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Abstract
Importance of the field: Dental caries is one of the most common preventable childhood
diseases; people are susceptible to this ailment throughout their lifetime. In the United States, 90%
of late adolescents and young adults have dental caries, while 94% of all dentate adults had
evidence of treated or untreated coronal caries. Dental caries is often not self-limiting and without
proper care, caries can progress until the tooth is destroyed.

Areas covered in this review: In this paper, the etiology of dental caries was briefly
introduced. It was followed by a thorough review of patents and literatures on the recent
development of various novel technologies for the prevention and treatment of dental caries.

What the reader will gain: Recent advances in anti-plaque agents, including
chemoprophylactic agents, antimicrobial peptides, vaccines, probiotics/replacement therapy and
sugar substitutes, and remineralization agents including fluorides and casein phosphopeptides are
analyzed.

Take home massage: Both the discovery of new anti-caries agents and the development of
dentotropic delivery systems will be the future focus of this research field.

1. Introduction
Dental caries is one of the most common preventable childhood diseases; people are
susceptible to this ailment throughout their lifetime (1). In the United States, 90% of late
adolescents and young adults have dental caries, while 94% of all dentate adults had
evidence of treated or untreated coronal caries (2-4). Dental caries is often not self-limiting
and without proper care, caries can progress until the tooth is destroyed (5).

The definition of dental caries is the localized destruction of susceptible dental hard tissues
by acidic by-products from bacterial fermentation of dietary carbohydrates (6). Endogenous
bacteria {mainly mutans streptococci (Streptococcus mutans and Streptococcus sobrinus)
and Lactobacillus spp.} in the biofilm (dental plaque) produce weak organic acids as
metabolic by-products of fermentable carbohydrates. The acids would cause local pH to fall
below a critical value resulting in demineralisation of the tooth tissue (7,8). In the
demineralization process, the bacteria produced organic acids that diffuse into the tooth
through the water amongst the hydroxyapatite crystals, which are the major composition of
tooth enamel and dentin. When the acid reaches a susceptible site on a crystal surface, where
impurities and inclusions of other ions (especially carbonate ion) incorporated in the crystal
lattice producing defects and calcium deficient regions, calcium and phosphate are dissolved
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and transferred into the surrounding aqueous phase between the crystals (9). If the diffusion
of calcium, phosphate, and carbonate out of the tooth is allowed to continue without proper
remineralization, cavitation will eventually take place (8,10). Remineralization is the body's
natural repair process for subsurface non-cavitated carious lesions (11). It is a process where
calcium and phosphate either from saliva or other topical sources diffuses into the tooth and
with the help of fluoride, builds on existing crystal remnants rather than the formation of
new crystals (2). The rebuilt crystalline surface, however, is composed of a veneer of well-
formed mineral most likely similar to fluorapatite due to the presence of fluoride, and is
much more resistant to acid attack than the original structure (1,9). Demineralization and
remineralization happen simultaneously in the oral cavity for most of the people. Whether
dental caries development is progressive, static or reversal is dependent on a balance
between demineralization and remineralization. Therefore, any factor that can push this
balance toward the proceeding of remineralization can be utilized as a weapon in the battle
against dental caries. In this review of relevant patents, we will discuss several novel
therapeutic developments for the prevention of dental caries.

2. Therapeutics to prevent the demineralization caused by dental biofilm
Dental caries is essentially a disease caused by accumulation of acid-producing endogenous
bacteria (primarily a species called Mutans Streptococci, MS) on non-shedding tooth
surface. Bacteria live on tooth in microcolonies assembled in the form of dental biofilm
(dental plaque). Mature dental plaque is a complex multispecies biofilm that grows on the
tooth surface, embedded in a protective matrix of host and bacterial polymers including
polysaccharides, proteins, and DNA secreted by the cells (5,12), which provides protection
from desiccation, host defenses and predators, and provides enhanced resistance to
antimicrobial agents (13). Since acid accumulation in dental plaque is the driving force for
demineralization and caries development, antimicrobial approaches, including the use of
antimicrobial agents, represent a valuable measure for caries control.

2.1. Chemoprophylactic agents
Chemoprophylactic agents that are used in dental caries prevention include classical
antibiotics such as penicillin and vancomycin (14,15); cationic agents such as chlorhexidine
and cetylpyridinium chloride (16,17); plant derived compounds such as sanguinaria extract
(18); anionic agents such as sodium dodecyl sulphate (SDS) (19); and non-ionic agents such
as triclosan (20). These agents are generally delivered as mouthwashes or toothpastes but
can also be applied in the form of gels or varnishes to slowly release the drug and achieve
prolonged inhibitory effect (21).

Chlorhexidine is one of the most tested compounds and its anti-plaque properties are well-
known. In a supragingival biofilm model, chlorhexidine was shown to inhibit bacterial
growth and biofilm formation (22,23). Because chlorhexidine is positively charged, it binds
to various surfaces including enamel pellicle, hydroxyapatite and mucous membranes. A
major part of the effectiveness of chlorhexidine is due to this substantivity (21). However,
the retention of chlorhexidine on tooth surface also leads to its an undesirable side-effect
which is tooth staining and calculus formation (24,25). To address this problem, an oral
hygiene composition comprises chlorhexidine gluconate with an anionic anticalculus agent
has been disclaimed by Barton, et al. (26). This composition is stabilized by both a non-ionic
surfactant having a high hydrophilic/lipophilic balance and an amphoteric surfactant.

Triclosan is the most commonly used and most potent example of the chlorinated diphenyl
ether class of antibacterial compounds (27). Several large clinical trials have shown that
toothpastes containing triclosan and zinc citrate significantly reduced plaque and gingival
scores (28,29). However, poor water solubility (11 μg/ml, which is lower than its MIC of 20
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μg/ml) (30) and low retention (half-life for clearance is only 20 min) (31) in the oral cavity
have limited its effectiveness and application for prevention and treatment of dental caries.
To increase the solubility of triclosan, several approaches including triclosan emulsion
product containing surfactant and emulsifier (32), triclosan rinse and dentifrice compositions
containing cyclodextrin (33), and triclosan oral composition containing sodium lauryl sulfate
as surfactant (34), have been developed.

One of the most common problems in dental caries chemotherapy is the inability to maintain
the minimum inhibitory concentration (MIC) of the drug in oral cavity. Delivering vesicles
such as dentifrices or mouth rinses introducing antimicrobial agents into the oral cavity with
an initial concentration. Almost immediately, the initial concentration begins to decrease due
to the dynamics of the oral cavity, and eventually drops below the MIC. Thus, there is a
continues need of alternative methods for delivering antimicrobial agents to the oral cavity.
Iyer, et al. (35) tried to increase the frequency of the application of antimicrobial agents to
the oral cavity at an extend time by using the vehicle of chewing-gums. The chewing-gum
includes two types of antimicrobial agents that release from the gum base at different rates,
which maintain the concentration of at least one of the antimicrobial agents above the MIC
for an extended period of time.

Longer retention time may be achieved by using polymeric delivery systems. PVA/MA is
the non-proprietary designation for a polyvinylmethyl ether/maleic acid copolymer
(Gantrez®). It was found to increase triclosan retention in oral cavity since 1989 (36) and its
application in oral product was patented in 1990 (37). The copolymer solubilize triclosan
through its methoxyether groups while binds to tooth surface through its carboxy groups
(38). Both in vitro and in vivo (39,40) studies showed that using denitrifies containing both
triclosan and copolymer enhanced the retention of triclosan and improved its anti-plaque
efficacy when compared to triclosan alone. Plochocka (41) disclosed a similar polymeric
delivery system where drug is covalently bond to the reactive group on the polymer chain,
the bond is hydrolyzable in aqueous solution, therefore slowly release active drug.

Recently, a mineral-binding micellar drug delivery system was developed, which could
quickly bind to the tooth surface and releases encapsulated drug over a prolonged period of
time. This was accomplished by covalently conjugating the tooth-binding moieties to the
ends of Pluronic copolymer using “click chemistry” (42). This approach would not only
increase the water solubility of non-ionic antimicrobial drug such as triclosan, but also
greatly enhance the retention of the drug on tooth surface.

More and more attentions have been attracted to natural antibacterial substances as useful
antimicrobials (43). These plant-derived substances, mainly polyphenols, including extracts
of miswak (44), tea tree oil (45), green tea (46,47) and manuka honey (43) have already
been incorporated into products such as mouth rinses (48) to enhance their antimicrobial
properties. Several possible mechanisms against S. mutans have been revealed during the
investigation of the effect of plant extracts in the prevention of dental caries (49). Some
plant extracts have been found to be able to inhibit glucosyltransferases (GTFs) activity and
insoluble glucan synthesis in S. mutans in vitro culture (50-52) while some study showed
inhibition of acid production from sucrose or glucose (53,54). There are also study showed
inhibition of S. mutans adhesion on hard surface (55,56). However, very limited number of
studies showed that the plant extracts have bactericidal activity against S. mutans (57).
These results suggest that majority of the plant extracts showed activity against several
metabolic activities of S. mutans and are able to reduce the virulence of this cariogenic
bacterium but not the viability.
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Recent advances in caries prevention using plant extracts are more focused in finding novel
active extracts. Mezine, et al. (58) disclosed a composition derived from water soluble
components of Labiatae family plant material. This composition is able to prevent dental
plaque accumulation through inhibition of GTF enzyme activity, reduce caries-associated
inflammation in the oral cavity by cyclooxygenase inhibition, and provide a strong anti-
oxidative capacity. A non-food anti-microbial-adhesion and aggregation composition
comprising a suitable carrier and an effective amount of an adhesion inhibitory fraction
isolated from berry juice of the Vaccinium plant genus has been disclosed by Ofek, et al.
(59). This adhesion inhibitory fraction is characterized as being polymeric and having a
molecular weight of 14,000; an elemental analysis of carbon 43-51%, hydrogen 4-5%, no
nitrogen, no sulfur and no chlorine. This composition is able to inhibit bacteria-bacteria
interaction and interactions between bacteria and pellicle layer on tooth surface. A possible
mechanism of this inhibitory effect might be the interruption of lectin-carbohydrate
interaction whereby the sugar residues on one bacterial pair interact with a lectin on the
surface of the other bacterial pair. Majeed, et al. (60) disclosed an essential oil composition
derived from Coleus forskohlii showed significant inhibitory action against S. mutans which
represents a novel natural essential oil for prevention and treatment of dental caries.

2.2. Antimicrobial peptides
One critical issue associated with the use of chemotherapy today is the progressive increase
and proliferation of antibiotic-resistant organisms which significantly reduces the efficacy of
conventional antibiotics (61,62). Recently, antimicrobial peptides (AMPs) have come to the
forefront as potential antibiotic surrogates due to their robust killing activity against a wide
spectrum of bacterial species, including drug-resistant strains. AMPs are genetically
common molecules of innate immunity that have been discovered in single-cell and
multicellular forms of life. These peptides may vary dramatically in peptide sequence and
posttranslational modification (linear, circular, etc.), but the majority of them exhibit similar
physical hallmarks including amphipathic mixtures of α-helical and ß-sheet structures and
an overall cationic charge (63). Their mode of action often involves binding to the
negatively charged moieties, e.g. lipopolysaccharide (LPS), on the microbial membrane.
Once bound to the microbial surface, the peptides are predicted to lead to membrane
disruption by insertion, but may also translocate into the microbe and kill by intracellular
mechanisms (64). Due to their attraction to negatively charged structural molecules on the
bacterial membrane, development of resistance to these peptides is rare (65).

It seems AMPs represent an ideal potential therapeutic agent against microbial infection,
including oral cavity. However, their application has been blocked by several issues
including difficulty and expense of manufacturing, and short half-lives due to proteolytic
degradation (66). One thought to address this problem is to use exogenous modifiers to
regulated AMP expression at the transcriptional level rather than directly apply the peptide.
An active agent 1, 25-dihydroxyvitamin D3 (biologically active form of vitamin D) has been
recently discovered to be able to induce the expression of the gene encoding LL-37 while
cause less toxicity (host inflammatory response) (67). Another solution for the problem is to
use peptide mimetic. They are a series of inexpensive nonpeptidic oligomers and polymers,
modeled after compounds found in nature, that adopt amphiphilic secondary structures and
exhibit potent and selective antimicrobial activity (68). A recent successful example is the
development of a peptide mimetic based on the structure of magainin. In their study of this
compound, meta-phenylene ethynylene (mPE), it was found to be able to prevent S. mutans
biofilm formation at nanomolar concentrations (69). Since AMPs are widely distributed in
nature, looking for effective AMPs from other sources such as plants and animals might be a
good idea and can greatly reduce the cost. Reynolds, et al. (70) recently disclosed an
invention of AMPs that can be derived from the milk protein casein. These peptides can be
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used in foods as antimicrobial preservatives, in oral care products (e.g. toothpaste,
mouthwash or dental floss) for the control of dental plaque and suppression of pathogens
associated with dental caries. Leung, et al. (71) disclosed a novel AMP that composed of
only 10 amino acids. Compare to the traditional large and complex AMPs, this peptide is
more stable, easier to synthesis at a lower cost. Bobek (72) disclosed new AMPs with
significantly increased stability by using D-isomers of MUC7-12-mer peptide of human
saliva MUC7. The isomers have antimicrobial activity comparable to that of the L-isomers
and are resistant to proteolysis.

In addition to the aforementioned progress, another important direction for AMP
development is target-specific antimicrobial therapy. Due to the broad spectra of activity,
normal flora can also be disrupted by AMPs, which could leads to secondary infections or
other negative clinical consequences. By utilizing a pheromone produced by S. mutans,
namely, the competence stimulating peptide (CSP), as a targeting domain to mediate S.
mutans-specific delivery of an AMP domain, the AMP was potent against S. mutans grown
in liquid or biofilm states but did not affect other oral streptococci tested (73). Li, et al.
explore an alternative approach to target bacteria based on acid production. Two 14 amino
acid long peptides, rich in both histidine and phenylalanine residues, have been constructed
based on the naturally occurring clavanin A that displays a significant increase in
antimicrobial activity at low pH compared to neutral conditions. These two AMPs showed a
striking pH-dependent antimicrobial activity, which correlated well with the calculated
charge distribution (74).

2.3. Vaccines
Beside the AMPs produced by the innate immune system, another line of defense in human
body that can be utilized against S. mutans colonization is the specific antibody production
from adaptive immunity. Immune defense in dental caries is mediated mainly by secretory
IgA (sIgA) antibodies present in saliva and generated by the mucosal immune system (75).
Mucosal immunization with S. mutans antigens at inductive sites, including gut-associated
lymphoid tissue (GALT) and nasopharynx-associated lymphoid tissue (NALT), results in
the migration of antigen-specific IgA-producing B cells to effector organs, such as the
salivary glands. This is followed by the differentiation and maturation of these B cells and
the secretion of IgA in the lamina propria, where it crosses the effector tissue ducts into the
saliva (76).

In the view of vaccine development, research focus is mainly on the incorporation of
purified bacterial antigens into mucosal immune systems and delivery to mucosal IgA-
inductive sites. The three main types of S. mutans antigen that are involved in dental-caries
pathogenesis and for which specific secretory IgAs have been found are antigen I/II, GTFs
and glucan-binding proteins (GBP) (77). Accordingly, the mechanisms of action of these
specific antibodies are: clearance of bacteria in saliva by antibody-mediated aggregation,
inhibition of the adherence of bacteria by blocking bacterial-surface receptors, and
modification of metabolically functions of bacterial enzymes (77,78).

Antigen I/II is the surface adhesin of S. mutans. It contains an alanine-rich tandem-repeating
region and a proline rich repeat region, which are associated with the adhesion activity (79).
Secretory IgA specific for intact antigen I/II or its binding domain is able to inhibit adhesion
of S. mutans to saliva-coated hydroxyapatite (80) and their colonization on tooth (81). The
effect of antigen I/II vaccine or monoclonal antibody of this antigen is tested both in animal
models and in human clinical study (82,83). Results showed that vaccine or monoclonal
antibody can effectively prevent S. mutans colonization. However, more clinical data
regarding to caries experience are required before they can be proved effective against
dental caries. New peptide subunits of S. mutans antigen I/II have been disclosed by
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identifying S. mutans' T-cell and B-cell epitopes. These peptides are able to adhere to a
mammalian tooth in a competitive manner with naturally occurring S. mutans antigen I/II,
thus preventing or diminishing the adhesion of S. mutans to the tooth and also stimulate a T-
cell and B-cell response against S. mutans (84). To overcome potential disadvantages,
including unwanted antibody response and allergy reactions, associated with non-human
source monoclonal antibodies, an isolated diabody composed of a human heavy chain
variable domain and a human light chain variable domain which specifically binds S. mutans
antigen I/II has been developed (85). This diabody derivative is capable of aggregating S.
mutans cells, making it a useful candidate therapeutic agent for passive immunization
against dental caries.

GTFs are important in synthesis of water-soluble and water-insoluble glucans. Its activity is
mediated through both catalytic and glucan-binding domains, antibody binding to any GTF
activity domain can inactivate GTFs and interfere with synthesis of glucans, inhibiting
accumulation of (77). Vaccines derived from either one of these two domains can induce
antibody production and prevent caries formation by inhibit S. mutans GTFs (86).
Interestingly, the immunogenicity of the vaccine is significantly improved if the vaccine is a
diepitopic vaccine that containing peptide epitopes from both domains (87). Smith, et al.
disclosed synthetic vaccine compositions and immunogenic compositions which are GTF
subunit vaccines containing one or more epitopes for prevention of dental caries (88,89).

GBPs are a group of glucan receptors that participate in the formation of dental biofilms and
the accumulation of S. mutans. Among the three GBPs found in S. mutans (GBP-A, B and
C), only GBP-B has been show to induce a protective immune response to experimental
dental caries (90). However, it has been found that using chimeric polypeptide containing
both a fragment of a GBP-B polypeptide and a GTF polypeptide can elicit a significantly
higher antibody titer than using GBP-B alone (91,92).

Except for vaccines and monoclonal antibodies developed from the aforementioned
antigens, other antigens from S. mutans have also been utilized to develop vaccines. S.
mutans and S. sobrinus produce extracellular proteins, virulence-associated
immunomodulatory extracellular proteins (VIP), which provide the suppression of the
immune response in the host through the early production of IL-10. A vaccine is developed
from active VIP that can induce the immunoneutralization of the VIP immunomodulatory
effects therefore prevent dental caries (93). In another invention, novel vaccines based on
the extracellular glucan component of the cariogenic plaque are developed (94). The
antigenicity of the glucan may be enhanced by covalently coupling the glucan to one or
more moieties, including at least one T cell-dependent antigen (e.g. GTF and/or haptens), to
form a conjugate vaccine.

2.4. Probiotics and Replacement Therapy
As mentioned above, treatment measures that aimed at wiping out the entire oral flora might
lead to unwanted negative consequences. Therefore, more and more efforts in caries
research are devoted in looking for approached that can selectively inhibit oral pathogens
rather than the whole microbial community. Probiotics as defined by the World Health
Organization are live micro-organisms, which, when administered in adequate amounts,
confer a health benefit on the host (43). The mechanism of probiotic action might be the
disruption of plaque biofilm formation through competition for binding sites on host tissues
and other bacteria, and competition for nutrients; or the production of antimicrobial
compounds that inhibit oral bacteria, such as a organic acids, hydrogen peroxide, low-
molecular-weight antimicrobial compounds, bacteriocins and adhesion inhibitors produced
by lactic acid bacteria (43,95).
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Inspired by the success in using probiotics to control gastro-intestinal diseases, some of the
gastrointestinal bacteria strains have been tested in experimental studies and clinical trials to
control the growth of cariogenic bacteria. For example, long-term consumption of milk
containing Lactobacillus rhamuosus GG strain can reduce initial caries in kindergarten
children (96). Ingestion of Lactobacillus reuteri ATCC 55739 (97) or Bifidobacterium
DN-173 010 (98) can induce significant reduction of cariogenic S. mutans in saliva.
Mollstam, et al. (99) disclosed several new strains of Lactobacillus, including L. reuteri
CF2-7F (ATCC PTA-4965), L. reuteri MF2-3 (ATCC PTA-4964) and especially L. reuteri
FJ1 “Prodentis” (ATCC PTA-5289) and L. reuteri FJ3 (ATCC PTA-5290), that have good
antimicrobial activity against S. mutans and good binding characteristics to oral mucin and
thereby prevent, reduce or treat dental caries. Due to the existence of mutual antagonistic
effects among various oral streptococci, implantation of specific oral streptococci or the
encouragement of their growth in dental plaque may thus be considered a probiotic approach
by encouraging an ecological shift (100). Chilcott, et al. (101) disclosed novel Streptococcus
salivarius strains that produce bacteriocin-like inhibitory substances with a broad spectrum
of activity against dental caries causing organisms including S. mutans. Also, Streptococcus
oligofermentans, a bacterium that could be isolated only from caries-free humans, was found
to metabolize lactic acid into hydrogen peroxide, thus inhibiting the growth of S. mutans
(102).

In addition to probiotics, another measure that competitively reduces the pathogen
composition in the oral flora has emerged with the advances in gene engineering and DNA
recombination technology. This method is the so-called replacement therapy. Several
mutated strains of S. mutans that lack the machinery to efficiently metabolize fermentable
carbohydrates to organic acids have been developed. In one case, a non-acid-producing S.
mutans strain BCS3-L1 that produces an antibiotic called mutacin 1140 active against other
S. mutans strains to replace the naturally occurring cariogenic strains in oral cavity has been
developed (103-105). This strain was significantly less cariogenic than the parent strain
JH1140 due to the delete of lactic acid dehydrogenase open reading frame. The clone was
also shown to be genetically stable which did not revert to producing acid in both in vivo and
in vitro test systems and is currently awaiting evaluation for its efficacy in humans
(106,107). In another study, the ability of S. mutans to produce extracellular glucans is
blocked in a mutation by deleting the GTF-C gene. Introducing this new strain into an in
vitro mixed biofilm model has resulted in a decrease in extracellular matrix component from
51 to 33 percent of the biofilm volume (108).

2.5. Sugar Substitutes
The formation of dental caries and the demineralization of tooth enamel are not caused by
pathogenic bacteria itself, but most directly caused by the acids produced by acidogenic
bacteria. Dietary sugars such as sucrose glucose and lactose can be ferment by MS such as
S. mutans and S. sobrinus to produce lactic acid which is most important and the strongest
acid produced in large quantities that involved in the etiology of dental caries (21). During
the past 50 years, several clinical studies (109-111) as well as laboratory studies (112,113)
have clearly demonstrated that sugar intake plays a major role in the initiation and
progression of dental caries. Data collected from in vivo and in vitro studies indicate that
sugar substitutes exhibit potential anti-caries effect in several aspects including (114):
inhibition of insoluble glucan synthesis from sucrose; decrease in MS numbers in whole
saliva and plaque; increase in the buffering capacity and pH of dental plaque; and
interference with enamel demineralization and an increase in enamel remineralization.

One of the most extensively studied sugar substitute is Xylitol. Xylitol is a five carbon sugar
alcohol (Polyol) that looks and tastes like sucrose. Xylitol can not be utilized and fermented
by MS or other microorganisms in oral cavity (115), but it can be directly absorbed by
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human small intestine and subsequently metabolized (114). Both in vitro and in vivo studies
(116,117) showed that the plaque pH is not affected by the intake of xylitol, and it was
found that xylitol has a bacteriostatic effect on S. mutans (118) by creating a futile cycle that
consumes cellular ATP. In a futile cycle, Xylitol is transported across bacteria cell
membrane by a phospho-transferase system, generating xylitol-5-phosphate which can not
be metabolized and may subsequently be dephosphorylated and exported at the expense of
ribitol-5-phosphate (119,120). Numerous clinical studies have shown that consumption of
xylitol can significantly reduce saliva and plaque S. mutans levels (121,122), probability of
mother-child transmission of MS (123,124), and dental caries increment (111,125). These
results also indicated that the caries reduction effect of Xylitol is dose and frequency
dependent (126), and a plateau effect might occur with higher dosages (127). However, it
should be noticed that even though Xylitol chewing-gum seems to be a promising measure
for dental caries prevention, a dose-response relationship is still in urgent need for the
establishment of a Xylitol based therapy against dental caries, especially when there are
cases where Xylitol failed to show caries reduction effect at lower doses (128,129). Further,
most of these clinical studies have chosen chewing gums as the carrier for Xylitol, and since
frequent chewing is also proven to protect against caries by stimulating saliva flow (130),
proper control groups such as sugar-free gum group but not no-gum-chewing group should
be used to rule out other factors that might affect caries experience.

Another common sugar substitute is Sorbitol, which is a six carbon sugar alcohol. Sorbitol is
the sugar alcohol most frequently added to food, both in solid and in liquid form (114). It is
cheaper than xylitol but its sweetness is only 50 per cent that of sucrose or xylitol (21).
Sorbitol is metabolized in the same manner as Xylitol, however, the major difference
between Sorbitol and Xylitol is that Sorbitol can be fermented by MS. Although acid
production can occur during Sorbitiol metabolism by the bacteria, the rate is significantly
slower than that of other dietary sugars such as sucrose, glucose and fructose (131),
therefore Sorbitol is considered non-cariogenic (132). A recently published review article
statistically analyzed the clinical studies of polyol-containing chewing gums and suggested
that the caries prevention effect of Sorbitol might be weaker than that of Xylitol (133).

Even though there are many oral hygiene product containing sugar substitute on the market,
their major role is still a non-cariogenic sweetener. The anti-caries therapeutic effect of
sugar substitute is under much debate (134) especially when the dose-effect relationship still
have not established yet as mentioned above. Some work has turned to the idea of
combining sugar substitute with other therapeutic agents. Takatsuka, et al. (135) disclosed
an oral composition comprising sugar substitute palatinit which exerts a synergistic effect
when combined with a fluorine or zinc compound. It is found that palatinit can enhance the
remineralization, and, further, that the inclusion of palatinit in a combination with a fluorine
or zinc compound can enhance the remineralization due to the synergistic effect of both
ingredients. Kaufmann, et al. (136) disclosed a hard candy composition containing sugar
substitute with an ammonium salt and may further containing an alkaline metal salt and an
alkaline earth metal salt. Sugar substitute is included in the composition to reduce
demineralization while the alkaline compounds creating a pH value that promotes
remineralization of the tooth enamel by neutralizing plaque acids.

The antibacterial properties of sugar substitutes are rather weak when compare to other
therapeutic antimicrobial agent, therefore, prolonged exposure of these sugar substitutes in
the oral cavity on a daily bases is required for them to be effective (133). Traditional
delivering vehicles such as chewing-gums, hard candies and mints can only provide contact
of the sugar substitutes with tooth surface for a few minute or even seconds. Therefore,
novel delivery vehicles are still needed for the effective delivery of sugar substitutes before
they can be considered as therapeutically effective.
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3. Therapeutics to promote the remineralization process
Different from the demineralization process, which is related to several biological and
physiological factors such as bacterial biofilm, AMPs and antibody production from the
innate and adaptive immune system, remineralization process is straightly an inorganic
chemistry process. In this process, the recrystallizing of calcium and phosphate (primarily
from saliva) in the water among the enamel or dentin crystals to the surfaces of existing
crystal remnants is time consuming. However, the mineral formed during remineralization is
more resistant to acid than the original enamel or dentin mineral, especially if fluoride is
present and incorporated into the new crystal surfaces (3). The importance of
remineralization can be illustrated through the dramatic downturn in the numbers of
decayed, missing, and filled teeth from the 1970s, and the increase in the percent of the
population that is apparently clinically caries-free (137). The major factor of this triumph in
caries prevention is attributed to the use of fluoride-containing toothpastes which enhanced
the remineralization process (138). Therefore, therapeutics that can improve the
remineralization process are just as important as therapeutics agents that prevent the
demineralization caused by dental biofilm.

3.1. Fluoride
Fluoride therapy has been the main caries preventive strategy since the introduction of water
fluoridation schemes several decades ago (139). Fluoride salts can be commonly found in
drinking water, toothpastes and mouse rinses which are available to majority of the US
population. However, it has been pointed out that, even with such a high availability, an
increase in caries-free population reached a plateau in 1990s, and there were still at least
60% of teenagers around that time, and most likely still today, had observable dental decay.
Thus the anti-caries effect of traditional fluoride therapy is still limited (137). Several in
vitro studies on a pH cycling model, which consists of alternating periods of
demineralization and remineralization in the laboratory over a three-week period, indicated a
linear relationship between the logarithm of the fluoride level and the net amount of
remineralization. A rapid rise in effect was observed as the fluoride concentration increased
from 0.03 ppm to 0.1 ppm (140,141). These findings are also supported by a recent report
showed that a 70% reduction in caries versus control for highrisk children who wore a
fluoride-releasing glass device in their mouths. The mean salivary fluoride levels were 0.11
ppm in the test group versus 0.03 ppm in the control group over a two-year period (142).
However, baseline fluoride levels in saliva are known to be around 0.02 ppm or less,
dependent on the fluoride level in drinking water and the use of fluoride products (143).
Current delivery measure such as toothpastes, mouse rinses and even varnish (144) are
unable to maintain this concentration, thus is not adequate for high caries challenge (145).
Therefore, slow-release fluoride devices have attracted a lot of attention lately due to its
ability to maintain a therapeutic concentration of fluoride in the oral cavity for an extended
period of time.

The slow-release fluoride device normally involves the attachment of a small fluoride-
containing device (in the dimension of mm) to the crown of a tooth (usually the buccal
surface of a upper molar) and slowly release fluoride over a prolonged period of time (at
least a year). The copolymer membrane device was developed in the 1970s and was
designed to be attached on or near the tooth surface. This system was designed as a
membrane-controlled reservoir-type with an inner core of hydroxyethyl methacrylate
(HEMA) / methyl methacrylate (MMA) copolymer (50:50 mixture) which is surrounded by
a 30:70 HEMA/MMA copolymer membrane that controls the rate of fluoride release from
the core through a saturated fluoride concentration difference between the core and the outer
membrane (146). A 6-month clinical study using this device showed a significant increase in
salivary fluoride concentration from a baseline mean of 0.07-0.69 mg/mL on day 14 post-
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insertion. The device retention was 85% after 6 months and, of the devices retained, 100%
were functional (147). A similar delivery device, the so called “glass device” which
dissolves slowly when moist in saliva, releasing fluoride without significantly affecting the
device's integrity (146). A recent 6-month clinical study in UK showed that mean salivary
fluoride levels in the child volunteers using this device was 0.17±0.1 ppm fluoride compared
with 0.025 ppm baseline levels, and the retention rate of the devices was 93% (148).

Traditional silicate glasses from which fluoride can be slowly leached generally exhibit low
fluoride retention (loading) capability in the device, and glasses formed by phosphate are
easily attacked by water. Algar, et al. (149) recently disclosed a glass composition that
increase the fluoride loading and also release fluoride at a stable rate. The composition was
formed by combining and melting a phosphorus oxide and at least one of sodium,
potassium, lithium or aluminum in oxide and/or fluoride form. The glass composition
optionally comprising silicon in an amount up to about 5% by weight allowing a
therapeutically effective amount of fluoride to be slowly released over time. To increase the
retention rate and prolong retention time of the slow-releasing device, Jessop, et al.
(150,151) disclosed a dental bracket and associated kit used to attach a fluoride-releasing
pellet on a tooth. The pellet is placed in and attached to the dental bracket through adhesive
resin. The bracket binds to the patient's tooth using a curable adhesive resin that is cured by
at least one of chemical curing, light curing or air curing. The pellet is designed to slowly
release fluoride and may be replaced every 6 months to 2 years. Replacement of the
fluoride-releasing pellet may be performed at home or at a dentist's office. The bracket can
be attached to a patient's tooth for up to 20 years.

A dicalcium phosphate anhydrous (DCPA) nanocomposite was developed by Xu, et al. as a
restoration material that can slowly release high levels of CaPO4 requisite for
remineralization (152,153). In a recent report, they incorporate novel CaF2 nanoparticles to
develop stress-bearing, F-releasing nanocomposite. This nanocomposite can slowly release
Fluoride ions for more than 10 weeks at a release rate higher than traditional and resin-
modified glass ionomer materials (154). Another way to prolong the fluoride releasing
capability is to periodically recharge the releasing device. Xu, et al. (155) provides a class of
polymerizable monomers containing chelating groups and fluoride-exchanging metal
chelates that can release fluoride into an aqueous solution, and that can "recharge" by taking
up fluoride from an aqueous solution containing a high concentration of fluoride (e.g., a
fluoridated toothpaste or mouthwash). These compositions may be incorporated into dental
composite restorative materials or other dental materials, to produce materials with high
fluoride release rates, and high fluoride recharge capability. Other measures such as glass
ionomer cements (156) and tissue scaffolds (157) were also developed to increase fluoride
retention in oral cavity, but they are used more often in caries restoration rather than
prevention, and will not be discussed in details in this review.

In addition to increase fluoride retention in the oral cavity, approaches to enhance the
remineralization effect of fluoride or reduce the requirement of fluoride level in the oral
cavity have also been developed. Recently, Faller, et al. (158) disclosed novel methods of
enhancing fluoride incorporation into tooth and mineralization of tooth by use of specialized
phosphonate containing polymers or telomers. Due to the polyphosphate nature of these
polymers, they are able to provide desired surface conditioning effects including: 1) the
effective desorption of undesirable adsorbed pellicle proteins, in particular those associated
with undesirable microbial species; 2) creating a hydrophilic tooth surface immediately after
treatment; and 3) maintaining surface conditioning effects and control of pellicle film for
extended periods following product use. The improvement of surface properties eventually
lead to increased fluoride deposition and remineralization of tooth. As mentioned earlier,
tooth enamel crystals (hydroxyapatite) have “weak spots” that are less resistant to
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dissolution by acids. The treatment of tooth enamel by carbon dioxide laser (or other source)
irradiation or by high temperatures remove or vaporize carbonate sites. At the same time,
laser treatment also causes shrinkage of the hydroxyapatite crystal, which will require less
fluoride to provide protection. An improved novel laser treatment method has been disclosed
by Cozean, et al. (159) which makes the tooth more resistant to acid and easier to bound
fluoride, thus requiring a lower concentration of fluoride. The effect was found to be
synergistic.

Even though fluoride has the ability to inhibit demineralization and plaque bacteria, the
major role of fluoride is still enhancement of remineralization. Therefore, to prevent dental
caries (especially when against high caries challenges) with only fluorides is unrealistic
(137). Factors that can reduce the demineralization burden are also beneficial and should be
considered in fluoride therapy. Recently, two clinical studies have shown that Colgate Total
Toothpaste which contain 0.3% triclosan, 2.0% polyvinylmethyl ether/maleic acid (PVM/
MA) copolymer, and 0.243% sodium fluoride in a silica base is statistically significantly
better in controlling dental plaque when compared to a control dentifrice which contain only
0.243% sodium fluoride in a silica base for a 12h (160) or 24h (161) period of time. The
results of a three-year clinical trial of root caries and dental crowns among adults showed a
statistically significant difference for root caries and dental crown failure scores, both
favoring the Colgate Total Toothpaste when compare to a control toothpaste which contain
only sodium fluoride (162). However, another three-year clinical study did not show
differences in plaque scores between Colgate Total Toothpaste group and standard sodium
fluoride toothpaste group among periodontitis-susceptible subjects (163). More work have to
be done to evaluate the remineralization efficacy of fluoride when used in combination with
anti-plaque agents, as well as to develop more delivery systems that could combine anti-
plaque therapy and fluoride therapy together to achieve a synergistic effect.

3.2. Casein Phosphopeptides
Dairy products such as milk, milk concentrates and cheese are recognized as non-cariogenic
or cariostatic in several laboratory studies due to the presence of milk phosphoprotein,
casein (164). The casein phosphopeptides (CPP) are derived from casein by tryptic
digestion. In 1987, Reynolds found that CPPs were incorporated into the intra-oral appliance
plaque and were associated with a substantial increase in the plaque's content of calcium and
phosphate (165). All CPPs contain the sequence motif -Pse-Pse-Pse-Glu-Glu-, where Pse is
a phosphoseryl residue. Through these multiple phosphoseryl residues, CPPs have a marked
ability to stabilize calcium phosphate ions in solution and to form a amorphous calcium
phosphate (ACP) complex, referred to as CPP-ACP (164,166). It is proposed that the CPP
bind to the forming alkaline ACP nanoclusters, producing a metastable solution thereby
preventing ACP growth to the critical size required for nucleation and precipitation (167).
CPP-ACP binds strongly to hydroxyapatite and can diffuse and retained in dental plaque,
therefore is able to buffer acid and substantially raise the level of calcium phosphate in
plaque or close proximity to the tooth surface, and thus inhibits enamel demineralization and
enhances remineralization (165). Stable and highly soluble CPP-ACP has been trademarked
as Recaldent™ and has now been commercialized in sugar-free gum and mints and in dental
professional products (Tooth Mousse™) (168).

Several randomized clinical trials (RCT) have shown that CPP-ACP added to sugar-free
chewing gums (169), tooth paste (170) or dental cream (171,172) increased enamel
subsurface remineralization. These RCT results suggested both a short-term remineralization
effect of CPP-ACP and a caries-preventing effect for long-term clinical CPP-ACP use (173).
Besides ACP, CPP also stabilize calcium fluoride phosphate (ACFP) and forming CPP-
ACFP (174). In this case, calcium and phosphate ions co-localize at the tooth surface with
fluoride ion, therefore increases the degree of saturation with respect to fluorapatite and
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promoting remineralization of enamel with fluorapatite. This enhanced remineralization
effect is demonstrated in an in vitro study (168).

4. Expert Opinion
For antimicrobial therapies aimed at inhibiting demineralization, a clear trend in the
literature is to find anti-plaque therapeutics from natural sources, including natural
antimicrobials from plant extract, derivatives from natural AMPs, and use natural
replacement strains or natural immune system. However, traditional antimicrobials, such as
chlorhexidine or triclosan, are still the most cost-effective therapeutic agents available to the
general population. In future studies, more attention should be place on developing measures
such as targeting or controlled release mechanisms for these drugs in order to reduce the
unwanted effect including the development of drug resistance strain and undifferentiated
killing. For remineralization therapies, the challenge is obviously our sole dependence upon
fluoride therapy. Many clinical studies have point out that fluoride therapy alone is not
enough to overcome high caries challenges. It is probably the right time find additional and
more effective remineralization measures as alternatives to fluoride therapy.

For both demineralization prevention and remineralization promotion, one vital concept that
may predict the success of the therapy is effective drug retention on tooth surface. Without
retention, the reduced pathogen level by antimicrobial agent in the oral cavity can be re-
established between two doses, and the remineralized enamel crystal surface by a short
exposure to remineralization agent will be overwhelmed by the constant demineralization
process. Novel drug delivery systems should be designed to fit the needs for enhanced
retention and controlled release on tooth surface. Drug delivery systems that have been
designed for bone-targeted delivery may be adapted to provide retention mechanisms on
tooth surface. On-demand release property and bacterium-specific delivery can also be
achieved by further modification of the delivery system with pH-sensitive materials and
special targeting moieties.

Therefore, we believe both discovery of new anti-caries agents and the development of
dentotropic delivery systems for these agents are important for the prevention and treatment
of dental caries. Future research in this field will probably lies within these two directions.

Article Highlights

• Therapeutics against dental caries can be generally divided into two categories:
demineralization inhibitors and remineralization promoters.

• Chemoprophylactic agents are effective against dental biofilm, but their
retention in oral cavity need to be improved.

• Antimicrobial peptides are potential replacement of traditional antibiotics to
prevent the creation of antibiotic-resistant organisms.

• Vaccines and monoclonal antibodies can be utilized against S. mutans
colonization; however, more clinical studies are needed to prove their
effectiveness against caries formation.

• Probiotics and replacement therapy can reduce the pathogen composition in the
oral flora by selectively inhibit cariogenic bacteria rather than the whole
microbial community.

• Sugar substitutes are non-cariogenic and chewing gums containing sugar
substitutes can reduce caries experience. A dose-response relationship is
urgently needed to establish sugar substitutes as a therapy against dental caries.
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• Fluoride is the most available and commonly used remineralization agent.
However, many clinical studies have point out that fluoride therapy alone is not
enough to overcome high caries challenges. Its retention in oral cavity is also
another challenge.

• Casein phosphopeptides (CPP) is another reminerialization agent derived from
milk phosphoprotein, casein. Recent clinical trails suggested both a short-term
remineralization effect and a caries-preventing effect for long-term clinical CPP-
amorphous calcium phosphate (ACP) use.

This box summarises key points contained in the article.
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