomes for water retention [146]
Phosphatidylcholine (PC) is abundant in all
Phosphatidylcholine- organisms and easy to obtain [150]; imbues
modified macromolecules with excellent hydration, hydration =~ No noted disadvantages
macromolecules lubrication, and allows them to rapidly relax when
under shearing forces [153-155]
Densely packed phospholipids indicate a low
coefficient of friction and resistance to deformation . . e
. . Needs extensive chemical modification to
DPPC in the presence of shear forces [155], highly become mucoadhesive [157]
mechanically stable [155], very low coefficient of
friction of 0.002 £ 0.0008 [155]
Less resistant to deformation than DPPC due to
- - its liquid bilayer state and the lower density of
DOPC Very low coefficient of friction of 0.01 £ 0.005 [155] its phospholipids [155], needs extensive
modification to become mucoadhesive [157]
Polvethvlene elvcol Sustainable lubrication while providing lasting PEG must be coated with wheat-germ agglutinin
(PE}é) y &Y hydration [160], thiolated PEG is more efficient at to become bioadhesive to avoid being removed

lubricating than mucin [161]

from the mouth during swallowing [160]
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Table 3. Cont.

Saliva Substitute

Advantages

Disadvantages

Excellent water uptake and swelling due to the high
concentration of carboxylic acid groups that become
negatively charged in the mouth [164], more

mucoadhesive than natural human saliva due to the

Must be combined with other hydrophilic
materials to become effective in artificial saliva
formulations [169], artificial saliva using

Carbomers high number of carboxyl groups [167], highly carbomers and polyacrylic acid do not improve
resistant to being dislodged from the oral swallowing despite improving other xerostomia
cavity [168], exhibit similar changes in viscosity in symptoms and speech [170]
response to force as natural human saliva [168]
Improve oral lubrication and maintains its structural
integrity during high contact pressures [17], SUPs
with a sufficient number of positive charges can

SUPs adsorb onto the SCF and retrieve mucins from the No noted disadvantages

saliva [17], K108cys modified SUPs resulted in
higher salivary glycoprotein adsorption and softness
while also doubling the period of effectiveness of
natural human saliva [17]

7. Summary and Outlook

This review provides an overview of the literature on xerostomia. Xerostomia is a
medical condition that results from lack of or ineffective oral lubrication. Various medical
conditions that result in xerostomia were reviewed here in detail, with polypharmacy,
radiation therapy, and Sjogren’s syndrome being among the most common causes of dry
mouth. Native saliva was reviewed as the primary lubricating medium in the oral cavity.
The composition of saliva and its active macromolecules in biolubrication were discussed in
detail under stimulated, unstimulated, and pathogenic conditions. Methods of evaluation
of oral lubrication and xerostomia were examined both in clinical settings and ex vivo
simulated conditions, where a significant shortcoming in the literature can be recognized
in correlating the ex vivo and clinical studies. This review also provided an overview of
the various natural and synthetic macromolecules that have been identified as potential
ingredients for the preparation of artificial saliva formulations for xerostomia treatment.
These macromolecules, including proteins, glycoproteins, biopolymers, synthetic polymers,
lipids, and phospholipids, play a primary role in oral lubrication, with most of them func-
tioning by improving the retention of water at the oral surface. The performance of these
macromolecules was typically assessed in clinical studies where qualitative parameters,
such as mouth feel and comfort, determine the outcome, although a limited number of
mechanistic studies also investigated their mechanisms of actions in precise fundamental
ex vivo experiments.

Developing saliva substitutes for patients suffering from xerostomia remains a sig-
nificant challenge as performance metrics, such as the duration of action and effective
lubrication, must be in concert with subjective qualities, such as mouth feel and taste. Iden-
tifying an ex vivo model that can assess artificial saliva performance and provide outcomes
that correlate with patient reports will be valuable for effectively testing the performance
of new formulations without the need for early clinical studies. Although tongue—enamel
tribological systems provide such a platform to some extent, identifying the appropriate
conditions for humidity, duration of friction, evaporation, tribopair geometries, and force in
a way that replicate the oral conditions of xerostomia patients is important for developing
an effective ex vivo model. Validating the model with clinical studies is imperative in
achieving such effective ex vivo models. The field of biolubrication has advanced signifi-
cantly over the past two decades as our understanding about the role of water retention for
boundary lubrication has improved, and novel natural and synthetic materials have been
introduced for biolubrication based on this improved knowledge [14,112,172,173]. The use
of such materials for oral lubrication, however, has not been evaluated, perhaps because
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of a low number of research groups that are active in studying the fundamental aspects
of oral lubrication. With the current pattern of population aging, increased medication
use, and cancer incidents, xerostomia is a medical problem that will only get aggravated
over the next few decades, and thus demands more attention from scientists to discover
new materials that can alleviate the symptoms of this condition and help improve patients’
quality of life.
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