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Review Article

How Fluoride Protects Dental Enamel from Demineralization
James Patrick Simmer1, Nina C. Hardy1, Afriti F. Chinoy1, John D. Bartlett2, Jan C-C. Hu1

Introduction: How fluoride (F–) protects dental enamel from caries is here 
conveyed to dental health-care providers by making simplifying approximations 
that accurately convey the essential principles, without obscuring them in a 
myriad of qualifications. Materials and Methods: We approximate that dental 
enamel is composed of calcium hydroxyapatite (HAP), a sparingly soluble ionic 
solid with the chemical formula Ca10(PO4)6(OH)2. Results: The electrostatic 
forces binding ionic solids together are described by Coulomb’s law, which shows 
that attractions between opposite charges increase greatly as their separation 
decreases. Relatively large phosphate ions (PO4

3–) dominate the structure of 
HAP, which approximates a hexagonal close-packed structure. The smaller 
Ca2+ and OH– ions fit into the small spaces (interstices) between phosphates, 
slightly expanding the close-packed structure. F– ions are smaller than OH– 
ions, so substituting F– for OH– allows packing the same number of ions into a 
smaller volume, increasing their forces of attraction. Dental decay results from 
tipping the solubility equilibrium Ca10(PO4)6(OH)2 (s) ⇔ 10Ca2+ (aq) + 6PO4

2– 
(aq) + 2OH– (aq) toward dissolution. HAP dissolves when the product of its 
ion concentrations, [Ca2+]10×[PO4

3–]6×[OH–]2, falls below the solubility product 
constant (Ksp) for HAP. Conclusion: Because of its more compact crystal 
structure, the Ksp for fluorapatite (FAP) is lower than the Ksp for HAP, so its 
ion product, [Ca2+]10×[PO4

3–]6×[F–]2, must fall further before demineralization can 
occur. Lowering the pH of the fluid surrounding enamel greatly reduces [PO4

3–] 
(lowering the ion products of HAP and FAP equally), but [OH–] falls much more 
rapidly than [F–], so FAP better resists acid attack.
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IntroductIon

D ental caries is highly prevalent worldwide and 
remains a major public health concern.[1,2] 

Dental enamel consists largely of the mineral calcium 
hydroxyapatite (HAP), which is described by the 
empirical formula Ca10(PO4)6(OH)2. Resistance to 
dental caries is imparted by the substitution of some 
hydroxyl (OH–) ions with fluoride (F–) ions, creating 
areas of fluorohydroxyapatite, or Ca10(PO4)6(OH)(2–x)Fx, 
mostly on the surface enamel.[3]

Community water fluoridation is the upward 
adjustment of the natural fluoride level in a 

community’s water supply to prevent dental caries. It 
is a population-based method of primary prevention 
that uses community water systems to deliver low-dose 
fluoride that is meant to be ingested over frequent 
intervals.[4] Water fluoridation is effective in reducing 
community caries prevalence,[5] even in communities 
with relatively low caries experience.[6] On the other 
hand, F– has toxic properties that cause developmental 
enamel malformations known as dental fluorosis, 
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which increase in communities with fluoridated water 
supplies.[7,8] The U.S. Public Health Service currently 
recommends an optimal fluoride concentration of 
0.7 mg/L.[9] Some communities have groundwater 
with a naturally high concentration of fluoride, so 
fluorosis of the skeleton and the dentition becomes 
a greater concern than caries.[10,11] The World Health 
Organization recommends reducing the [F–] when 
it exceeds 1.5 mg/L.[12] Given that water fluoridation 
comes with a fluorosis trade-off, discussion of the 
pros and cons of water fluoridation will continue. It 
is important that dental health providers should be 
part of that discussion and should know how fluoride 
protects against dental caries. This knowledge is also 
important for dental care providers to prevent and treat 
dental decay clinically.

Our purpose in this review was to provide dental 
health-care providers with a clear understanding of the 
structure of calcium HAP, how it demineralizes, and 
how substituting OH– with F– reduces susceptibility to 
demineralization.

coulomb’s lAw

Ionic solids such as HAP hold together by electrostatic 
interactions. The forces of attraction between oppositely 
charged ions in ionic solids are described by Coulomb’s 
law [Figure 1]. The strength of attraction is determined 
by the magnitudes of the charges, their distance apart, 
and by the dielectric constant of the surrounding 
medium. The ion charges (q) are multiplied in the 
numerator, while the denominator has the distance 
of charge separation squared (r2) multiplied by the 

dielectric constant (D). From this equation, one can 
readily appreciate the outsized effect of ion separation 
on the force of attraction. Therefore, the more tightly 
packed the ions in a crystal, the more difficult it is to 
pull apart through dissolution.

Many different ionic solids can form from calcium 
and phosphate ions, but the least soluble are calcium 
HAP and calcium fluorapatite (FAP) due to the close 
packing of ions in their structures.[13] HAP and FAP 
are closely related crystals, having essentially the same 
structure except for the substitution of OH– in HAP 
with F– in FAP. Their highly compact structures enable 
strong forces of attraction between the oppositely 
charged ions, which contribute to their low solubility 
in aqueous solutions and suitability as a material for 
enamel. Amelogenin (Amelx) (which encodes the most 
abundant matrix protein during enamel formation) 
knockout mice produce only a thin layer of octacalcium 
phosphate (OCP) on the surface of dentin.[14] OCP is 
a more soluble mineral than HAP and also forms on 
dentin in Mmp20 knockout mice,[15] suggesting that 
enamel proteins actively promote the formation of 
HAP over other mineral phases.

The dielectric constant in the denominator of 
Coulomb’s law indicates that medium surrounding an 
ionic solid can have a great influence on the forces of 
attraction binding ionic solids together. The dielectric 
constant for water is 80 and for a vacuum is 1. Because 
the forces of attraction of an ionic solid in water are 
only 1/80th as strong as they would be in a vacuum, 
Coulomb’s law indicates that ionic solids will tend 
to dissolve in water. The dielectric constant of water 
is high because of its polarity, which arises from the 
electronegativity difference between oxygen and 
hydrogen. This causes unequal sharing of electrons and 
creates a dipole moment with a partial negative charge 
on oxygen and a partial positive charge on hydrogen. The 
polar water molecules form electrostatic interactions 
with the ions on the surface of dental enamel, causing 
a certain rate of ions leaving the crystal surface and 
going into solution. Unless there is an equal or greater 
rate of ions depositing on the enamel surface, there will 
be net demineralization. Fortunately, saliva generally 
contains concentrations of Ca2+, PO4

3–, and OH– that 
offset the loss of ions into the media with an equal or 
higher rate of ion deposition.[16,17]

the structure of cAlcIum hydroxyApAtIte 
[cA2+]10[po4

3–]6[oh–]2
Using some minor simplifying approximations so 
that the essential features of the HAP structure are 
not obscured, we consider the HAP structure as a 

Figure 1: Coulomb’s law. Coulomb’s law quantifies the amount of 
electrostatic force (F) between charged bodies at rest, which are the 
forces that hold together ionic solids, such as the nonstoichiometric 
calcium hydroxyapatite in teeth, which deviates from perfect 
hydroxyapatite by the presence of vacancies and substitutions. The 
D or dielectric constant in the denominator shows how the forces 
holding together an ionic solid are diminished by the nature of 
the surrounding medium. The r2 shows how the force of attraction 
between two opposite charges diminishes by the square of their 
separation. The strength of an electrostatic force (F) holding 
together ions in a crystal is directly proportional to the product of 
the charges (q1 × q2) and inversely proportional to the square of 
their separation (r2). F = electrostatic force, q1 and q2 = values for 
the charges, r = the distance between charges, D = the dielectric 
constant (= 1 for vacuum and 80 for water)
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packing together of rigid spheres of discrete sizes.[18] 
The calcium HAP structure is dominated by phosphate 
anions (PO4

3–) that are significantly larger than the 
other ions (Ca2+ and OH–) in the crystal. Phosphate 
ions contain a central phosphorus atom, with four 
oxygen atoms positioned at the apices of a tetrahedron. 
We conceptualize the HAP structure as phosphate 
spheres arranged as layered sheets in a hexagonal close-
packed (HCP) arrangement [Figure 2]. The calcium and 
hydroxyl ions are tucked into the spaces (interstices) 
between the phosphates. This simplification turns out 
to be a good approximation, but in the actual HAP 
structure the small ions, particularly the hydroxyls, 
are too large to fit in the interstices without expanding 
slightly the nearly close-packed arrangement of 
phosphates.

An HCP arrangement represents the densest possible 
packing of the phosphate “spheres” [Figure 2A]. 
Within a single layer of spheres, each phosphate has 
six phosphate nearest neighbors. There are two spaces 
between adjacent spheres. Looking down on the HCP 
layer, these spaces appear as leftward or rightward-
pointing triangles. There are twice as many interstitial 
sites as there are spheres (one left-pointing and one 
right-pointing), which provide the exact number of 
spaces needed for the calcium and hydroxyl ions. In 
HAP, the second layer of phosphate spheres rests in 
the depressions above the leftward-pointing triangles 
[Figure 2C]. The third phosphate layer sits on the 
rightward-pointing triangles of the second layer, and 
directly over the phosphates in the first layer [Figure 2D]. 
The layers of phosphate spheres are thus arranged in an 
A–B–A–B… sequence. The phosphates in an A layer are 
vertically aligned with phosphates in the other A layers. 
The phosphates in the B layers are vertically aligned 
with phosphates in the other B layers but are displaced 
with respect to the phosphates in the A  layers. It can 
be seen from the stacked phosphate spheres that there 
are empty channels or columns running up and down 
the lattice. The columns pass through the rightward-
pointing triangles of the A  layers and the leftward-
pointing triangles of the B layers. These channels are 
filled with ions: one-third of the column interstices are 
filled with hydroxyl ions, while two-thirds are filled with 
calcium ions (Ca2+) [Figure 2E]. The hydroxyl columns 
are also aligned in sheets. Only 40% of the calcium ions 
are in columns (designated Ca1). The leftward-pointing 
triangular spaces of the A  layers and the rightward-
pointing triangular spaces of the B layers are occupied 
by non-columnar calcium ions (designated Ca2), and 
are capped with phosphates from the layers above and 
below [Figure 2B and C]. The calcium and hydroxyl 

ions in the interstices between the hexagonally packed 
phosphates force the phosphate ions apart, so they 
are no longer close-packed. Hydroxyl ions are larger 
than the calcium ions and expand the crystal structure 
to a greater degree. Fluoride ions are smaller than 
hydroxyl ions, so substituting F– for OH– allows the 
phosphates to achieve closer packing (reducing unit 
cell dimensions),[19] which increases both the forces of 
attraction between oppositely charged ions and the 
stability of the crystal in aqueous solutions.

precIpItAtIon of IonIc solIds from 
solutIon In VIVo

Ionic solids such as HAP and enamel form by the 
precipitation of  ions from solution [Figure 3]. As ions 
go into the solid state, electrostatic interactions with 
water are replaced by electrostatic interactions with 
ions in the crystal. Precipitation occurs in two stages: 
nucleation and crystal growth. Nucleation is the initial 
formation of  tiny crystals, which can be unpredictably 
slow unless facilitated by a nucleator (a surface to 
form on). Enamel mineral ribbons initiate on the 
surface of  freshly mineralized dentin[20] as amorphous 
calcium phosphate,[21] which transforms into calcium 
HAP crystals. In enamel formation, crystal growth 
is divided into two stages: crystal elongation 
(appositional growth) and crystal maturation. Crystal 
elongation occurs first and involves the lengthening 
of  the crystals along a particular axis, called the 
c-axis, in close proximity to the secretory surfaces of 
the ameloblast distal membrane.[22] These long, thin 
crystallites are surrounded by matrix proteins and 
will continue to grow longer until the entire thickness 
of  the enamel layer is achieved. Crystal maturation 
is the deposition of  ions on the sides of  the crystals, 
which increases their width and thickness.[23] This 
occurs as matrix proteins are removed so that the 
soft protein-rich enamel becomes hard and virtually 
protein free. Enamel formation occurs in a highly 
controlled extracellular environment that favors 
mineralization.[24] Following tooth eruption, control 
over the milieu surrounding enamel shifts to saliva, 
which is normally supersaturated with respect 
to HAP[17] and contains proteins that favor the 
maintenance of  a healthy oral microbiota.[25] Saliva, 
however, cannot always maintain an anticaries 
environment. One factor is that dietary sucrose 
metabolized into lactic acid by Streptococcus mutans 
may exceed the neutralizing capacity of  salivary 
bicarbonate, lowering plaque pH, which in turn drops 
[PO4

3–] and [OH–] below levels needed to sustain 
mineralization and remineralization.[26,27]
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Figure 2: Building calcium hydroxyapatite. (A) Phosphate ions (PO4
3–) can be imagined as single layer (cyan layer, “A”) of billiard balls 

confined by a hexagonal rack. In the hexagonal close-packed layer of phosphate spheres, there are twice as many interstices as spheres. Half  
of the spaces are leftward pointing (white); half  are rightward pointing (blue). (B) All of the leftward-pointing interstices are filled with 
smaller spheres (red), representing Ca2+ ions (designated Ca2). (C) A second layer of billiard balls (yellow, “B”) will not stack directly on top 
of the A layer, but rests on the depressions over the leftward-pointing interstices filled with Ca2 ions. (D) The third layer of phosphate ions 
(cyan) stacks directly on top of the original A layer. Because we have not added the hydroxyl ions or most of the Ca2+ ions, it is clear that the 
rightward-pointing interstices of the original A layer are still visible and that the ions occupying these spaces will form a column extending 
up the entire height of the crystal. (E) The column interstices are occupied by Ca2+ (designated Ca1) and OH– ions in a ratio of 2:1. The 
column interstices are filled so that each particular column is filled either with OH– or Ca2+ ions, and not a mixture, so there are columns 
of Ca1 and OH– ions running from top to bottom throughout the crystal. (F) All of the interstices of the nearly close-packed hexagonally 
arranged PO4

3– ions are filled in hydroxyapatite. Ca2 ions occupy the leftward-pointing interstices of the A layers and the rightward-pointing 
interstices of the B layers, which are capped by phosphate ions above and below
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solubIlIty products (Ksp) And Ion 
products (Qsp) And demInerAlIzAtIon

Ionic solids are continuously reacting with the 
surrounding media. At equilibrium, an ionic solid (s) 
in water will have an equal number of ions leaving the 
crystal surface and going into aqueous (aq) solution as 
are adsorbing onto the crystal. For HAP, the solubility 
equilibrium expression is as follows:

Ca PO OH s 1 Ca aq 6PO aq

2OH aq
1 4 6 2

2
4

3
0 0( ) ( ) ( )⇔ ( )+ ( )

+ ( )

+ −

−

This type of chemical equilibrium is described by a 
solubility product constant (Ksp):

Keq Ksp
Ca PO OH

Ca PO OH

2 1

4
3 6 2

1 4 6 2

= =
[ ] × [ ] × [ ]

( ) ( ) 

+ − −0

0

Equilibrium constants generally take the form of the 
mathematical product of the concentrations of the 
reaction products over the mathematical product of 
the concentrations of the reactants, each raised to the 
power corresponding to its coefficient in the chemical 
equilibrium expression. As HAP is a sparingly soluble 

solid, its concentration (in the denominator) is given a 
value of 1, simplifying the expression to:

Ksp Ca PO OH2 1

4
3 6 2=[ ] × [ ] × [ ]+ − −0

The ion product (Qsp) is represented by the same formula 
as Ksp but with reactant and product concentrations 
from any specific point in the reaction’s progress, not just 
at equilibrium. The Ksp of an ionic solid is equal to the 
ion product (Qsp) of the concentrations of the ions that 
make up the solid (raised to the appropriate power) when 
the ionic solid is at equilibrium with its surroundings. 
A crystal with a low Ksp is less soluble than a crystal with 
a high Ksp. The Ksp for a particular crystal structure is 
approximated to be a constant that is a characteristic of 
that crystal. Different crystal structures have different 
Ksp values. The lower the Ksp of a crystal, the fewer 
constituent ions must be in the surrounding solution 
to prevent the crystal from dissolving. When the ion 
product (Qsp) of a solution equals the solubility product 
constant (Ksp) of a crystal, there will be no net gain or 
loss of ions from the crystal. Thus, Qsp equals Ksp when 
a crystal (solid phase) is at equilibrium with the ions in 
solution (aqueous phase). Such a solution is minimally 
saturated with respect to the mineral. When the Qsp of an 
ionic solution surrounding a crystal is less than the Ksp, 
the crystal will dissolve. When the Qsp is greater than 
the Ksp, the crystal grows. Raising the concentration of 
any ionic component of a particular mineral increases 
its Qsp, but increasing the concentration of the most 
abundant ion in the crystal (Ca2+ in the case of HAP) 
has the greatest effect on the degree of saturation of the 
surrounding fluid. A solution is called “supersaturated” 
with respect to a mineral within it when its Qsp is greater 
than the Ksp of the mineral.

Ksp is a useful measure of the solubility of a crystal. 
Recall that a crystal with a low Ksp is less soluble than 
a crystal with a high Ksp. The Ksp for calcium HAP 
is about 5.5 × 10–118 M,[13] a very low number. Calcium 
HAP has a low Ksp because of its near close-packed 
structure, which minimizes the r in the r2 term in 
Coulomb’s law. The Ksp for calcium FAP is about 5.0 × 
10–123 M, which is even lower than the Qsp of HAP.[13] 
This reflects the even tighter packing of phosphates 
and the slightly reduced volume of the FAP unit cell 
relative to HAP, which both contain the same number 
of charges.

dependence of Ion product on ph
The stability of enamel mineral is dependent up on the 
Qsp of the media surrounding it. Holding total calcium 
and phosphate concentrations constant, acidity in 

Figure 3: Interaction of hydroxyapatite with ions in solution. 
Hydroxyapatite (HAP) demineralization and remineralization 
reactions are reversible and depend on the concentrations of ions 
in the solution surrounding the crystal. The negatively charged ions 
in solution that maintain the ion product (Qsp) above or equal to 
the solubility product constant (Ksp) of hydroxyapatite are reduced 
in concentration by a drop in pH. When the pH of the solution 
in contact with HAP falls from 7 to 5, the [OH–] falls from 10–7 
to 10–9 M (is reduced by 10–2), reducing the Qsp by (10–2)2 or 10–4. 
The [PO4

3–] falls even further, from an original concentration of N, 
to 1.6 × 10–4 × N, reducing the Qsp by (1.6 × 10–4)6 or 1.7 × 10–23. 
The total fall in Qsp from the [OH–] and [PO4

3–] would be 1.7 × 
10–27. If  this reduced the Qsp below the Ksp for HAP (5.5 × 10–118), 
then HAP would start to demineralize. A similar drop in pH for 
fluorapatite barely affects [F–], so the fall in the Qsp of fluorapatite 
would be that caused by the drop in [PO4

3–], or by 1.7 × 10–23. If  this 
reduced the Qsp below the lower Ksp for FAP (5.0 × 10–123), then 
the FAP would start to demineralize
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the media reduces the stability of enamel mineral by 
reducing the Qsp of the surrounding fluid. Acidity 
refers to the hydrogen ion [H+] or proton concentration 
of the liquid media. Hydrogen ions associate with 
anions (negatively charged ions) in solution, lowering 
the concentrations of the unprotonated forms (such 
as PO4

3– and OH–) that are in equilibrium with the 
mineral, thereby reducing the Qsp of HAP.

The pH of saliva normally varies.[28] An average pH of 
6.9 ± 0.6 was observed in the unstimulated saliva of 50 
healthy individuals.[29] The pH in the oral cavity falls due 
to the conversion of sucrose into organic acids, such as 
lactate. A common misconception is that a “critical pH” 
exists below which enamel will demineralize.[30-32] This 
critical pH concept conveys the useful idea that if  the 
pH falls far enough, enamel will start to demineralize, 
but it does not demineralize when the pH reaches a 
certain point. It demineralizes when the Qsp falls below 
the Ksp of the mineral, which depends on salivary gland 
excretions of calcium, phosphate, and bicarbonate, as 
well as fluoride levels in the enamel. Dental health-care 
providers should be aware that a loss of salivary gland 
function, for instance following irradiation cancer 
treatments, results in very high caries rates.[33,34] The pH 
at which fluoridated enamel will start to demineralize is 
lower than the pH at which non-fluoridated HAP starts 
to demineralize. The pH at which tooth mineral will 
demineralize does not have a single, universal value. 
A given amount of acid introduced into the oral cavity 
will not even cause the pH to fall predictably, due to 
variations in the amount of bicarbonate in the saliva, 
which neutralizes acid.

Pure water has an H2O concentration ~55.5 M. A very 
small fraction of the water molecules dissociate into 
ions: H2O ⇔ H+ + OH–. The equilibrium constant 
(Keq) for this reaction is [H+] × [OH–]/[H2O]. Since 
the concentration of H2O is essentially unchanged by 
the dissociation of water, the expression simplifies to 
Keq = Kw =  [H+] × [OH–] and is found to equal 10–14 
M2. In pure water, the [H+] and [OH–] are both equal to 
about 10–7 M. If  the pH of the aqueous solution drops 
from 7 to 5, the [H+] increases to 10–5 M and [OH–] falls 
to 10–9 M, or to 1% of its previous concentration.

To understand how [F–] is affected by a drop in pH, 
we turn to the Henderson–Hasselbalch (HH) equation: 
pH = pKa + log([A–]/[HA]), which defines pKa as the 
pH at which a weak acid is half  dissociated (when 
[A–]  =  [HA] and [A–]/[HA]  =  1). Because the log of 
1 = 0, pH = pKa when [A–] = [HA]. For the weak acid 
hydrogen fluoride (HF ⇔ H+ + F–), the pKa is 3.2. Let 
us start, like we did for OH–, with a pH of 7 and an 
F– concentration of 10–7 M.  Plugging into the HH 

equation, 7.0  =  3.2  + log([10–7]/[HF]), we determine 
that [HF] = 1.58 × 10–11, so 99.8% of the fluorine is in 
the F– (fluoride) form. When we drop the pH to 5.0, 
the HH equation shows that [F–] falls to 9.84 × 10–8, or 
to 98.4% of its concentration at pH 7, a drop of less 
than 2%:

5   3 2  log F HF 1 8  log F HF

1  F1 8

. . / . /
.

0

0

= + [ ] [ ]( )⇒ = [ ] [ ]( )
⇒ =

− −

−−

− −

[ ] [ ] =

[ ] = [ ]+[ ]= ⇒ [

/ .HF   63 1 

Fluorine  F HF 1 at pH 5 HFTot
70 ]] ×

[ ] = × [ ]

−

− −

=1 56 1

 F   98 44 1 or 98 44 Fluorine

9

9
Tot

.

. . %

0

0 of

The ion product (Qsp) for HAP is [Ca2+]10×[PO4
3–]6

×[OH–]2. When the pH falls from 7 to 5, the [OH–] 
falls to 1% (1/100 or 10–2) of its original value, and 
the Qsp of HAP falls by (10–2)2 to 10–4 (1/10,000) of 
its previous level. The ion product (Qsp) for FAP is 
[Ca2+]10×[PO4

3–]6×[F–]2. When the pH falls from 7 to 5, 
[F–] falls to 98.4% and the Qsp of FAP falls by (0.984)2 
or to approximately 97% of its previous level, a trivial 
reduction. Phosphate concentration [PO4

3–] also falls 
with a drop in pH from 7 to 5, but this affects the ion 
products of HAP and FAP equally.

conclusIon

We presented a model for calcium HAP[18] that facilitates 
understanding its hexagonal near close-packing 
arrangement of PO4

3– ions, which is only slightly 
expanded by the presence of Ca2+ and OH– ions in the 
interstices between phosphates. We discussed how the 
substitution of F– for OH– allows the PO4

3– ions to achieve 
closer packing and applied Coulomb’s law to indicate 
that reducing the distance between oppositely charged 
ions greatly increases their forces of attraction. Having 
the same number of charges in a smaller volume gives 
FAP a Ksp that is lower than that of HAP. Although the 
substitution of F– for OH– on the enamel surface is not 
likely to approach 100%, the ion product of the oral fluid 
must fall thousands of fold further than that of HAP 
before fluoridated enamel will start to demineralize. We 
also discussed how a drop in pH from 7 to 5 lowers the 
[OH–] 100-fold and the Qsp of HAP in the oral fluid 
10,000-fold, whereas the same fall in pH lowers the 
[F–] by less than 2%. Fluoride improves the intrinsic 
stability of the mineral structure (lowering its Ksp) and 
prevents its Qsp from falling as rapidly when pH drops. 
The benefits are particularly helpful after a drop in pH 
from 7 to 5, where the ion products of both HAP and 
fluoridated HAP fall by 1.7 × 10–23 fold due to the drop 
in [PO4

3–] alone.
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