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Abstract:
The science behind the prevention of dental caries has been embarrassingly stagnant for the
past 100 years. This is due to the fact that current oral care product manufacturers have been
approaching the problem from an antiquated knowledge base of what really causes caries. True
prevention begins with a core understanding of pH-based concepts, which drastically affect the
oral biofilms capacity to dissolve tooth structure, and the ability to direct the oral
microenvironment back towards overall health. While many attempts have been made to alter
the oral microenvironment, challenges have existed when addressing the fundamental issues
pertaining to cariogenic biofilms and subsequent oral disease. While these problems are well
known to the scientific community, there has not yet been a hygiene system capable of both
penetrating and successfully introducing neutralizing agents into the biofilm. This is no longer
the case, with recent advances in nanotechnology, it is now possible to bypass and suppress
biofilm mechanisms that were previously known to prevent the uptake of neutralizing agents,
and disturb the chain of cariogenic bacterial mechanisms and shifts towards oral disease.
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Introduction - The Epidemic of Oral Disease:
For nearly one hundred years, dentistry has followed the same hygiene regimen to prevent oral
disease. While fluoride treatments and sealants have had a significant positive impact on oral
health, there still exists a large unaddressed gap in the prevention of oral disease. This is shown
by our current epidemic-level rate of decay, which approaches 50% in children and increases
towards 92% by adulthood1. Additionally, more than 80% of adults suffer from gingivitis and
over 50% suffer from periodontal disease1. This extreme level of disease not only places a strain
on the time and financial status of individuals, but can also lead to a concerning level of tooth
loss. These disease paths are biofilm-based, and largely preventable.

Figure 1: Caries Prevalence Rates Based on Age1:

Current Modes of Prevention are Outdated:
You may be curious as to why our current methods of oral disease prevention are apparently
failing. While oral disease is multifactorial, one core problem remains. Ultimately, the
determining factor in the progression of oral disease is oral acid. Environment, sugar intake and
socio-economical differences all play important roles in determining the presence of oral acid.
These factors can culminate towards a low pH level in the oral biofilm that promotes certain
disease paths. Not only does the pH of the oral microenvironment have the ability to promote or
inhibit remineralization, it also induces changes in the types of bacteria present. Various
bacterial strains may either facilitate or prevent disease processes. While these facts are
well-studied, little has been done to innovate new agents and combinations to combat the
underlying source of oral disease.

Cariogenic Disease Processes:
Caries is a term used to describe a physiological breakdown in the biological tissues of the oral
environment2,3,4,5. The oral environment is coated with a biofilm that, when mechanically
removed through brushing or flossing, is re-established within minutes. Upon reformation, the
oral biofilm will regrow, mature, and disperse until disrupted again4. Cariogenic biofilms
sequester and harbor oral acids as this maturation process occurs6. When the pH of the oral
microenvironment is less than a critical value of 5.5, cariogenic disease processes occur3.
Additionally, for individuals with low levels of calcium in their plaque fluid and saliva, the pH at
which decay can occur may be as high as 6.53. This effect can be further exacerbated when
more aggressive strains of bacteria continue to grow and colonize, resulting in mineral
dissolution5,6. This enamel dissolution re-buffers the plaque at the cost of additional tooth

structure3. This process creates an environment suitable for cariogenic organisms to grow,
resulting in even more decay5.

Natural Defense Mechanisms:
The human body's natural defence mechanism, saliva, works to restore balance by releasing
enzymes that break through the plaque biofilm. When saliva floods into the plaque, calcium and
phosphate salts are released, and the pH balance in the plaque fluid is restored3,7,80.
Unfortunately, aggressive biofilms can interrupt this process and prevent timely salivary
clearance of bacterial acids6,7. When substrate introduction is frequent, acid attacks occur more
often, delaying the entry of saliva into the biofilm, leading to oral disease6. This constant attack
on our oral environment happens every time substrates are consumed80. This is visualized by
the Stephan Curve, whereby after substrate introduction, the plaque fluid pH level decreases3,8,9.
Unfortunately, depending on the thickness of the plaque mass and the subsequent salivary
clearance rate, it will occasionally take up to an hour for the plaque pH to resettle at a neutral
level6,9. This is seen clinically as individuals struggle with new decay and recurrent caries around
existing restorations. It is during these low pH events when demineralization and decay
processes occur. If these issues are not addressed within a 6 month period, dental caries may
develop.

Oral Disease Processes are Preventable:
While oral disease is not 100% preventable, the oral biofilm and its pH can be controlled and
modified, preventing disease onset. Almost all current dental products are acidic, and contain
preservatives and unnecessary supplemental ingredients, such as alcohol, SLS, and parabens.
Not only are these compounds toxic to the oral environment, but they are added to products to
primarily support an acid-base model thereby enhancing fluoride uptake and prolonging the
shelf life of the product. Although fluoride has been shown to be taken up under acidic
conditions, this subject remains controversial, as the specific level of acidity required has yet to
be established3. This acidic model comes with many problems, ultimately promoting a low-pH
environment preferred by cariogenic organisms6. Additionally, most dental products are unable
to effectively penetrate the exopolysaccharide (EPS) structure of the biofilm, having little to no
effect on the plaque fluid, which can lead to oral acid accumulation as the biofilm grows6,10.
Furthermore, antibacterial agents, such as chlorhexidine (CHX), have been shown to penetrate
oral biofilms, and may do so at the cost remineralization13. According to the Point of Zero
Charge (PZC) concept, calcium exchange with hydroxyapatite (HA) is pH-dependant.11 As the pH
decreases, calcium’s attraction to HA is severely reduced, and instead favors hydronium ions
(H+). This is especially true when the pH level sits below 5.53,8,11. Calcium’s attraction to HA is
only restated when there exists a stable, non-acidic microenvironment. When considering the
inner workings of the oral biofilm, a neutral pH promotes the growth of healthy bacterial

strains6,8,12. When these commensal bacteria are thriving at a neutral pH, homeostasis is
promoted. By preventing more aggressive strains of bacteria from accumulating and acidifying
the oral microenvironment, oral disease and tooth loss can be prevented12.

The Challenge to Oral Homeostasis:
In order to promote homeostasis, the following goals and endpoints must be considered:
1. Increasing salivary flow
2. Increasing the pH value of plaque fluid and saliva in a short period of time.
3. Increasing calcium ion activity near the tooth surface (maintaining a degree of
saturation)
4. Disrupting biofilm shifts towards pathogenesis
5. Producing a starved state for cariogenic bacteria (breaking apart, penetrating, and
inducing biofilm dissolution of the EPS layer)
6. Utilizing a mechanism to deliver remineralizing agents into the biofilm and tooth
structure
It has proven to be challenging to achieve these objectives, since the substances capable of
stabilizing pH have difficulty bypassing and penetrating the oral biofilm10. Many studies have
confirmed the sequestering nature of biofilms from host environmental conditions6,10. Many of
the substances capable of penetrating the biofilm, such as CHX, may interfere with the
remineralization process, thereby limiting their ability to be used with other agents13. In addition,
fluoride and calcium have been shown to have very poor penetrance into the oral biofilm,
especially at a low pH44,45,91. These factors have further challenged the remineralization pathway
to allow for optimal calcium ion activity near the tooth.

Nanotechnology - Untapped Potential for Prevention:
With the development of engineered nanotechnology, we can now penetrate deep into the
biofilm while simultaneously stabilizing pH14. Silver, in its many forms, has been used for
thousands of years as a natural antimicrobial, antibacterial, antifungal, and antiviral agent15.
However, previous attempts to utilize silver compounds have been sullied by the lack of a
delivery mechanism for use in the oral microenvironment. Silver, in its ionic form, is not
effective, as the silver ions interact with various salts, enzymes, proteins, and saliva in the oral
microenvironment. These interactions form byproducts which cannot efficiently penetrate or
alter the oral biofilm16. In order to combat this problem, nanoparticles can be used.
Nanoparticles, up until recently, were not stable enough to be used in the oral
microenvironment. Now, nanoparticles can be made using a capping agent which coats their
surfaces and protects them from dissolving into ions16,17. It is this protection mechanism that

allows nanoparticles to be effective over long periods of time while remaining stable at a small
size17. Nanoparticles can be used to penetrate through biofilms and retain their properties
before releasing ions, allowing them to be used with other combination agents and under
multiple conditions10. Ultimately, nanoparticles must not only be alkaline, but also be stable in
the oral environment. However, this method is not challenge-free, as many properties of
nanotechnology have yet to be elucidated; salt stability remains an obstacle for most
nanotechnology applications, limiting their uses17. Nanoparticles must also have a targeted
mechanism of delivery to allow them to penetrate the biofilm alongside a neutralizing agent,
which is typically a calcium salt. In the oral microenvironment, this is equivalent to penetrating
the biofilm and stabilizing pH. Most nanoparticles cannot remain stable in the presence of other
ions to achieve this, nor can they target the biofilm selectively. Engineered nanoparticles can
now be designed with a coating that matches the EPS bacterial coating of the biofilm. This
provides a mechanism for selection while preventing the nanoparticles from being disrupted by
other ion activity in the oral microenvironment17. This not only provides a strong buffering
capacity against acid attacks, but also offers antibacterial and antimicrobial properties at a
concentration of 1/80th that of CHX91. These particles can also be made completely
non-cytotoxic to any oral tissue, thanks to their superior coating and slow release of silver ions
over time17. This antibacterial, biofilm penetrating, alkalizing agent stabilizes the PZC exchange
complex around the tooth. Furthermore, it provides optimal calcium and phosphate delivery,
subsequently stabilizing pH.

Combination Therapy - Enhancing Protective Factors Against Oral Disease:
It has been discussed that the best method for disease prevention usually involves combination
therapy, with multiple agents and modes of action working simultaneously. Thus, targeting
bacterial mechanisms of action using several different agents may be more effective in
controlling biofilm-based disease paths. Moreover, by combining nanoparticles and other
agents which are proven to be highly effective, such as xylitol and calcium salts, the likelihood
for biofilm resistance, acid release, and cariogenic processes can be severely reduced91. Xylitol
is akalkine and non-fermentable, and is able to reduce the proliferation of cariogenic strains of
organisms below critical threshold levels18. Calcium also acts as a buffering agent to prevent
demineralization, and is a key player in the remineralization process19. As noted previously,
nanoparticles were unable to be combined with other agents due to their lack of stability. Hence,
they have not been used in combination therapy for oral care until recently17. By using advanced
engineering methods, these agents can now be combined with xylitol and neutralizing agents,
such as calcium salts, to promote remineralization and stabilize oral pH levels. This has opened
up a new realm for exploratory prevention of oral disease.
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I: Biofilms, Bacteria, and Associated Challenges:
The Composition of a Biofilm:
The oral biofilm is a self-produced matrix of extracellular polymeric substance (EPS) that hosts
a complex myriad of microorganisms20,21. Microbial cells that make up the oral biofilm adhere to
each other on a living or non-living surface20,21. Oral biofilms are infectious in nature, and can
initiate disease processes, resulting in dire consequences such as a loss of tooth structure5,6.
Figure 1-1 depicts the growth and maturation of the oral biofilm21:

FIGURE 1-1: Biofilm Growth and Maturation Phases21:

The first step in the development of the oral biofilm is the formation of acquired salivary pellicle.
The acquired salivary pellicle is a thin layer composed primarily of salivary proteins and
bacterial enzymes, such as glycosyltransferases (Gtfs)6. Gtfs are able to bind directly to some
oral bacteria, synthesizing glucan. The presence of glucan in the salivary pellicle further
increases the adherence of bacteria to the oral biofilm. After the formation of the salivary
pellicle, initial adhesion, maturation, and dispersion phases occur6. During the dispersion phase,
newly developed biofilms migrate to new sites, promoting further colonization6.
Oral biofilms efficiently self-regulate their uptake of nutrients and charged compounds. It has
been noted that oral biofilms can form isolated pH microgradients in these regions. It is difficult
for neutralizing agents alone to diffuse into and alter these gradients5,6,32. This mechanism
allows biofilms to contribute to the development of dental caries, and even worse, tooth loss.
The outer EPS matrix has been shown to limit the inward diffusion of charged ion buffers, while
uncharged solutes such as sucrose can pass through the EPS matrix, and be readily
metabolized into acids by bacteria embedded in the biofilm10,22,32. This process is visualized in
figure 1-291:

Figure 1-2: The Challenge of Ion Gradients:

Furthermore, extracellular glucans appear to directly trap hydronium (H+) ions to help maintain
and further acidify the pH of the biofilm6,32. Dental caries can develop when acidic
microenvironments are formed, maintained, and protected within the biofilm6. Without the
buffering capacity of saliva to neutralize oral acids in plaque fluid, oral acids can remain in
contact with tooth enamel for longer periods of time, contributing to decay2,3,8.

Bacterial Growth and Shifting: The Ecological Plaque Hypothesis:
It has long been understood that oral biofilms are well-controlled and undergo shifting over
time5,6. The ecological plaque hypothesis suggests that as a biofilm matures without disruption,
pathogenic organisms will be favored due to shifts away from pro-commensal conditions5,6.
This is due to shifts in pH, and oxygen levels from cariogenic organisms which tend to be
anaerobic and thrive under acidic conditions87. This is illustrated in Figure 1-3:

Figure 1-3: Ecological Plaque Hypothesis: Shifting Towards Disease12:

Biofilm growth and attachment mechanisms should also be considered for cariogenic
challenges. As the level of the substrate, or nutrient, increases, the ability of the biofilm to
secrete glucan, dextran, and other glycoproteins increases; this allows them to attach more
readily to the salivary pellicle5,6,9,12. By interrupting this process, demineralization can be inhibited
or delayed, as the process of acid release from the biofilm will not occur as readily. Therefore, it
is important to consider this in the maturation process of a biofilm. This attachment process is
illustrated in Figure 1-4 below:

Figure 1-4: Glucan Bonding (S. mutans) and Subsequent Demineralization23:

Caries occur as a result of changes in the environment of the biofilm due to acid production
from the fermentation of dietary carbohydrates6,23. This selects for acidogenic and
acid-tolerating species such as S. mutans and lactobacilli6,23. Disease can be prevented not only
by targeting the putative pathogens directly, but also by interfering with the key environmental
factors driving these deleterious ecological shifts in the composition of the oral biofilm5,6,9,12,23.
Therefore, the ability to interrupt, reset or prevent these shifts plays an important role in dental
caries prevention6,91.

Challenges Associated with Oral Biofilm Homeostasis:
As mentioned previously, oral biofilms are known to suppress the uptake of charged species,
especially those with the ability to neutralize acid22. This tendency must be taken into account
when assessing remineralization strategies. As a biofilm grows, its tendency to shift towards a
pathogenic nature increases. Bacteria such as S. mutans, which thrives in crowded, anaerobic
conditions, can flourish by creating environments which are too acidic for host commensal
organisms, thereby gaining a competitive advantage5,6,12,23. When these biofilms form, they
secrete glucan, dextran and other glycoproteins, which allow for attachment and isolation from
saliva5,6,23. Biofilms use their EPS layer to slow the diffusion of charged species, and can readily
limit the amount of antibacterial and neutralizing agents which enter24. This is illustrated in
Figure 1-5:

Figure 1-5: Slow Penetration and Diffusion of Antibacterial Agents (Oral Biofilm)24:

The EPS layer is able to slow the entry of saliva, salivary proteins and other beneficial
complexes, rendering remineralization attempts difficult22,24,32. The bacterial composition of the
biofilm reacts to changes in the local microenvironment, leading to an imbalance in
compositional changes of the biofilm5,6. These changes to the overall metabolic activity of the
biofilm can subsequently lead to disease, unless they are interrupted6.

II: Importance of pH in Oral Microenvironments:

Importance of Homeostasis: A pH Problem:
Most commensal processes from oral biofilms occur at a neutral to alkaline pH level5,6.
Opposing commensal organisms, cariogenic organisms are constantly attempting to render the
ecosystem more suitable for their own growth5,6,8,12. A retentive site is colonized by these
organisms present in saliva. S. mutans, although scarce in the initial inoculum (fewer than 0.1%
of the initial colonizers), is selected for if the average pH value in the site is not well buffered by
saliva26. Frequent ingestion of sucrose-containing products predisposes the biofilm to lower pH
values, selecting for S
 . mutans28,87. When the pH remains in the vicinity of 5.0–5.5, tooth mineral
is solubilized, thereby buffering the plaque and maintaining an environment suitable for the
growth of S. mutans26. Once enough mineral is lost, a cavitation occurs in the enamel. If the
cavitation enlarges and extends into the dentin, a semi-closed system will be formed in which
the pH drops below 5.026. Under these acidic conditions, growth of lactobacilli is favored, and
these organisms succeed as the predominant flora in the carious lesion5,6,26. This progression
towards disease is illustrated in Figure 1-6:

Figure 1-6: Effect of Cariogenic Organisms and Low pH on Disease State25:

Since pH is such a critical component in the success of cariogenic organisms, their release of
lactic acid has been shown to give them a competitive advantage, while other organisms must

adapt to the acidic conditions or die5,6,26. It has been shown in multiple studies that S. mutans is
excellent at recycling lactic acid through a carrier-mediated process. Therefore, S. mutans can
use very little energy to maintain homeostasis, making better use of compounds with little to no
toxicity, as opposed to other bacterial strains27. These highly acidic microenvironments can
readily dissolve tooth structure. Thus, by neutralizing these microenvironments, cariogenic
organisms lose a critical piece of their competitive advantage: pH control27. Ultimately, these
organisms thrive in a low-pH environment, away from saliva and neutralizing agents.

III: pH-Dependence of Equilibrium and Charge-Based Concepts:
The Importance of Solubility Product (Ksp), Ionic Product (IP), and Equilibrium States:
As the scientific community’s collective understanding of chemical equilibria has progressed, it
has become obvious that chemical balances must be satisfied. This is especially true for tooth
structure and HA, which is the building block of enamel. When looking at the
demineralization-remineralization cycle, HA undergoes frequent changes within a central
equilibrium3. Le-Chatelier's principle states that if there is an imbalance between products and
reactants, the reaction must be driven back to a state of equilibrium. The equilibrium solubility
product, known as Ksp, is the exact amount of mineral that can dissolve into a liquid. This value
is temperature and pH-dependent3. The Ksp equation is depicted below 1-13:
Ksp (Solubility product) = Fixed value of [Ca]3[PO4]5[OH]2
Thus, at a neutral pH of 7, HA is hardly soluble and will only dissolve at a rate of 30mg/L3.
However, under acidic conditions, this can reach up to 30g/L due to the logarithmic nature of
pH3. With each drop in pH level, the acidity level jumps by a factor of 10. This means that a pH
of 4 is one thousand times more acidic than a pH of 7. The ionic product is the non-equilibrium
amount of mineral species that is dissolved in a liquid at any given time, and must follow
Le-Chatelier's principle. Therefore, when there is a lack of calcium, phosphate and hydroxyl ions,
the ionic product is negatively affected, placing pressure on tooth structure to dissolve3. Due to
the dynamic nature of these ions, the dissolution of tooth structure can occur at a pH level as
high as 6.5 in patients with calcium-deficient saliva and/or plaque fluid3. In Figure 1-7, it is
demonstrated how the changing concentrations of various ions can still satisfy Ksp, even
though these ions may have different activity levels. Since phosphate is pH-dependent in its
ionic state, it is easy to understand how there are different burdens on different ions at various
pH levels. For example, many different states of ion combinations can satisfy this equilibrium:

Figure 1-7: Satisfying Ionic Product (Calcium and Phosphate) Dependence:
[Ca2+] x [Pi] = Ionic Product: (Where Pi= all complex ions of Phosphate
species):
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[Ca2+] x [Pi] = Ionic Product: (Where Pi= all complex ions of phosphate species):

mM [Ca2+] mM [Pi] mM2 (Ionic
Product=Ksp)
0.84 0.84 0.7
0.7 1 0.7
0.07 10 0.7
0.1 7 0.7
In order to visualize the importance of pH on HA dissolution, it is important to see how
phosphate acidification is affected by pH in its many ionic forms, as noted above by (Pi).
Carbonate is another common ion to consider in plaque fluid and saliva. When carbonate is
present, a pH dependency also exists, demonstrating how carbonate substitution for phosphate
is also pH- and ion composition dependent. This is shown in Figures 1-8 and 1-9:

Figure 1-8: Phosphate Complex Ion Equilibria pH-Dependence3:

Figure 1-9: Carbonate Complex Ion Equilibria pH-Dependence28:

As depicted in Figures 1-8 and 1-9, each graph has a retracement between a pH of 7.5 and 8,
whereby the preferred forms of these minerals exist for remineralization processes. This
suggests that these complex ion equilibria can ultimately determine how remineralization
processes occur. Based on this knowledge, it is critical that hygiene products have a pH level in
the range of 7-8, in order to obtain superior results. White spot lesions on teeth are the result of
lost calcium as well as substitution of phosphate with carbonate ions. Thus, carbonate
substitution can be avoided at a neutral or alkaline pH. Furthermore, as shown in Figure 1-7,
dependence on phosphate can also be reduced by increasing calcium levels, to maintain in a
state of equilibrium while enhancing remineralization.
It should also be mentioned that the solubility coefficients, especially for precipitation
(supersaturated), can be influenced by proteins, biofilm components, and other agents that can
enhance or detract from the solubility of calcium phosphate salts3,29,30.
This data contributes to a lack of understanding of the complexity of ion equilibria. However, it
does not detract from the idea that in undersaturated conditions, demineralization occurs to
satisfy the lack of minerals and buffering capacity present from oral acid buildup5,6,12. It is the
continuum of oral acid buildup which places a constant strain on ion equilibria, forcing
dissolution of tooth structure, subsequently leading to the formation of caries3. Therefore, to
alleviate the stress on HA and satisfy undersaturated conditions presented by chronic bacterial
insult, it is important to introduce remineralizing agents from an external source, such as saliva
or dentifrice3.

Point of Zero Charge (PZC) - A pH-Dependent Function for Remineralization:
One of the most critical concepts in understanding remineralization is the PZC11,31. This concept
has been cited several times in dental journals, but is often forgotten in the schema of the
remineralization hierarchy, despite its significance. The PZC concept determines the pH at
which hydroxyl anions (OH-) and hydronium ions (H+) are in equal proportions on HA
surfaces11,31. It is known that HA is negatively charged on account of its phosphate backbone.
Thus, HA emits a negative charge into solution11. However, the total charge of any mineral is
dictated by considering the structural charge and pH of the solution simultaneously31. This
provides what is known as a net charge, and allows us to assess how the mineral will act in
various situations. The total charge of HA can be affected in two ways. First, by incorporating
foreign ions like fluoride, silver, stannous, or others into the lattice, ion substitution (absorption)
occurs, affecting the structural charge of HA permanently11,31. Secondly, the surface charge,
which is dictated by the pH and the ions present in plaque fluid and saliva, also affects the
compound’s overall charge11,31. The surface charge of HA is mainly determined by the pH of the
solution in which it exists, as the structural charge is relatively fixed. When HA dissolves, it may
undergo unfavorable substitutions or become saturated with acid, becoming more net positive
over time. On the contrary, if the pH of the solution exceeds the PZC, more hydroxyl anions will

be present at mineral surfaces, rendering a more net negative surface charge. These conditions,
which are favorable for remineralization11,31, are depicted in Figure 1-10:

Figure 1-10: The pH-Dependence of HA Surfaces91:

As the enamel (HA’s) total surface charge becomes more negative, calcium ions become
increasingly attracted to these surfaces, as shown by Coulomb's Law in Equation 1-2
below37,38,91:

The PZC of HA compared to other minerals is listed Figure 1-11:

Figure 1-11: Various PZC Listings for Minerals38:

This process of pH-dependent attraction is what elicits remineralization. Multiple literature
sources cite the PZC for HA and enamel as being equal to 7.611. This means that solutions with
pH levels above 7.6 are ideal for the purpose of remineralization. This also agrees with data on
saliva, which matches this value closely under stimulated conditions33. It should also be noted
that as the surface charge of enamel becomes more negative, negatively charged bacterial
species, especially cariogenic ones, are repelled from the HA surfaces34. On the contrary, when
HA is acidified and the pH drops to a level where the net charge is more positive, bacteria such
as S. mutans can more readily attach, grow, and produce acid34,35 .

Cation Exchange Capacity - A pH Proven Model:
Another important factor to consider is cation exchange capacity (CEC), which measures the
capacity of a mineral to exchange cations31. A mineral’s CEC is determined by the concentration
of unfixed cations in the diffuse layer of the plaque fluid surrounding HA. This concentration is
dependent on the magnitude of the total mineral charge determined by the pH31. Thus, CEC
varies with pH. Since PCZ determines the pH at which cation or anion exchange occurs, CEC is
simply an extension of this concept11,31. Since mineral surfaces have a finite charge (unless the
pH is at the PCZ), minerals with opposite surface charges will attract one another, and minerals
with similar surface charges will repel one another. It should be noted be noted that the
exchange capacity is also drastically affected by the mineral species present. Therefore, ionic,
competition can affect favorable uptake of critical ions if they become outcompeted despite pH
being ideal. This concept is illustrated in Figure 1-12:

Figure 1-12: Stern Layer Model (Adapted for HA)36:

This explains why in certain conditions, despite a tendency towards supersaturation at a high
pH, calculus buildup may not occur if a biofilm is not present to facilitate mineral deposition34,35.
This is because calcium phosphate precipitates are negatively charged, and at a higher pH level,
the surface charge of HA is also negative. These similar charges repell one another, reducing
the attraction for precipitates. Additionally, remineralization can only occur when the PZC of
enamel is exceeded by the pH11. Therefore the attraction of calcium to HA increases due to
Coulomb’s Law, which is pH-dependent37. As a result, when CEC increases with increasing pH,
so does the potential for remineralization. Fluoride, calcium, and phosphate can also occupy
space on the surface of HA, thereby decreasing the PCZ to 6.811 or lower. This means a pH of 7
or higher, for most individuals, could be satisfactory for cation exchange and subsequent
remineralization to occur. However, this number varies on an individual basis.

Ion Substitution and Ion Competition:
Ion substitution is the process by which certain anions or cations are exchanged at mineral
surfaces and incorporated into the tooth structure. On the other hand, ion competition is the
process whereby certain ions have a higher tendency than other ions to occupy surface area on
the outer surfaces of HA, often called the “charged fixed” or stern layer of tooth structure. These

ions can either promote or deter other ions or substances from occupying the tooth structure.
Ion competition can also control how much ion substitution occurs, especially in cases where
one type of ion dominates over another. As discussed previously, the overall charge of HA can
be determined by summing the structural charge and the pH-based charge31. When cations with
a charge of +2 are present, they tend to outcompete cations with a charge of +1 when ionic
strength is low to moderate. However, if there is an overabundance of a cation with a charge of
+1, the amount of ion substitution or surface competition of that cation is favored38. It should be
noted that as the degree of charge increases, ion substitution of these highly charged species is
lower. Figure 1-13 shows a calcite mineral complex, and how various ions and solutions can
contribute to ion adsorption and absorption into the lattice:

Figure 1-13: Stern Layer Diagram of Calcite88:

All ionic species have the ability to compete for surface sites, and potentially deter the uptake of
other charged species38. When considering certain cations or anions for incorporation into tooth
structure, it is critical to limit competition between critical and non-critical ions. For example,
sodium ions should be limited in dentifrices to prevent them from outcompeting calcium ions
for surface sites. Likewise, chloride ions may interfere with fluoride ions for uptake into surface
sites. Therefore, although compounds like sodium bicarbonate can neutralize oral pH, they will
undoubtedly interfere with calcium and phosphate uptake onto into tooth structure. This
concept is illustrated in figures 1-14 and 1-15:

Figures 1-1439 and 1-1538: Sodium Interference with Calcium for HA Surfaces

In addition, compounds that utilize acid may prevent calcium uptake, and may occupy key sites
in the sorbed charge-fixed stern layer11,31,38. It is important to consider that if you have a specific
beneficial ion of interest, competition from other ions for surface sites may ultimately inhibit the
frequency and degree of uptake of these critical ions31,38. This effect can also be observed with
the quaternary ammonium salts such as chlorhexidine (CHX), which has shown to interfere with
calcium and fluoride uptake. It is suspected that CHX becomes charge-fixed and can
outcompete other ions (e.g. F, OH, PO4, Ca) for surface sites, inhibiting remineralization13.

Degree of Saturation: A pH-Dependent Function
It has already been established that degree of saturation depends fundamentally on pH3. This is
because two of the primary components of HA are directly affected by pH. For instance,
phosphate has multiple ionic forms, depending on the acidity of the environment3. Once the pH
level exceeds 7.5, the primary form of phosphate is HPO42-, which is one of the most basic
forms, and can act as a buffer for acid attacks. The hydroxyl anion (OH-) is directly affected by
pH, since the definition of pH is the negative log of hydronium ions (H+). Additionally, as
hydronium ions increase, the attraction for hydroxyl groups decreases11,31. Therefore, a degree
of saturation ensures demineralization does not occur. This agrees with a salivary pH range
close to 8. This is depicted by Figure 1-16:

Figure 1-16: Ideal pH Range for Saliva (Degree of Saturation):

The surface attraction of calcium changes along with pH, as the concentration of hydroxyl ions
increases37. To summarize, the overall degree of saturation of an ionic product is crucial for
remineralization3. It can be concluded that each and every aspect of this ionic product dictates
how tooth enamel dissolves, remineralizes, and functions. This is evident when looking at
stimulated saliva, of which the pH is typically 7.5 or higher33. Stimulated saliva also contains an
abundance of these minerals alongside antibacterial enzymes and proteins that enhance the
stability of these minerals, promoting remineralization. It is always best to mimic or enhance the
existing system, which, in this case, is saliva. This is evident when looking at how plaque pH is
affected by a sucrose challenge, as illustrated in Figure 1-17:

Figure 1-17: Salivary pH with a sucrose challenge40:

IV: Remineralization and Demineralization Concepts:
Saliva: The Natural Medium for Remineralization:
Saliva is a natural medium that removes bacteria and clears substrates from the teeth and
gums7,41. It also buffers against acid attacks by breaking down the biofilm and neutralizing oral
acids in plaque fluid7. Saliva has many other functions, among which are lubrication and
protection of oral tissue, maintenance of tooth integrity, digestion and taste7,41. Cariogenic
bacteria are directly impacted by salivary processes, which alter their ability to release acid and
ultimately survive. Saliva is made up of many components, both organic and inorganic, including
electrolytes, proteins, immunoglobulins, enzymes, mucins, urea, and ammonia7,41. This is
outlined in Figure 1-18:

Figure 1-18: Oral Biofilm pH and Caries Risk Factors41:

The various components of saliva help to modulate the the attachment of the oral biofilm as
well as the pH and buffering capacity of plaque fluid3. Saliva is directly coordinated to the
demineralization/remineralization axis, as the quality and quantity of saliva largely impacts this
process7. This is why it is crucial for high-risk individuals to increase their intake of substances
that increase salivary mineral content, antibacterial capacity, and overall salivary flow7.

Remineralization Concepts Reviewed:
When considering remineralization, it is critical to consider all relevant concepts. These include
two core points: promotion of remineralization and inhibition of demineralization. Both are
highly valuable in predicting success, but have different relative importances according to the
remineralization hierarchy. This is displayed in Figure 1-19:

Figure 1-19: Callister et. al Remineralization Hierarchy:

1. Promotion of Remineralization:
1.1. Salivary quality and quantity and subsequent clearance capacity 1.2. pH buffering capacity
of saliva and plaque
1.2.1. → Degree of Saturation 1.2.2. → PZC and CEC 1.2.3. → Enamel (HA) surface charge 1.3.
Ion competition and substitution
2. Inhibition of Demineralization:
2.1. Prevention of biofilm shifting (Ecological Plaque Hypothesis)
2.1.1. → Removal of biofilm attachments 2.2. Prevention of oral acid release 2.3. Ion
competition/substitution
It is fundamental to understand that remineralization follows a hierarchy based upon the relative
importance of factors that produce a state of remineralization and subsequently prevent
demineralization. Although both concepts are important, the hierarchy primarily revolves around
the quality and quantity of saliva7. Dawes and colleagues have extensively reviewed how
salivary flow affects the body’s ability to clear bacterial buildup7. Mechanisms that increase
salivary flow are the first stage of the hierarchy. After this, the most important concept is pH
and buffering capacity3,25. If an individual has acidic saliva or plaque fluid with minimal buffering

capacity, they will be at a high risk for caries3. This is not just because the saliva is acidic, but
because it is unable to increase the alkalinity of plaque fluid inside the oral biofilm3. This is one
of saliva’s greatest roles, as it helps to dismantle biofilms and raise their respective pH levels7.
This is shown by Figure 1-20:

Figure 1-20: Plaque Fluid pH Over Time After Sucrose Challenge9:

In addition, pH directly impacts other core concepts involved in remineralization, many of which
are of equal importance. The third component under this hierarchy is the pH of plaque fluid. This
is directly impacted by the pathogenicity of the formed oral biofilm. Despite having excellent
saliva and an alkaline microenvironment, many cariogenic organisms focus their attention on
isolating themselves from their external environment to form acidic 3D pockets5,6. Without
mechanical plaque removal or chemical alteration, oral biofilms undergo continuous shifting to
become increasingly more pathogenic. This is why the enzymes in saliva, in addition to
mechanical plaque removal and combination therapy, are key to keeping this shifting under
control5,6,7. When the oral biofilm becomes thicker and is left intact, it makes it increasingly more
difficult for saliva to enter and break down bacterial attachments and buffer against bacterial
acids24,25,41. It has also been noted that certain bacteria, which are non-pathogenic at higher pH
levels, may have stress response mechanisms that allow them to produce acid, promoting
survival in cariogenic conditions10.
This is why it is critical to have multiple modes of action that enhance salivary action, preventing
these shifts towards pathogenesis. This is reviewed in Figure 1-21:

Figure 1-21: An Overview of Biofilm Risk Factors6:

V: Problems with the current prevention model:
Lack of Bioavailability of Calcium Salts
One of the long-standing problems with calcium salts is that many are not bioavailable. This is
because they have low solubility, and, as a result, are prone to precipitate or become unstable in
the gastrointestinal tract3. Additionally, there are very few alkaline calcium salts that are highly
soluble. What determines the ultimate success of a calcium salt is its counterion. This is
because the counterion directly reacts with the solution to form either hydronium or hydroxyl
ions. This counterion can also play a large role in chelation, or subsequently influence how
calcium ions interact with enamel surfaces. As a result, calcium phosphate and calcium
carbonate dentifrices lack the bioavailability to participate in traditional remineralization
reactions81,82,83. This is because they can become unstable and form precipitates prior to
reaching tooth structure. Historically, many have tried different forms of “saturated” calcium
phosphate solutions43. The generation of these solutions involves combining different salts to
form calcium phosphate, which relies on the patient to rinse before precipitation occurs. This
becomes counterproductive and creates an additional compliance issue for patients as well. At

a high level, foreign ion competitors, such as sodium bicarbonate, may seem like a good idea,
but this agent can cause calcium to precipitate in an exchange reaction as illustrated in Figure
1-22. This can also create increased competition from sodium for enamel surface sites instead
of calcium44,45.

Figure 1-22: Substitution and Precipitation of Calcium Salts with Sodium Bicarbonate:

This is because single charged ions become more attracted to enamel surface sites as the ionic
strength (level of salt) increases31,38,44,45. This can make it even more difficult for remineralization
to occur, even though sodium bicarbonate increases pH. Fundamentally, the largest crux for
calcium salts is their lack of solubility in the alkaline range combined with their associated
increased risk of precipitation. However, it should be noted that when possible, the stabilization
of calcium ions in alkaline conditions can provide a landscape of opportunity for reducing caries
challenge while keeping a degree of saturation possible. The balance and choice of calcium salt
cannot be overlooked, as it is critical for success.

Poor Penetrance of Neutralizing Agents and Fluoride:
When considering remineralization, one of the largest obstacles to overcome is the oral biofilm.
The oral biofilm has the ability to seed and mature quickly, allowing it to become denser. The
oral biofilm also creates pockets of oral acids, and shields itself from saliva by utilizing its EPS
coating5,6. Because of this tactic, when helpful agents are introduced prior to mechanical
removal of plaque, these agents fail to incorporate into plaque fluid, and instead can get stuck in
the EPS layer of the biofilm22. This limited entry has been observed clinically, especially with
calcium and fluoride dentifrices which show minimal entry into deeper biofilm sites. It has even
been seen that at lower pH levels (where most fluoride dentifrices are) there is less fluoride
uptake into the biofilm44. This is in contrast to the acidulated in-vitro studies with no biofilm
present. It should be noted that when a biofilm is present, few active remineralization agents
from a dentrifice may enter at critical thresholds in plaque fluid. This places a damper on the
success of these products which are tested almost entirely in vitro with no biofilm present. This
is illustrated in the Figures 1-23 and 1-24:

Figure 1-23: Poor Penetrance of Fluoride Into Deeper Sections of Biofilm Mass45:

Figure 1-24: Lower Fluoride Uptake in Deeper Biofilm at Low pH Compared to Neutral pH44:

The diffusion of saliva across the EPS layer is also slowed, and the gradient of entry for saliva,
salivary proteins and buffering agents takes an extended period of time. This is consistent with
the Stephan Curve5,6. This is also true for antibiotics and traditional antibacterial compounds,
which may only diffuse into the outer EPS layer10,24. In contrast, silver nanoparticles are highly
effective in penetrating biofilms as depicted in Figures 1-25 and 1-26:

Figure 1-25: Poor Diffusion of Antimicrobials into EPS Layer of Oral Biofilm46:

Figure 1-26: Silver Nanoparticles Increased Penetration into Oral Biofilm10:

The drop in plaque fluid pH from substrate challenge can be easily observed by using a Stephan
Curve. The curve shows how after consumption of substrates, the pH of plaque fluid does not
rebuffer upwards, sometimes, for hours. However, this depends on individual patient factors,
such as salivary flow and clearance rate. This poses a problem, since the biofilm has channels
which allow it to easily uptake nutrients, but at the same time delay entry of saliva into plaque
fluid that directly contacts tooth surfaces5,6. This is illustrated by the reiterated figure 1-209:

All cariogenic processes occur at the point of contact between plaque fluid and tooth structure3.
Substrate availability results in extended periods of the pH level existing under 5.5, where
leaching of HA occurs via continuous release of oral acid and subsequent buildup5,6.
Furthermore, plaque fluid has been noted to have much more variation in pH level compared to
saliva3, making it a key indicator of the level of risk a patient has at any given time. Ionic content,
pathogenic activity and pH are all contributing factors5,6,8,80. Due to difficulties that exist with
delays in buffering capacity and pH drop after carbohydrate consumption, existing beneficial
agents demonstrate poor entry into the plaque fluid22,44,45. It is because of these extended delays
in neutralization that white spot lesions and subsequent caries develop9. This is a major issue
that has yet to be addressed by existing hygiene agents.

Acidiculated Model is Counterintuitive:
It has long been known that in order to remineralize teeth effectively, acidic dissolution of tooth
structure is necessary to incorporate fluoride and other agents into the tooth structure via
substitution. Although fluoride does show an increased uptake at low pH levels with in vitro
models, there is evidence to suggest that adequate fluoride uptake can also be achieved at
neutral and alkaline pH levels44,47. The question becomes: how much benefit is achieved by
acidification vs. non-acidification? This question can be answered by looking at ion equilibria
coefficients. Essentially, if the amount of ions leaving exceeds the amount of ions entering, this
becomes a net negative loss to the tooth structure3. This phenomenon is apparent when pH
levels fall to 2-3, as phosphoric acid, dihydrogen phosphate, and monohydrogen phosphate are
present, but mostly in the form of phosphoric acid3. This is reiterated in Figures 1-27 and 1-28:

Figure 1-27: Phosphate Complex Equilibria Based on pH:

Figure 1-28: Phosphate Complex Equilibria Based on pH (Plaque Fluid and Saliva)3:

Below a pH of 2 is the critical zone whereby no buffering capacity exists for phosphate, and
almost 100% of the species present is phosphoric acid3. Since phosphoric acid is a strong acid,
it dissociates completely and can cause rapid dissolution of tooth structure. Inversely, a point of
retracement occurs at a pH level between 7 and 8. This is the ideal point for remineralization, as
buffering capacity is optimal. Furthermore, overlap occurs between multiple phosphate species,
of which phosphoric acid is a minor component3. At the intervals of these overlaps, a much
greater buffering capacity exists. This means that unless the pH is further increased, the
constituent ions at these equilibrium points will be the dominant species observed3. This agrees
with current knowledge surrounding remineralization concepts. As seen in the ionic product, as
the pH approaches 7-8, phosphate dependence decreases for remineralization. This means that
calcium is more relevant to remineralization paths in this range. This is not to say that
phosphate will not incorporate at this pH, but rather the dependence is lessened for
remineralization to occur based on the ionic product. Therefore, the use of fluoridated varnishes
and gels which approach a pH of 2 - often 2.3 or below - are not necessary to remineralize teeth,
and may cause considerable damage if individuals are exposed for extended periods of time3. In
addition to the notion that fluoride uptake is very low44,45 in oral biofilms, especially in the deeper
sections, this uptake is also pH-dependent, showing less uptake at an acidic pH of 344. This is
reiterated in the figures below:

A strong example to counter the existing acidulated model is silver diamine fluoride. A study
was conducted showing that as the pH of the solution increased, fluoride incorporation also
increased dramatically. The figures from the study are shown below:

Figures 1-29 and 1-30: Fluoride Incorporation as a Function of pH (SDF)47:

As demonstrated, by incorporating higher concentrations of silver while increasing the pH level,
fluoride incorporation into HA increased drastically47. This increased the length and width of the
HA crystals. This increase in size renders the crystals more resistant to acid attacks47.
It should be noted that acidulation is not the only possible mechanism by which remineralization
can occur, and that mimicking the natural mechanism that saliva uses with an alkaline pH
should always be considered as a first option.

VI: Suggested Solutions to Address Issues with Current model:
Nanotechnology - A New Horizon:
There have been many improvements to nanotechnology in the last decade. Specifically, recent
advancements have been made to make nanoparticles more size consistent, stable and
biocompatible. The biocompatibility of nanoparticles is dependent upon not only their size, but
primarily the capping agent with which the particles are coated48. Nanoparticles release ions
over time, and the rate at which these ions are released is dependent on whether or not the
nanoparticles break down due to instability48,49. This is the primary reason as to why toxicity may
occur, besides the harsh reducing agents used in chemical methods of production49. This
means that modulated high stability nanoparticles can be engineered with low toxicity, and
outperform comparable compounds such as quaternary ammonium salts (e.g. CHX) which are
considerably more toxic to human fibroblasts & other cell types48,49,50. Additionally, nanoparticles
can be used at much lower concentrations, and can penetrate biofilms with ease10,91. This is not
true of some charged compounds which can become stuck in the EPS layer and contribute to
resistance over time10. This is reiterated below10:

Many authors have contributed to the pool of data surrounding nanoparticles and their effects.
Contamination of nanoparticles with salt or other compounds directly impairs their ability to
release ions over time51. This is the primary attribute that sustains their antimicrobial action.
When nanoparticles are exposed to contaminants such as salt, a flood of ions is generated,
leading to dissolution, aggregation and increased toxicity48,49,51. Older chemical methods also
utilize harmful reducing and capping agents, such as DMSO, sodium borohydride or strong
amine bases, which also lead to increased toxicity. Therefore, nanoparticles which are stable in
the presence of salts will continue to display stability over long periods of time. Furthermore, if
capped with plant extracts, nanoparticles can be rendered non-cytotoxic to human tissues52.
This new bioengineering method supersedes older methods, and has shown to be superior in its
ability to create nanoparticles that release ions slowly, even in highly contaminated media51.
Considering the human body and oral cavity are filled with different salts, substrates, saliva and
bacteria, nanoparticles that can hold up to these conditions can be highly useful in various oral
care applications51,52,91.
Engineered Nanosilver Particles (AgNPs) vs. Conventional Silver Products Silver has been used
for thousands of years, especially for its antiviral, antifungal, and antimicrobial properties, which
are widespread15. However, one of the largest problems with silver salts and colloidal silver
products is their lacking ability to stay stable in various conditions.

Generation 0: Silver Salts (Ionic Silver):
The major difference between a silver particle and a silver ion is that silver ions tend to react
immediately, and do not retain antimicrobial properties over time56. This is because an
unfavorable reaction with chlorine, among other potential compounds, can transform them into
less useful byproducts, which can increase toxicity54. For example, silver chloride does not have
any marked capacity for extended antimicrobial action and is a precipitate with low solubility55.
Due to the fact that the human body is high in salts, many of which contain chloride, this bodes
poorly for distribution into wounds, biofilms, and other key sites for which this antimicrobial
action would be valuable54. Additionally, it has been noted that because the biofilm EPS layer is
negatively charged, it is common for positively charged antimicrobials to get stuck in this layer,
rendering them ineffective10. Therefore the downsides can be summarized:
1. Unstable with chlorine and other compounds
2. Limited antimicrobial action over time compared to nanoparticles
3. More toxic than nanoparticles
4. Less effective for penetrating biofilms

Generation 1:
Traditional colloidal silver (The First Silver Particles): Many companies claim to have the best
colloidal silver. Colloidal silver is made using the physical electric model. This process involves
using silver wires, through which a current is run, producing cleavage of silver particles and ions.
This method has many downsides.
1. Incomplete reactions to particles (mostly ions)
2. Size of particles is highly variable with current (inconsistent size profile)
3. Particles do not retain stability outside of water
4. Particles are not protected by capping agents
5. Cannot be used with other beneficial agents
When considering colloidal silver made by these methods, it is easy to see with a simple
experiment that by adding anything to these compounds, besides water, yields the same
unfavorable reaction as seen with silver salts57. This is because these colloidal particles have no
engineered protective coating or capping agent. This is the most archaic, inefficient, and
ineffective way to make silver particles, most of which will not be nano in size. Additionally,
many who make this solution do not realize that without a secondary reaction involving UV light
or heat, true silver particles are made in sparing proportions. It should be noted that multiple
forms of energy can be used to produce these uncapped particles such as lasers, microwaves,
and heat among other methods. Regardless, it is not uncommon to test these products only to
find that they are nearly 100% ionic in form (comparable to silver salts). In addition, they suffer
from a wide range of size profiles due to inconsistencies with the electric current or other
energy means, which can be difficult to control. When exposed to human tissues, a flood of
silver ions is generated from the particles as salts and other biomolecules tear apart the
minimal chemical attraction between these atoms which form these particles with ease54,56,57.
The clear indicator that particles are not present is by testing with a UV-VIS to show no
reflection in the UV or typical range for silver nanoparticles (400-420nm). This is because silver
nanoparticles absorb blue light and reflect orange to yellow in the visible range for humans.

Generation 2:
Chemically Engineered Nanoparticles: Some of the best research that has been done in the last
two decades has utilized methods to make better silver nanoparticles. Unfortunately, many
chemically modified silver nanoparticles still suffer from low stability in human tissues, because
their coatings are still susceptible to decomposition57. The other issue with chemically modified
nanoparticles is that some have been observed to be toxic, due to a fundamental instability
when exposed to biomolecules and salt, as well as the use of very strong reducing agents in
their production58. However, these particles have shown a great increase in consistent size
profiles as well as extended antimicrobial action over longer periods58; electrochemically-made
colloidal silvers were unable to achieve this outcome. Therefore, although these particles were a

step in the right direction, these methods still required improvement. The downsides can be
summarized as follows:
1. Suffers from instability with salts and biomolecules
2. Cannot be used with other agents
3. Considerably toxic due to strong reducing agents

Generation 3:
Plant-Based Engineered Nanoparticles: Although extensive research has been done on plant
compounds of various kinds, there has been little success in achieving the same outcomes as
chemically modified silver nanoparticles. This is due to the poor reducing ability of many plant
compounds. In turn, this yielded many types of nanoparticles with a wide range of sizes and
incomplete reactions. However, these compounds are very biocompatible as opposed to their
predecessor, since their coatings are made from plant compounds, which interact favorably
with human tissues58,59. It was only recently that these compounds were first used to make a
new generation of nanoparticles. By using advanced engineering methods, it was possible to
make salt-stable, highly biocompatible, silver nanoparticles with size profiles similar to the
chemical method without using toxic reducing agents59. In addition, it has been noted that the
stability of these compounds in various materials has been high, allowing for long-term use and
extended antimicrobial action58,59. This allows these engineered nanoparticles to be used
alongside other agents that, historically, would have been impossible to use. These
nanoparticles can be selectively modified to match the outer coating of the oral biofilm EPS
layer, giving rise to a greater ability to latch onto and penetrate biofilms, subsequently releasing
silver ions once inside the biofilm. In summary, these nanoparticles are:
1. Highly stable in multiple conditions
2. Highly biocompatible and non cytotoxic
3. Extended antimicrobial action
4. Modifiable for use in the oral environment (Biofilm selective)

Anti-Caries Effects of Silver Nanoparticles (AgNPs):
Nanotechnology has been extensively explored in the last decade, and has served as a
promising outlet for combating the effects of various disease processes10,60,61,91. Nanosilver
particles (AgNPs) have been used for a variety of functions, including against cariogenic
bacteria60, their acidic release61, and as a mechanism to penetrate oral biofilms10 to increase the
overall bioavailability of neutralizing agents91. Silver nanoparticles provide multiple modes of
action in order to prevent caries:
1. Penetrance of biofilms and disruption of biofilm attachments
2. Prevention of bacterial adhesion to enamel
3. A delivery system for remineralizing agents

4. As an alkaline neutralizing agent for oral acids
5. As an agent to reduce acid release from oral bacteria
6. Silver ion substitution into HA lattice (Remineralization)
In the figure below, penetration of the biofilm is noted, causing a disruption even in the deeper
parts of the biofilm62:

Figure 1-31: AgNP Penetration of Biofilm62:

In addition, biofilm attachment has been proven to be severely affected by silver nanoparticles,
as shown in the figure below63:

Figure 1-32: AgNP Disruption of Biofilm Attachment63:

In a pilot clinical trial, it was noted that nanoparticles were able to deliver 4.6 times as much
calcium into the plaque fluid of the oral biofilm91. CHX has also shown these properties, but may
interfere with remineralization, as shown clinically by calculus buildup and staining64. However,
the idea of using biofilm penetrants such as CHX confirms the findings from the clinical study
by showing a nearly 5 times increase of calcium and phosphate uptake compared to the control
treatment64:

Figure 1-34: Calcium Uptake into Oral Biofilm with AgNPs91:

Figure 1-35: Calcium and Phosphate Uptake into Biofilm Using CHX64:

In addition, nanosilver falls into an alkaline range. It typically exists in a pH range of 7-991,
offering additional neutralization for oral acid once entering and penetrating deep into the
plaque biofilm. This is in contrast to other antimicrobial agents, which typically exist at a pH of
lower than 5.592:

Figure 1-36: A Comparison of pH of Antibacterial Agent92

In recent studies, the addition of silver nanoparticles has been mirrored in restorative materials
to contribute to a reduction in oral acid release65:

Figure 1-37: Use of Nanomaterials in Composites to Reduce Acid Release65:

Furthermore, as observed with silver diamine fluoride, silver ions can incorporate into tooth
structure at an alkaline pH. This in turn can increase the charge density of the mineral. As is
known, the unhydrated radius of silver is far greater than calcium. This can add more charge
density to HA, potentially improving its resistance to acid attacks. This is reiterated below47:

Studies that focused on the anti-caries effects of sealant materials containing nanosilver
reported a significant reduction in demineralization and increased remineralization compared to
a conventional sealant93. It should also be noted that when nanosilver was applied to enamel, a
15% increase in remineralization occurred compared to when the control was used94.

Figure 1-38: Unhydrated and Hydrated Radius of Various Ions66:

Silver Nanoparticle Summary:
The two most important factors when considering remineralization are rapid entry and
preventing the oral biofilm from controlling its ionic content in plaque fluid5,6. Since the oral
biofilm is able to sequester away pockets of oral acid using channels and the EPS matrix5,6,8,
penetrance into these isolated areas requires a sophisticated delivery system10. Due to the small
particle size to surface area ratio of nanoparticles, nanotechnology can be very effective at
penetrating biofilms, thus preventing them from properly controlling their internal ionic
environments63,91. This, combined with penetration, allows ions in saliva and dentifrices to enter
at a much higher rate. This has been observed clinically with nanosilver particles and CHX,
which both showed a 5 times increase in calcium entry into the plaque fluid of the biofilm64,91.
Just like fluoride ions, silver ions can also incorporate into HA through a mechanism called
substitution. Many studies have been done on this substitution process, and have shown that
silver ions do not change the crystal lattice parameters47. However, silver ions have a much
larger unhydrated radius than the calcium they replace66. Additionally, a buildup of silver ions

can create an increase in the structural charge of HA. This is because more charge is
encompassed in the same space resulting in an excess of electrons. This excess may allow
fluoride to enter at a much faster rate, which has been shown with silver diamine fluoride47.
Additionally, by creating an alkaline environment, silver ions are more attracted to tooth
structure, further disrupting biofilm attachment10,63,91. Due to the fact that nanosilver is highly
alkaline, it also serves as a neutralizing agent for oral acid. Studies have also shown that in
dental materials, silver nanoparticles reduce acidic mechanisms of action in oral bacteria65.
With various protective mechanisms, silver nanoparticles show promising potential for use in
commercial dentifrices.

Xylitol - pH Neutralizing and Anti-Biofilm Polyol:
Xylitol is a sugar alcohol (polyol) naturally found in many fruits and vegetables90. Xylitol has
been extensively studied for its anticariogenic properties, and fits the criteria for both promotion
of remineralization and inhibition of demineralization67:
1. Breaks up biofilm attachment to tooth structure and prevents new biofilm
attachments from occurring70
2. Displays strong antibacterial activity towards cariogenic organisms71
3. Reduces lactic acid output from cariogenic organisms70,71
4. Penetrates biofilm and tooth structure, acting as a delivery system for calcium and
phosphate (stabilizes calcium and phosphate in solution-acts as a statherin mimic)68
5. Raises the pH and acts as a pH neutralizing agent69
6. Non metabolizable by oral bacteria68
Xylitol has been known for its ability to break up biofilm attachments70. This property is evident
from its high water activity compared to other sugar alcohols. This allows xylitol to displace
water surrounding tooth surfaces effectively cleaving biofilm attachments72. This can also be
seen from the low plaque mass weight:

Figure 1-39: Sugar Alcohol Water Activity72:

Figure 1-40: Xylitol Plaque Mass Compared to Other Sweeteners73:

It has been evident in multiple clinical studies that xylitol is effective at reducing cariogenic CFU
counts, even at low concentrations. This can be seen in the figures below:

Figure 1-41: Cariogenic Bacterial Reduction from Xylitol76:

Figure 1-42: Bacterial Killing Effects of Xylitol74:

It has also been noted as an effective disruptor of lactic acid release from cariogenic
organisms. This can be seen in the figure below:

Figure 1-43 and 1-4475: Lactic Acid Reduction of S. mutans (Xylitol):

It has also been noted that xylitol is an effective complexer of calcium and phosphate salts,
especially at a neutral pH. This can be observed in the figure below:

Figure 1-45: Xylitol Complexation with Calcium Ions47:

Figure 1-46: Increase in Calcium in Plaque Mass After Use of Xylitol Agents47:

As shown, xylitol is excellent at raising the pH of the biofilm. It has also been observed that
individuals who frequently consume xylitol tend to have higher protein levels in plaque, which
increases pH and generates compounds such as urea:

Figure 1-47: Effect of Xylitol on Plaque pH after 10% Sucrose Solution77:

Figure 1-48: Xylitol Exposure Affects Alkaline Protein Content in Plaque47:

It is well known that xylitol is not metabolized by oral bacteria. This is evident by its structure,
which is unlike glucose or sorbitol. Unlike these compounds, xylitol cannot be converted into
lactic acid as shown by the figure below:

Figure 1-49: Structure of Xylitol Compared to Sorbitol and Glucose47:

Xylitol Summary: Xylitol has been shown in many clinical studies to not only break up
biofilms68,70,74, but to reduce plaque buildup, increase the pH of plaque fluid77, and act as a
calcium delivery system into HA crystals47. When compared to fluoride, xylitol was shown in a
study to remineralize from the deepest inner portion of the lesion outward, a complete surprise
to researchers78,79. This initiated the notion that xylitol can penetrate deep into tooth structure
and deliver calcium and phosphate to deeper portions of existing enamel lesions, even
surpassing the effects of fluoride47,78,79.
In order for xylitol to be the most effective, it cannot be part of an acidic solution. Substances
such as citric acid can compete for xylitol surface sites (complexation), thereby reducing the
effects of xylitol. This is because xylitol has a weak complexing effect with calcium salts47.
Weak complexing via hydroxyl groups allows xylitol to complex onto calcium and phosphate47.
This is due to xylitol’s high water activity, which allows it to displace water from calcium and
phosphate, stabilizing them but not chelating them47,72. However, if xylitol is in an acidic
environment, ions such as citric acid will easily complex with xylitol and simultaneously chelate
free calcium47. This reduces the bioavailability of calcium salts, in addition to rendering xylitol
far less effective. As a result, xylitol attaches to acids almost exclusively over calcium salts,
deterring its ability to deliver these salts into and onto tooth surfaces where they are most
beneficial47. This acidic presence can also prevent the stabilizing nature of xylitol from
occurring, rendering calcium salts less stable, leading to undesirable precipitation47. Therefore,
the xylitol synergy with calcium salts is clearly a pH-dependent function. As a result, pH levels

can lead to varying effects and outcomes for xylitol. This means that in an acidic environment,
the attachment of xylitol to calcium salts will be minimal47. This would explain why xylitol in
non-pH-controlled conditions would show effects sometimes but not others. Xylitol can still
break up biofilms in an acidic delivery system, but it will not stabilize calcium, and if it's not
complexing with calcium, the chances of it delivering calcium and phosphate to demineralized
sites is much lower47. Additionally, in acidic conditions, xylitol is less competitive for tooth
structure due to its hydroxyl groups. Ultimately an alkaline pH allows xylitol to be much more
effective at entering cariogenic organisms, disrupting biofilms and promoting remineralization47.
Another benefit of xylitol besides its stabilizing effects on calcium salts, is that its weak
complexation with calcium salts can also decrease precipitation of calcium phosphate. This
process occurs without removing these ions from solution like a chelating agent would, thus,
not affecting ionic product47. Interestingly enough, when xylitol is used, studies have shown a
downregulation in enzymes which normally digest sugars (sucrase, dextranase, and amylase)47.
This prompts bacteria in the oral microbiome to scramble for energy, turning to slow digesting
proteins and glycoproteins instead47. This can increase nitrogen output in the oral biofilm,
subsequently increasing pH47. When looking at other sugars and sugar alcohols like sorbitol
(hexose), their yield from glycolysis produces one mole of lactic acid upon breakdown. In
contrast, xylitol glycolysis yields one mole of acetic acid47. This is interesting, because lactic
acid is far more active and damaging than acetic acid, which is considered a protective acid in
the oral biofilm8. One of the very interesting properties of calcium phosphate derivatives such as
HA, is that they are highly insoluble in acetic acid. Additionally studies have also shown no
increase in acetic acid during caries challenge80, suggesting organisms involved in the
development of caries are not producing it. In conclusion, xylitol has many anti-caries benefits,
including stabilizing calcium salts, reducing plaque mass, reducing oral acid output, interrupting
biofilm attachment, and increasing the pH of saliva and plaque fluid47,68,74,77.

Calcium Salt - pH Neutralization Agent and Acid Inhibitor:
Although many calcium agents have shown success in remineralization, very few products have
made use of them, and instead tend to favor fluoride. This is because fluoride and calcium
cannot be used together, due to the formation of a calcium fluoride precipitate. As a result, there
has been very few products released which make use of this core component of HA. This is
seen by the reaction below, which forms the insoluble precipitate, calcium fluoride81.

2NaF + CaCl2 → CaF2 + 2NaCl
Further, it should be noted that calcium fluoride is only soluble in highly acidic conditions,
sometimes far below the threshold levels bacteria reach. This, combined with its transient
contact time with dentifrices, can render this precipitate less valuable. This is observed in the
figures below:

Figure 1-50: Low Solubility of Calcium Fluoride81:

Figure 1-51: Solubility of Calcium Fluoride at Varying pH82:

When considering traditional models which only utilized fluoride, the logic was that the benefits
of fluoride are proven beyond a doubt. However, the key issue that has gone unaddressed is that

simply using fluoride alone does not remedy the situation of satisfying a need for calcium in
tooth structure through the equilibrium known as the solubility product I.e. Ksp3. This is shown
below:
Ksp (Solubility product) = Fixed value of [Ca]3[PO4]5[OH]2

Since saliva naturally contains calcium and utilizes it for remineralization at a pH level between
7 and 8, it would make sense that the supply of saliva significantly impacts cariogenic
processes3. This has been demonstrated with calcium lactate, among other calcium salts and
compounds, which successfully remineralize teeth3. The issue for fluoride, as well as calcium,
comes down to bioavailability in the plaque fluid of the oral biofilm. Saturation of Ksp in this
area fluctuates drastically with increased substrate in the biofilm. Thus, plaque fluid is the
ultimate determinant of cariogenic activity3,5,6. This is visualized by the Stephan Curve and
reiterated here9:
Although there will always be a use for fluoride, once it has reached its maximal incorporation
into the tooth structure, the lattice will no longer accept fluoride. At this point, additional use of
fluoride may not show an increased benefit for tooth remineralization. This is shown in
calculations determining that fluorapatite’s Ksp is approximately 30% more resistant to acid
attacks. Certain individuals may have plaque fluid or saliva that is chronically low in calcium.
Thus, despite the use of fluoride, these individuals may still suffer from cariogenic attacks and
subsequent decay3. The figure below depicts the pH dependence of phosphate3. This leads us
to conclude that as pH increases, dependence on calcium increases for remineralization to
occur:

It should also be noted that a fluoride dentifrice alone does not contribute to the ionic product,
and can actually cause dissolution of HA3. Since many of these solutions are also acidified, it
remains a question as to the degree of damage caused by extended contact3. Therefore, it is
instrumental that we look for alternatives that can be used in addition to fluoride to help reduce
the cariogenic activity and acid attacks responsible for demineralization and subsequent decay.
Calcium offers some concrete benefits, and the type of calcium is very important in order to
ensure the highest benefits can occur:
1. Satisfies Ksp and Degree of saturation (Remineralization)
2. Neutralizes acid upon contact
3. Interferes with acid production processes from cariogenic bacteria
One of the interesting components about calcium salts is actually that the counterion is of
severe importance. Since calcium salts are usually insoluble due to their low bioavailability, this
means that very few can be used clinically in a stable form. Even less so, very few calcium salts
display high bioavailability in the alkaline range compared to solubility in acidic media. This is
illustrated by calcium sulfate, calcium hydroxide, calcium phosphate among other calcium salts.
This can be observed in the figure below:

Figure 1-52: Calcium Salt Solubility at Varying pH83:

In contrast there are calcium salts that are soluble in the acidic range, but these do not serve to
enhance the pH. Fortunately, a highly soluble, alkaline calcium salt exists: calcium acetate.
Calcium acetate has a pH of approximately 7.5-9, and is highly soluble and bioavailable in water.
The pH of calcium acetate salts can be observed in the figure below:

Figure 1-53: Calcium Acetate pH84:

There are many studies on acetate, the counterion of calcium acetate, in the literature. Some of
these studies concluded that S
 . mutans, among other cariogenic organisms, have no
carrier-assisted mechanism to displace this counterion27. In contrast, salts such as calcium
lactate, with a pH of approximately 6, may contribute lactate to cariogenic organisms. This
lactate can be recycled for reuse. S
 . mutans is a particular strain that employs this
27
mechanism . Essentially, with very little energy, S
 . mutans can produce more lactic acid in the
27
presence of lactate . Upon investigation it was confirmed that acetate may drain the energy
(ATP) stores of cariogenic organisms in order to maintain a pH gradient without rupturing27. In
addition, acetate has been shown to reduce S. mutans glycolysis, whereas lactate has shown
not to impede this process27,85. This is shown by the figures below:

Figure 1-54: Glycolytic Activity of S. mutans with Acetate vs. Lactate85:

Figure 1-55: Acetate as a Biomass Reducer of S. mutans27
 :

Furthermore, when acetate is turned into acetic acid, it is far less damaging to tooth structure
than when lactate is turned into lactic acid8. This is because acetic acid has very limited ability
to dissolve HA and has a higher pka8.

Compared to lactic acid with a pka of 3.86, acetic acid has a pka of 4.76 and is considered a
protective acid8. This makes it a more ideal counterion, and thus serves as a better buffer in the
case of acidification. This is confirmed by the work done by Morghalis and colleagues, whereby
during cariogenic attacks, acetic acid does not fluctuate, indicating that cariogenic organisms
do not favor acetic acid, and instead produce lactic acid80:

Figure 1-56: Acid Anions Present After 10% Sucrose Challenge in Plaque Fluid80:

It has also been noted that in carbohydrate limiting conditions, acetate and formate are
produced more favorably. Since carbohydrate limiting conditions are ideal for the host, it would
seem that these are more favorable for host commensal conditions, as they contribute far less
to dissolution and may cause disturbances in biofilm homeostasis. This is observed in the
figure below:

Figure 1-57: Oral Acid Production in Starved vs. Substrate Rich Plaque86:

This is likely because at higher acetate concentrations, cariogenic cellular homeostasis is
compromised27,85. Although multiple calcium salts could be used, calcium acetate presents a
fascinating opportunity for use in a dentifrice, as it satisfies multiple needs as a neutralizing
agent.
Combination Therapy - Utilizing Multiple Modes of Action to Achieve Superior Results:
Whenever a hygiene strategy is implemented, it is important to approach the problem with
multiple modes of action. This greatly increases the chances of success by suppressing the
ability of cariogenic organisms and their mechanisms to a minimum. This agrees with the
CAMBRA philosophy of looking at risk factors in the development of disease. One of the biggest
problems with current solutions is that they do not take into account how the oral biofilm
operates. It has been observed time and time again that the oral biofilm can sequester and
protect plaque fluid from being neutralized by saliva5,6. This is especially critical for high risk
patients, who may have aggresive biofilms and poor salivary clearance, among other factors3,6,7.
Therefore, delivery of neutralizing agents should be of primary importance. In order to increase
delivery of neutralizing agents, there has to be a biofilm penetrant, which can enter the oral
biofilm, and open up channels to equilibrate ion flow into the biofilm64,91. This allows for faster
neutralization of plaque fluid, and decreases the time whereby plaque fluid pH is decreased, as
has been observed in the Stephan Curve9. This curve shows how after eating, the pH of the
plaque fluid dips dramatically, and can sometimes take hours before rising back to safe levels.
Therefore, isolated mechanisms of action may not be enough to sever the risk associated with
mature biofilms which are cariogenic in nature.

The proposed solution to this issue, is by use of combination therapy:
1. Use an alkaline biofilm penetrant (BFP) which can create channels in the plaque
biofilm.
2. Utilize combination neutralizing agent(s) which can enter the plaque mass alongside
the biofilm penetrant.
3. Create a starved state using a polyol and calcium acetate, in addition to helping to
stabilize calcium and phosphate levels in plaque.

It is critical that the biofilm penetrant (BFP) be chosen with the greatest care. The
properties required are multiple:
1. The biofilm penetrant must be able to easily enter into the biofilm.
2. The biofilm penetrant must be less than 100nm in order to effectively enter and
bypass the biofilm channel network to reach plaque fluid.
3. The biofilm penetrant must be alkaline to neutralize acids.
4. The biofilm penetrant cannot interfere with other neutralizing agent/remineralization
process.
5. The biofilm penetrant must ideally be useable in minute concentrations.
6. The biofilm penetrant must be minimally toxic to human cells.
7. The biofilm penetrant must be able to interfere with biofilm mechanisms of action:
(attachment, acid release, glycolysis).
In addition, the neutralizing agent has certain criteria:
1. Must be the predominant ion which contacts tooth surfaces.
2. Must not interfere with the biofilm penetrant.
3. Must be alkaline and satisfy criteria for HA’s ionic product.
4. Must contribute to degree of saturation.
5. Remineralizes teeth (adsorption/absorption).
Additionally, It is recommended since there is high benefit in multiple modes of action to use a
polyol, which can inhibit biofilms, act as a secondary biofilm penetrant in addition to
contributing to neutralization. This is why combination use with xylitol is recommended and a
calcium compound. As has been mentioned, these benefits include:
1. Breaking biofilm attachment to tooth structure.
2. Displays strong antibacterial activity towards cariogenic organisms.
3. Reduces lactic acid output from cariogenic organisms.
4. Reduces production of biofilm attachment glycoproteins .
5. Penetrates biofilm and tooth structure, and acts as a delivery system for calcium
and phosphate.

6. Stabilizes calcium and phosphate in solution (statherin mimic).
7. Prevents new biofilm attachments from occurring.
8. Raises the pH and acts as a pH neutralizing agent (saliva and plaque fluid).
Therefore, the proposed solution involves:
1. A primary biofilm penetrant (nanosilver particles).
2. A secondary biofilm penetrant (xylitol).
3. A primary, secondary, and tertiary neutralizing agents (calcium acetate, xylitol,
nanosilver).
4. Remineralizing agents: calcium salts, xylitol, nanosilver.

VII: Conclusions: Biofilms Must be Controlled in Order to Reduce Risk
Factors for Oral Disease:
When considering the primary obstacle to controlling risk factors for disease, the oral biofilm
cannot be overlooked5,6. Due to the nature of oral biofilms and their tendency to shift towards
pathogenesis as they mature, interrupting this cycle becomes critical10. As these shifts and
maturation occur, their ability to prevent salivary entry over time increases, delaying the
neutralization and clearance times required to prevent demineralization and decay5,6,44,45,91.
Biofilms should always be the first point of contention when considering strategies to prevent
dental caries.
pH-based Concepts are Critical for Success: As can be illustrated from the high number of
literature studies and concepts cited, pH is an absolutely fundamental aspect of controlling
cariogenic disease, and oral disease for that matter. Without considering all aspects of how
clinical disease occurs, we cannot find many examples which exclude how vital pH is to these
processes. It is therefore undeniable that without the consideration of pH, you cannot employ
effective prevention strategies that work with the body's natural defense systems. It is always
important to consider how pH can ultimately affect all systems, including saliva, plaque fluid,
oral bacteria, and how all these factors interact with tooth structure and host processes.

New Combination Methods Show Great Potential Against Oral Biofilms and Prevention
of Caries:
By combining the diverse modes of action against cariogenic organisms, it is possible to target
a wide variety of bacterial mechanisms involved in the decay process:
1. Biofilm attachments.
2. Biofilm production of acids.
3. Biofilm sequestering of plaque fluid.
4. Interrupting biofilm shifts and cariogenic glycolysis.

5. Suppression and elimination of cariogenic bacteria.
Due to the diverse nature of all the agents involved in disrupting bacterial modes of action and
promoting the remineralization cycle, it is suggested that the best solution involves utilizing all
available modes of action in tandem. All agents have a proven mechanism of action shown by
multiple literature reviews and studies. Thus, by combining these multiple modes of action,
together these agents stand the best chance to dismantle the pathogenicity of oral biofilms.
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