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INTRODUCTION

1. Mineralized Tissues

Most of the body tissues may be mineralized under
abnormal conditions. The bones and teeth comprise the
normally mineralized tissues. Ectopic deposits of minerals
are frequently found on tooth surfaces as mineralized
dental plague. Renal stones, another type of ectopic
mineral formation, are also found in the urinary system.

The small particles of calcium carbonate found in the inner
ear, otoliths, provide a unique example of a normal ectopic
mineralization. Possibly with the exception of the otoliths,
theories of the moleQular events of mineralization seem to
be similar for the various types of bodily mineralization,
both normal and abnormal. Mineralized tissues share the
common feature of an organic matrix that in some way
initiates the deposition of minerals (37,79).

The mineralized portion of bones and teeth are composed
of organic matrices which are secreted by specialized cells.
The organic materials are oriented and organized, each in a
unique manner, so that mineralization is initiated and
controlled specifically in an organized manner in each of
the different portions of the tissues. The originating
cells persist in bone, dentin and cementum throughout

mineralization and thereafter for the entire life of the

1



tissues. These embedded cells continue to function in
homeostasis of the tissues. The cells in bones also
function in the homeostasis of the entire body (37,66).

The enamel of the teeth is unique among the normal
mineralized tissues. The formative cells, ameloblasts
are lost soon after completion of the enamel. The enamel
is then acellular and enclosed in an epithelial cell lined
membranous capsule until it is fully mineralized and
erupted into the mouth. Once the tooth crown erupts into
the oral cavity, the surface enamel contacts oral fluids
which differ markedly in composition compared to the inter-
stitial fluids. The surface enamel is then subjected to the
rigorous demands of functioning in interaction with the
external environment.

2. Tooth Enamel

Enamel is of ectodermal origin rather than mesodermal
as for bone, dentin and cementum. It is the most dense
tissue of the body. Enamel is composed of about 96 percent
minerals and 4 percent organic matrix on a weight basis (59).
The minerals of enamel are almost entirely calcium
phosphates with only trace amounts of other inorganic
components and carbonates. The organic matrix of enamel
consists of unique types of keratin rather than collagen of
most other mineralized tissues. Glimcher (31) calls the
principal organic components of the matrix of enamel
"enamelins or amelogens". The molecular and structural

relationships of matrix and minerals of enamel are



completely unknown.

The enamel rods are oriented so that they are almost
perpendicular to the underlying dentin junction and the
surface of the tooth crown. Evidence has been presented
that indicated that the rods bend as they approach
the surfaces in some teeth (59). The rods appear hexagonal
in the light microscope when viewed in cross section (69).
Meckel et al. (54) found that the enamel rods appeared
to have the shape of a "keyhole" when viewed in various
planes with the electron microscope. These investigators
described the enamel rods as having a head and tail.

The tail portions of the enamel rods are oriented toward
the cervical regions of the tooth crown while the head
portions are directed toward the cusps or incisal

edge of the tooth (53). 1In the head regions the crystallites
are described as being oriented almost parallel to the
direction of the rod, while in the tail regions the
crystallites generally assumed an orientation perpendicular
to the direction of the rod. The features described as the
rod sheath contained crystallites which were oriented
differently than in the head tail regions of the enamel
rod. The interrod substance is hardly distinguishable from
the rod sheath.

Enamel has been described in the following three
structural levels for purpose of clinical considerations:

a) The crystallites and matrix constituents, b) The rods



or organizing units; and c) Differences in structural

zones from the dentinal junction to the outer surface

(69) . The crystallites make up approximately 90 percent
of the volume of enamel (about 96 percent of the weight).
The crystals appear as ribbon like structures, but their
shape is hexagonal when viewed in cross section (69). As
stated previously, the relationships of the organic matrix
and minerals are unknown. However, the matrix has been
assumed to initiate crystal formation and orientation (31).
The orientation of the crystals within the enamel rods
affects the rates of crystal dissolution (71). Zones have
been reported of structural differences in enamel from

the dentin to the surface of the tooth. The significance
and degree of variability of structural differences between
areas of the same tooth and between teeth have not been
clearly demonstrated. The outer surfaces of the enamel,
those in contact with oral fluids for lengthy periods of
time, may not have a definite structural arrangement.

The composition and structure of the outer enamel depends
on its history of reaction with oral fluids, dental plaque,
and the behavior of the individual.

The surface minerals of enamel are in a state of
constant reaction with the surrounding environment. Much
like the chemistry of bone minerals, the composition of the
surface minerals of enamel reflect to a large degree the

composition of the bathing fluids (74). A major problem



in this respect is to define the surface minerals of
enamel. 3Simply stated, they are the portions of enamel
that contact the oral fluids. The penetration of the
organic pellicle, i.e., organic substance derived from
saliva, within the outer surface of the tooth crown shows
that oral fluids penetrate at least 3 to 5 microns into
sound enamel (18).

The oral fluids at tooth surfaces are heterogeneous
mixtures of saliva, crevicular fluids, and ingesta. The
fluid portion of dental plaque, which provides most of the
contact with enamel, may be considered as a mixture of the
oral fluids which are altered by bacterial metabolism. In
the absence of dental plagque the enamel minerals generally
extract calcium and phosphate from the oral fluids until
the surface exhibits a small degree of hypermineralization
compared to the underlying or subsurface minerals. In the
presence of dental plague the products of microbial
metabolism may dominate the interactions of the surface
minerals of the enamel and the fluid medium. Acids
produced by the plague bacteria dissolve the minerals and
lead to caries.

The deposition of minerals in the surface enamel of
sound erupted teeth has been termed maturation (28).
Similar deposition of calcium phosphates in enamel after
periodic bursts of acid activity in dental plaque has been
described as remineralization (44). These phenomena of

maturation and remineralization have been well documented.



However, the mechanisms of these processes have not been
defined. It has been almost impossible even to define the
nature of the reactions that must take place because of the
complexity and heterogeneity of the oral environment and
the surface minerals of the enamel. Discussion of these
processes in the literature invariably fall back on what
has been described as the chemistry of bone mineral (58).
Seldom has the role of the organic pellicle and dental
plagque been considered in the discussions of enamel
remineralization in situ.

3. The Principal Minerals of Enamel

The principal mineral of enamel, dentin, cementum and
bone is hydroxyapatite, CalO(PO4)6(OH)2. Almost all of
the calcium phosphates in these tissues belong to the apatite
family of minerals. The apatites have been difficult to
study because of their small crystal size. In fact
certain fractions of the apatites in mineralized tissues
are of such small size that they are considered to be
nonstructured or amorphous (18). However, the apatite
in mature enamel is considered to be well crystallized
compared to that of bone (14).

Many studies of mineralization have indicated that the
initially formed minerals were poorly crystalline or
amorphous and of relatively low Ca/P ratios (75). The
studies of calcium phosphate precipitations from simple

aqueous solutions, and the early minerals deposited in bone



under natural conditions, indicated that the first minerals
deposited were similar in composition to dicalcium phosphate
and tricalcium phosphate (18,76). These initially deposited
minerals on ageing change to apatites closely resembling
hydroxyapatite (76). Brown has suggested that octacalcium
phosphate, Ca8H2(PO4)6-5H2O, is an intermediate phase in the
transformation of calcium phosphates to hydroxyapatite

(8) . The variable Ca/P ratios reported for bone and tooth
minerals are attributed to the existence of the trans-
forming phases of the calecium phosphates and to the

adsorption of various ions including Ca+2, H2PO4—1, HPO4—2

and PO4_3 on the existing minerals (29).

Apatites of variable composition give almost the same
x-ray diffraction pattern (14). Since the mineralized
tissues must be altered and in effect degraded for
crystallographic analysis, these studies only provide
indications of the structure of the minerals as they
existed in a tissue.

Thus the Ca/P ratios of the minerals have frequently
been used as an indication of chemical composition of the
mineralized tissues (57). The Ca/P ratios and formulas of

the possible mineral phases of calcium phosphates in tooth

and bone include the following:

Monocalcium phosphate 0.50 Ca(H2P04)2;
Dicalcium phosphate 1.00 CaHPO4;
Octacalcium phosphate 1.33 Ca8H2(PO4)6;

Tricalcium phosphate 1.50 Ca3(PO4)2;



Hydroxyapatite 1.67 Ca (PO)6OH

10 27
Fluorhydroxyapatite 1.67 CalO(PO4)6FOH;
Fluorapatite 1.67 CalO(PO4)6F2.

It is important to note that the Ca/P or Ca/F ratios
have not been associated with the structure of the minerals.
However, the rate of reaction of the minerals may be a
function of their physical state as well as their
composition.

4., Reactions of Posteruptive Enamel

Deviations in structure and composition of the
hydroxyapatite minerals in bones and teeth have often been
attributed to substitution of "foreign ions" in the crystal
lattice of hydroxyapatite and excessive accumulation of
extraneous ions on the mineral surfaces (39). The ionic
substitutions and adsorptions occur during mineralization
of the enamel and later by exchange and recrystallization.
These "foreign ions" have been classified into three groups:
1) higher concentrations on the surface of enamel than
within (F, Pb, 2Zn, Fe, Sb); 2) lower concentrations on the
surface than within (Na, Mg, C03); and 3) an approximately
uniform distribution (Sn, Cu, Al, K).

The status of bone and tooth mineral in terms of
nucleation, growth, maturation and dissolution involves
primarily the dynamic surface chemistry of hydroxyapatite
and its surrounding environment. The main ionic reactions
of this interface have been described as adsorption,

exchange, recrystallization and precipitation.



Adsorption in mineral crystals is not well understood.
It is a rather nonspecific uptake of a substance in the
hydration shells or on crystal surfaces involving weak
electrostatic forces. Adsorption to hydroxyapatite is
usually considered to be a rapid and reversible process.

Isoionic exchange is a dynamic process whereby an
ion is lost and replaced by another identical ion, such
as phosphate for phosphate in hydroxyapatite. Heteroionic
exchange causes either minor or major alterations of some
characteristics of hydroxyapatite.

Recrystallization is the dynamic process of crystal
destruction and reformation. In theory it means the
dissolution and reformation of crystals in identical or
different structure. This term has been used to describe
the growth of small particles, possibly nonstructured calcium
phosphates, to crystals of hydroxyapatite (58). In this
presentation, recrystallization will mean the dissolution
and reprecipitation of calcium phosphates and apatites to
hydroxyapatite and fluorapatite. This means that the
minerals may show a net gain or loss of either calcium,
phosphate or fluoride, but not a combination of calcium
and phosphate. Net gains of calcium and phosphate by the
surface minerals in enamel will be considered as remineral-
ization. Net losses of calcium and phosphate are considered
as demineralization.

Remineralization of enamel by definition means that

the surface minerals were previously demineralized to some
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extent (44). 1In this respect remineralization is different-
iated from maturation. Acid dissolution is not a
prerequisite for maturation. Adsorption, ionic exchange,
recrystallization, demineralization, and remineralization
actually occur simultaneously within the enamel structure
particularly on its reactive surfaces.

During the early part of this century observations
were made of mottled enamel in certain locations of the
United States (51). Although the first observations were
not directly related to fluoride, some factor in the
drinking water was suspected to be responsible for the
mottling of enamel. Extensive studies were made by McKay
and Black (5,52) in different areas of the southwestern
United States. 1In the 1930's Smith and Smith (73)
showed that relatively high levels of fluoride in the
drinking water caused mottling of tooth enamel. Thus a
relationship between fluoride and enamel was established.
Dean in 1939 (16) associated the effect of fluoride
in drinking water and reduction of caries. Volker in 1939
(80) showed that fluoride reacted with enamel and dentin
to make them resistant to acid dissolution. Studies by
Galagan in 1953 (29) determined safe fluoride levels in
drinking water, which would not cause enamel fluorosis
(mottled enamel) but still inhibit caries. About 1 ppm
(0.05 mM) fluoride in drinking water usually reduces the
caries incidence about 60 percent without causing enamel

fluorosis (35). Thus research has been directed toward
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determining the mechanism of action of fluoride in caries
prevention.

In 1912 Head (34) presented evidence for reminerali-
zation of enamel. He found that enamel softened in weak
acid exposure later rehardened in saliva. His work was
followed by others [Pickerell, 1912 (66), Andresen, 1926
(1), Ruthrauff, 1923 (67), Brodecker, 1942 (7)]. Pigman's
group at the University of Alabama in Birmingham confirmed
and extended the findings of Head and other investigators
concerning the remineralization of enamel (21). Brudevold
et al. (11) found that the low concentration of fluoride
used in fluoridation increased the amounts of precipitates
recovered from mineralizing solutions. The work of
Koulourides, Cueto and Pigman (1961) showed that 1 ppm F
in synthetic saliva (mineralizing solutions) increased the
rehardening of enamel (46). That study gave credence for the
concept of remineralization as one of the more plausible
explanations of fluoride ion action of caries prevention.

Evidence that the surface minerals of enamel can be
changed by remineralization is based on different types of
experimental methods. These include: 1) hardness tests
(26) 2) permeability tests (41); 3) examination of histo-
logic sections of teeth (72); 4) kinetic studies of mineral
uptake and chemical analysis (24).

Reactions between fluoride and enamel that may prevent
dental caries have been extensively studied. The primary

reaction products according to Brudevold (10) are (each
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based on the presence of hydroxyapatite in enamel:

1. Heteroionic exchange of F and OH ions in the
lattice structure of hydroxyapatite to yield fluor-
apatite and hydroxyfluorapatite; i.e., for solid-
solution reactions in the presence of about 1 to
10 ppm F_ (0.05-0.50 mM; low concentration).

2. (a) Decomposition of hydroxyapatite in relative
concentrated F ion solutions to yield a surface
phase of CaF, and readily soluble calcium
phosphates.

(b) Since the surface limited CaF2 and CaHPO4
were found to be readily soluble in saliva,
Brudevold further proposed as they always dissolve

and thereby increase the concentrations of Ca+2,

-3
4

itation of fluorapatite on tooth minerals.

PO and F ions sufficiently to cause the precip-
The Ca/P ratios of the reactions indicate what

product, or possible combinations of reaction products, form

in the enamel surface. The possible Ca/P ratios of the

minerals to be considered were previously presented. 1In

the same manner the Ca/F ratios of the reactions also

indicate the products formed in the surface enamel. The

Ca/F ratios of the products to be considered are:
hydroxyfluorapatite 10.0 CalO(PO4)60HF;
fluorapatite 5.0 CalO(PO4)6F2;

calcium fluoride 0.5 Can.
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The major contribution of the concepts of maturation
and remineralization is that they provide a rational
explanation for the fluoride ion action of caries prevention.
Remineralization or maturation generally causes an increase
of fluoride and a decrease in carbonate in surface enamel.
This accumulation of fluoride and loss of carbonate
increases the resistance of surface minerals to decay
processes (33). In theory, remineralization may cause
fluoride uptake to greater distance in the enamel surface
than maturation, i.e., to the depths of previous acid
actions. Thus one may view maturation as a defensive
mechanism and remineralization as both a reparative and a
defensive mechanism. The exact role of the organic
components of surface enamel and oral fluids is not as well
known as that of the accumulated fluoride.

5. Theories of Fluoride Reactions with Enamel for Caries

Prevention

Dental caries has been defined as a multifactorial
microbial disease characterized by early loss of surface
and subsurface minerals and latter destruction of the tooth
(83). The exact mechanisms of the process are not completely
known. Nevertheless caries may be arrested, and apparently
reversed to some extent, by careful control of dental plaque
and diet and by optimal utilization of fluoridation (19).
Fluoridation alone may reduce caries without the control of
diet or oral hygiene (84). Direct application of fluoride

ions on tooth surface also inhibits the carious processes,
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but the results are less predictable than fluoridation (17).

Caries prevention by fluoride is believed to occur by
various possible mechanisms. The contribution of each may
vary at different stages of the carious processes. As a
general concept fluoride ions inhibit acid production of
plagque bacteria, enhance reprecipitation of minerals in
the tooth, increase the acid resistance of the minerals
and inhibit the adsorption of organic substances on the
surface minerals of the tooth (43). The concentrations and
frequencies of fluoride ion release at the tooth surface
seem to control its effectiveness (84).

Historically the anti-caries action of fluoride has
most often been considered to be caused by the formation
of sparingly soluble fluorapatites in tooth minerals rather
than hydroxyapatite (8l). The differences in solubility of
hydroxyapatite and fluorapatite are small (8). However,
their rates of dissolution are quite different in almost
all acids (13).

Bacterial metabolic products such as acid and chelators
(39) cause demineralization of enamel. Preferential
dissolution of the minerals in the central region of enamel
rods by weak acids has been observed with the scanning and
transmission electron microscopes (39,77). Calcium
chelators at basic pH preferentially dissolve the sheath or
peripheral regions of the rods (63). Studies on early

carious lesions of enamel indicated the acid-type dissolu-
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tion of enamel (70). This preferential acid dissolution may
be caused by crystal orientation, differences in minerali-
zation of individual crystals, and the relationship between
organic components and the crystals (62,71).

Arrestment and reversal of carious lesions by
remineralization have been indicated by clinical and
laboratory evidence (6). Remineralization is enhanced by
low fluoride concentrations, as used in water fluoridation,
and levels of fluoride found in the dental plaque
(40). Each level of fluoride ions in solutions up to
about 10 ppm (0.5 mM) increased the rates of reminerali-
zation (25). The fluoride in remineralized enamel
reduced the rates of enamel dissolution in acid (27). The
remineralizing effect of fluoride and subsequent acid
resistance of enamel minerals can be considered as a logical
explanation for the mechanism of action of caries prevention.
Nevertheless, remineralization is dependent on the total
environment of the enamel surface. Thus the potentials of
remineralization, as any of the surface-reactions of enamel,
are dependent on the sets of conditions under which they are
studied.

6. Objective of this Study

The purpose of this study was to evaluate the effects
of fluoride on the rates of remineralization, ion exchange
and acid resistance of enamel. The objective was to

determine whether an increase in rates of remineralization,



ion exchange, and acid resistance could be a possible

explanation of the anticariogenic effect of fluoride.
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EFFECT OF FLUORIDE ON RATES OF ENAMEL REMINERALIZATION

INTRODUCTION

Remineralization is the uptake of minerals in the
enamel of erupted teeth (45). It occurs in the mouth in
hypomineralized areas of newly erupted teeth and requires
selective acid dissolution of minerals in surface and
subsurface enamel. In vitro evidence of the phenomenon
was obtained by Head in 1912 (34). Pigman and associates
continued the work of Head and found that the level
of fluoride ions used in water fluoridation greatly
increased the rates of remineralization (46). Brudevold
and coworkers (11) also found that similar concentrations of
fluoride increased the remineralization of enamel.
Widespread use of the term remineralization originated from
these studies.

Brudevold et al. studied the seeded growth of minerals
on particles of enamel or apatites (11), whereas,
Koulourides et al. initially assumed that remineralization
occurred within carious surfaces of enamel (46). Obviously
the word remineralization is subject to interpretation
rather than having a definite meaning. The term
persists because few investigators have determined the
exact physical state of the minerals deposited in remineral-

17
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ized enamel. Electron micrographs of surfaces remineralized
in solutions that contained low levels of fluoride and
which were supersaturated with hydroxyapatite, showed the
growth of crystals in and on the enamel (69). Surfaces
remineralized in solutions that were supersaturated with
dicalcium phosphate in the presence of carbonates contained
amorphous or nonstructured minerals (56). Thus the nature
of the remineralized components of enamel depend on the
composition of the surrounding solutions. The effects of
the organic constituents of oral fluids on remineralization
have not been sufficiently studied. The acid resistant
organic substance found in mature enamel apparently
precipitated from the oral fluids (54).

The studies of Koulourides and of Brudevold cited above
indicated that the effect of fluoride on remineralization
would be expected to add greatly to the caries
resistance of enamel. The remineralization effect of
fluoride along with the acid resistance of fluoridated
enamel provided one of the most likely mechanisms of the
caries prevention of fluoridation. In this regard, it was
found that each level of fluoride ions up to 0.5 mM
increased the rates of enamel remineralization (24). The
enamel remineralized in the presence of fluoride exhibited
greater acid resistance than intact enamel or surfaces
remineralized in the absence of fluoride (77).

The exposure of enamel to relatively concentrated

solutions of fluoride results in the formation of CaF2 on
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the mineral surfaces. Brudevold found that the CaF2
dissolved in oral fluids (10). He concluded that the
fluoride ions were then taken up in the enamel as fluor-
apatites by exchange, recrystallization and remineral-
ization. The formation of fluorapatite in enamel is the
basis for the classical concept of the effect of fluoride
on caries prevention (80). However, recent evidence
indicated that fluoride in acid solutions almost immediately
reduced the rates of enamel dissolution well in advance of
the time required for the formation of significant amounts
of fluorapatites (77).

The purpose of this study was to determine the rates
of calcium, phosphate and fluoride uptake during the
remineralization of enamel surfaces in solutions of 0.00
to 4.00 mM NaF. The objective of this study was to
determine the level of fluoride at pH 7.0 that caused

maximum rates of mineral uptake in the enamel.



METHODS

1. Preparation of Enamel Surfaces:

Square surfaces of labial enamel 1 cm2 were sectioned
from bovine incisors. The teeth were extracted at the
time of slaughter and stored in deionized water at 4°C
with thymol as a preservative. The enamel surfaces were
sectioned using a circular rotatory diamond blade under a
spray of deionized water (22). Using a micrometer to move
the blade into proper positions, cuts were made on the
cervical, incisal, mesial and distal sides of the teeth,
such that a 1 cm2 square of labial enamel was obtained from
the crown of the tooth. A final cut was made of the lingual
side of the crown to obtain 1 cm2 square surface of labial
enamel (Figure 1).

The surface enamel was slightly abraded with
silicone carbide then wet pumiced to remove surface
pellicles. All sides, except the labial surface of the
enamel squares were painted with acid resistant fingernail
varnish. Three of these surfaces were then attached with
dental sticky wax on a rectangular plastic plate as shown
in Figure 1.

The enamel surfaces were etched 24 hours in 10 mM acetic
acid of pH 5.5. Two of the plastic plates, 6 surfaces, were

attached with wax on the side wall of a 600 ml beaker.

20
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Figure 1.
(A) Preparation of surfaces of labial enamel (1cm2) of
bovine incisor teeth; (B) Illustration of surfaces mounted

with wax on rectangular plastic plates.



Pulp -
Dentine ﬂ II.O cm
Enamel ; | Enamel Surface

Labial Surface

(A)

! "ﬁ) {—!II.Scm S Wax
E L.—J | Enamel
Mounted Surface ( Surface

Iy
(B) Side View




23

The 6 surfaces were then exposed to 500 ml of the acid with
constant slow rate stirring by a plastic coated magnetic
bar. The etched surfaces were briefly rinsed with deionized
water then left to wash in 500 ml of deionized water for

24 hours.

2. Procedures of Remineralization of Enamel Surfaces:

Six of the acid etched surfaces of enamel were sealed
in a small flow chamber as illustrated in Figure 2. Dental
sticky wax was used to seal the plastic plates tightly to
the chamber. Figure 3 shows the assembled system which was
used to remineralize the surfaces. Small bore plastic tub-
ing was used to connect the chamber to the solution
reservoir through a roller pump. The solution was pumped
from the mixing reservoir through the chamber to immerse the
6 surfaces of enamel and then back to the reservoir at a
rate of 1.0 ml per minute. The system contained 8.0 ml
solution of which about 1 ml was in continuous contact with
the enamel. The reservoir contained H+, Ca+2, and F_
electrodes for detection of changes in activity of the
respective ions in the solution. The pH was maintained
constant at 7.0 by automatic titration with 0.25 mM NaOH.
The fluoride ion activities in the solutions were maintained

at selected levels by automatic titration with 1.0 to 10.0

mM NaF.
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Figure 2.
Method of enclosing six 1 cm2 surfaces of enamel in
the flow chamber. Dental sticky wax was used to seal the

plastic plates tightly to the side of the chamber,
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Figure 3.

Diagram of the system used to contact enamel surfaces

and solutions during control of pH, F , and ca™® in solution.
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3. Preparation of Mineralizing Solutions:

The following stock solutions were prepared using
reagent grade chemicals: 50 mM CaCl2; 50 mM NaH2PO4; 25 mM
NaF; 1.0 M KCl; and 100 mM NaOH. Mineralizing solutions were
prepared from these stock solutions to contain: 1.5 mM

40 mM KC1l; and 0.00, 0.05, 0.25, 0.50,

CaCl 1.0 mM NaH2PO

27 47
1.00, 2.00, 3.00 and 4.00 mM NaF. The solutions were pre-
pared starting with a relatively large volume of deionized
water, then adding in order KC1, CaClz, NaH2P04 and NaF. The
pH of the solution was slowly adjusted to pH 7.0 with NaOH

before dilution to exact volume.

4, Experimental Procedures:

Experiments were performed with eight different

mineralizing solutions that contained 1.5 mM Ca+2; 1.0 mM

-3
4 I
or 4.00 mM NaF, each at pH 7.0. Experimental variables were

PO 40 mM KCl1 and 0.00, 0.05, 0.25, 0.50, 1.00, 2.00, 3.00
evaluated in five separate experiments; i.e. five sets of

six surfaces were interfaced separately with each of the
different mineralizing solutions for three hours.

Recordings were made at 15 minute intervals of the
millivolt response of the calcium ion electrode as a measure
of the calcium ion activity (60). The change in calcium ion
activity was calculated for each 15 minute time of remineral-

ization relative to the electrode response in standard
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solutions. These measurements indicated the rate of calcium
ion uptake in the enamel surfaces.

A 200 pl sample was removed from the solution reservoir
each half hour for chemical analyses and partially to
compensate for volume additions of base and NaF titrations.
The 200 yl samples were diluted by a factor of 10 with
deionized water. Samples were taken for spectrophotometric
determination of calcium (68), and phosphate (15). These
measurements along with calculations of the small volume
alterations caused by titration and sampling were used to
estimate mineral uptake in the enamel surfaces.

The amounts of NaOH and MNaF titrants added to the
solutions were recorded each half hour of the experiments.
These additions to maintain constant pH and fluoride ion
activity in the solutions were used to estimate the rates of
F~ uptake and phosphate ion reactions in the enamel.

The mean data for each of the five replicate
experiments for each of the levels of NaF in the solutions
were statistically compared for significant differences.

The results were subjected to a computer program for

curvi-linear analysis (4).



RESULTS

Table 1 shows the change of calcium ion activity
(Ca+2) in solutions as the differences of electrode potential
(mv). The electrode potential was constant in solutions
before contact with the enamel surfaces. An increase of
electrical potential difference reflected a decrease of Ca+2
in solution. Table 2 shows statistical comparisons of the
effect of fluoride ion concentrations on the rates of Ca+2
losses from the solutions, i.e. rates of Ca+2 uptake in the

2 uptake increased with time of

enamel surfaces. The Ca+
reaction. The uptake of Ca+2 increased with each higher
level of F~ in the solution up to 2.0 mM NaF. Concentrations
of NaF above 2.0 mM reduced the rates of Ca+2 uptake to
about the same uptake as found for 0.25 mM NaF. The rates
of Ca+2 uptake were similar for 0.50, 1.00, and 2.00 mM NaF.
Figure 4 shows the linear relationships between the
changes of electrode potential for Ca+2 (uptake by the
enamel) and the time of reaction. Table 3 shows the linear
regression equations derived from Table 1 and Figure 4. The
equations indicated that the rates of Ca+2 uptake by the
enamel approached a maximum for concentrations of F between
0.50 and 2.00 mM NaF. Statistical differences between the

2

rates of Ca+ uptake by the electrode method were determined

using Duncan's Multiple Range Test at the 0.05 level of

30
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Figure 4.

The effects of NaF concentrations in solutions that
contained 1.5 mM CaCl2 and 1.0 mM NaH,PO, at pH 7.0 on the
rates of Ca+2 uptake in enamel. The Ca+2 uptake was
2

measured as the change of electrical potential of the Ca+

electrode.
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confidence (86). The 3.00 and 4.00 mM NaF levels reduced
the rates of calcium uptake as noted above. The concen-
tration of 0.05 mM NaF significantly increased the rate of
Ca+2 uptake compared to the absence of NaF in solution.

Figure 5 shows the relationship between the rates of
Ca+2 uptake by the remineralized surfaces of enamel and the
concentration of NaF in the solutions. The apparent rates
of Ca+2 uptake increased rapidly for each higher concentrat-
jion of NaF up to 0.50 mM, then almost flattened between 0.5
and 2.00 mM NaF, and slowly decreased for the higher
concentrations of NaF.

Table 4 shows the uptake of Ca+2, PO4_3, F~ and OH by
the remineralized enamel during each half hour contact with
the solutions. As described in the methods, samples were
withdrawn from the solutions at half-hour intervals for
chemical measurement of Ca+2 and P04f3. The F uptake was
estimated at these intervals by calculation of NaF titrant
additions to maintain constant F_ in the solutions. The OH
reactions were determined by the base additions to maintain
constant pH 7.0. Table 5 shows the statistical comparisons
of the effects of NaF concentrations on the reaction of Ca+2
as determined by chemical analysis. Figure 6 illustrates
the curves obtained by this method. The Ca+2 uptake
increased with time of reaction. NaF up to 1.00 mM in-

+2

creased the rates of Ca uptake. However, Ca+2 uptake was

not significantly different for levels of NaF between 0.5 and
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Figure 5.

The effects of NaF on the 3 hour rates of Ca+

in remineralized enamel.

Figure 4.

2

The data were derived from

uptake
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Figure 6.

The effects of NaF concentrations in solutions on rates
of Ca+2 uptake in enamel surfaces as determined by chemical
analysis. The data were obtained from the same experiments

shown in Figure 4.
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2.00 mM. NaF concentrations above 1.00 mM decreased Ca+2

uptake by the enamel.

Figure 7 shows the curves derived from the data in
Table 4 for the relationship among Ca+2, PO4_3, F~ uptake
and reactions of OH and time of remineralization for enamel
surfaces which were remineralized in the solution that
contained 0.50 mM NaF. As noted from Table 4 the rates of
these reactions increased with higher concentrations of NaF
up to 1.00 mM. The rates of these reactions in the presence
of 0.50 mM NaF were statistically the same as for solutions
that contained 0.50 and 1.00 mM NaF.

The data shown in Table 4 were submitted to a computer
program for curvilinear analysis (4). The mathematical

t
C-B"y . With T = c/B, the model

_B (t—T) ] .

model used was: Yt = K (l-e

was rearranged to Y, = Kfl-e The parameters were

t

defined as follows:

Yt = Substance uptake at a given time (t) in umoles/cmz,

K Maximum uptake (umoles/cmz),

B = Relative Rate of uptake (umoles/cmz/hr.),

C

Constant,

T = Lag.

Differentiation of this equation provides the relative
rate of uptake. Then B is inversely proportional to the
amount of reactants remaining in solution (K—Yt).

2 -3 -

These parameters were determined for ca’ ’ PO4 , F

and OH for each of the concentrations of NaF in the

solutions using the described equation (see Appendix).
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Figure 7.
+2 -3 - .
Curves of the uptake of Ca ', PO4 , F , and reactions
of OH with surfaces of enamel in solutions that contained a

constant level of 0.5 mM NaF.
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Correlations between the relative rate of uptake of Ca+2,

=3
4 4
then determined. These determinations showed that there

PO F~, and OH and the concentrations of NaF were

was no correlation between the maximum uptakes and the

2 and ¥ uptake (B values)

correlated with the concentrations of NaF, but PO4_3 and OH

levels of NaF. The rate of Ca+

uptake did not correlate with NaF.

Figure 8 shows the relationships, determined using
the mathematical method, between the relative rates
(8 values) of Ca+2, PO4_3, F_  and OH uptake in the
remineralized enamel and concentrations of NaF in the

2 and ¥ uptake correlated well

solutions. The rates of cat
with the levels of NaF. The rates of these two increased
with increased levels of NaF up to 1.00 mM, plateaued between
1.00 and 2.00 mM NaF, then decreased with higher levels of

-3

NaF. It was obvious that the rates of PO, and OH

reactions paralleled each other.

Table 6 shows the ratios of Ca/P and Ca/F for the
apparent uptake of minerals by the enamel surfaces. The
ratios of Ca/P increased with each higher concentration
of NaF in solution up to about 2.00 mM. These ratios of
Ca/P generally increased with time of remineralization
(up to 2.00 mM NaF), but were almost constant with time for
the solution that contained 2.00 mM NaF. The Ca/P ratios
of mineral uptake from this particular solution (2.00 mM
NaF) were similar to the 1.67 ratio of hydroxy or fluor-

apatite. The ratios of Ca/P decreased with levels of NaF
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above 2.00 mM with only one exception.

The ratios of Ca/F for mineral uptake by the enamel
surfaces from solution that contained 0.05 mM NaF ranged
between 4.9 and 6.0 (the Ca/F ratio for pure fluorapatite
is 5.0). The ratios of Ca/F decreased with each higher
level of NaF in the solutions. These ratios derived from
solutions that contained more than 2.00 mM NaF ranged
between 0.4 and 0.9 (the ca/F ratio for pure CaF2 is 0.5).

Table 7 shows the ratios of P/F, OH/F, and P/OH for
the reactions between the remineralizing solutions and the
enamel surfaces at the 3 hour time of experimentation. As
expected, the ratios of P/F and OH/F decreased for each
higher level of NaF in the solutions up to 2.00 mM NaF. The
small increases of these ratios for concentrations of NaF
above 2.00 mM reflected the decreased uptake of F~ in the
enamel from the more concentrated solutions of NaF. The
P/OH ratios of 0.87 to 0.99 were remarkably constant for
the uptake of minerals in the enamel surface, regardless
of the concentrations of NaF in the solutions. These P/OH
ratios of remineralization showed that the deposition of
calcium phosphate in the enamel was independent of the

uptake of F .



TABLE 7

Effects of NaF Concentrations on the Molar Ratios of

P/F, OH/F and P/OH for the Reactions of Enamel Surfaces
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Remineralization.
NaF (mM) Molar Ratios for the 3 Hour Time
of Remineralization
_P/F OH/F P/OH

0.00 - - 0.90

0.05 3.65 3.92 0.90

0.25 1.30 1.35 0.93

0.50 0.80 0.81 0.96

1.00 0.75 0.84 0.99

2.00 0.40 0.85 0.89

3.00 0.51 0.58 0.87

4.00 0.72 0.83 0.88
Means of the effect of 1.5 mM Ca'2, 1.0 mM PO, ° with 0.05,
0.25, 0.50, 1.00, 2.00, 3.00 and 4.00 mM NaF on the P/F,

OH/F, P/OH molar ratios for 3 hours of remineralization
of etched bovine enamel surfaces maintaining the fluoride
levels constant at pH 7.0.



DISCUSSION

The Ca+2 ion electrode used in this study responded
rapidly to changes of Ca+2 activity in solutions. The
electrode responds logarithmically to changes of Ca+2
(60) . However, the changes of electrode potential,
compared to zero time, provided linear relationships
Ca+2 uptake and time of remineralization. Changes of
Ca+2 in solutions determined by the spectrometric method
provided hyperbolic curves for Ca+2 uptake. The two methods
gave the same results when the potentials were converted
concentrations. The electrode method afforded the advantage

2 loss from the solutions without

of determination of Ca+
the necessity of sample removal from the system. Advantage
was taken of the F_ electrode and the H' electrode in
this study both to maintain the activity of these ions at
constant levels and to record the rates of their uptake in
the enamel.

The significance of the F effect on acid resistance
of enamel was demonstrated in 1939 (80). Its effect on
remineralization was reported in 1961 (11,46). These
remarkable effects of F probably cause the caries preventive
actions of both fluoridation and surface applied fluoride
agents. This study confirmed earlier reports that increased

levels of fluoride up to about 0.50 mM NaF maximally

52
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increased the rates of enamel remineralization. Slightly
less than the 0.50 mM concentration of F  in water

supplies of rural schools effectively reduced caries in
school aged children (36). The amounts of fluoride in

dental plaque from members of fluoridated communities often
exceeded concentrations equivalent to 0.5 mM NaF. This study
indicated that the release of enamel and plagque F would be
expected to increase the rates of enamel remineralization
after a brief period of acid production by bacteria in

dental plaque.

Enamel remineralization in vivo, and in vitro under
conditions similar to this study, has been well demonstrated.
Most investigators have concluded that final products of
remineralization in the absence of F were octacalcium
phosphate, CaSHZ(PO4)6’ and hydroxyapatite, CalO(PO4)6(OH)2'
In the presence of F , fluorapatite, CalO(PO4)6F2, has been
assumed to be one of the major products of enamel remineral-
ization (12). The products deposited in enamel in the
initial and early periods of remineralization have been
assumed to be dicalcium phosphate and octacalcium
phosphate (56). These acid calcium phosphates assumedly

recrystallized to apatites by preferential uptake of Ca+2

from solution and hydrolysis of HPO4-2 in the surface
minerals (release of H" to the solution phase). This
sequence has been conclusively established for the precipit-

ation and growth of hydroxyapatite from highly concentrated
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solutions of calcium and phosphate (13). The Ca/P ratios
for the minerals deposited in the enamel surfaces

in this study indicated the initial formation of acid
calcium phosphates unless the solutions contained exactly
2.00 mM NaF. Each of the NaF concentrations studied

up to 2.00 mM NaF increased both the rates of reminerali-
zation and the apparent rates of conversion of the initial
mineral phases to apatites. However, only the 2.00 mM

NaF concentration caused the formation of minerals with
almost constant Ca/P ratios approximately those of apatites
throughout the time of remineralization.

The Ca/F ratios for the reactions between the solutions
and the enamel surfaces were informative relative to the
deposition of calcium phosphates. However, the Ca/P
and Ca/F ratios could be misleading for interpretation of
the chemistry of remineralized fractions of the surface

2

minerals. The rates of Ca+ and F uptake correlated to

each other and to the concentrations of NaF, but not to the
rates of PO4_3 and OH reactions. The relationships

of Ca+2 and F were practically constant throughout

the time of experimentation for a given concentration of

NaF in the solution. However, the net uptake of each of the
studied ions represented the summation of adsorption, ion
exchange, and remineralization in the enamel. The steady
decreases of the Ca/F ratios with increased concentrations

of NaF up to 2.00 mM apparently indicated that the deposited

minerals contained progressively greater amounts of Can.
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The Ca/F ratios increased and Ca+2 uptake by the
enamel decreased in the presence of 3.00 and 4.00 mM NaF
compared to 2.00 mM NaF. This possibly indicated that these
higher levels of F reduced the activity of Ca+2 in the
solutions. Alternatively, the rapid initial formation of

CaF. could have blocked sites for the uptake of Ca’’ and F~

2
by exchange and remineralization in the enamel. Although
small amounts were taken up by adsorption, PO4_3 uptake
obviously represented remineralization. This was confirmed
by the rates of OH reactions. The inhibitory levels of NaF

3 and OH™ reactions in terms

had little or no effect on PO4_
of the ratios of P/OH for mineral deposit. This showed

that the 3.00 and 4.00 mM NaF interfered with exchange of
Ca+2 and F in the surface minerals of the enamel more so
than the deposition of calcium phosphates.

Contrary to the conclusions of other investigators,
using similar conditions of remineralization, the results of
this study did not show the direct deposition of fluorapatite
in the remineralized enamel (23,25). It was doubtful that
fluorapatites were formed in the enamel except by exchange
of F_ from the solutions for OH in the enamel minerals.
Significant amounts of the F  uptake during remineralization
probably occurred by adsorption (82) and by the formation

of CaF. (24). The adsorbed F~ and CaF, possibly would have

2
been converted to fluorapatites if the reactions had been
allowed to proceed further toward equilibrium. In this

regard the general increase of the Ca/P ratios with increased



56

time of reaction indicated the initial uptake of HPO4—2 and

transformation of acid to less acid calcium phosphates in
addition to the formation of CaF, in the surfaces.
Subtraction of the amounts of Ca+2 involved in CaF,
formation indicated that the deposited calcium phosphate
did not exceed the Ca/P ratio of octacalcium phosphate
(Ca/P of 1.33) in any of the remineralized surfaces.

The data for the uptake of Ca+2, PO4_3, F~ and OH by
the enamel surfaces were submitted to various Growth Curves
on the assumption that mineral uptake occurred by a growth
process which could be described by these curves (65) .
However, the computerized model described previously seemed
the best to represent the results obtained in this study.
The model confirmed that the rates of ca®? and ¥~ uptake by
the enamel increased with increased concentrations of NaF
up to 1.00 mM in the solutions. No correlation was found
for maximum uptake and the levels of NaF for good reason.

The solutions contained limited amounts of Ca+2

(2.00 umole/cmz) and PO4_3 (1.33 umole/cmz) available for
uptake by the enamel, but unlimited amounts of F~ and OH .
The maximum uptakes used in the chosen model were
incorrectly estimated using the collected data for 3 hours

as the maximum possible uptake. The total amount of Ca+2
and PO4_3 in the solutions at the beginning of reminerali-
zation should have been used in the equation as the maximum

possible uptake value (K). Despite this discrepancy the data
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clearly showed that the rates of remineralization and F

uptake were directly dependent on the concentration of NaF
up to 0.50 to 2.00 mM. Earlier studies showed linear rates
of ca*?, 1304"3

concentrations of each of the reactants were maintained

and F uptake by enamel surfaces when the

constant (25).

The conditions of these experiments were purposefully
established so that the extent of remineralization would
be limited by the availability of ca*? ana PO4_3. The
purpose was to restrict mineral deposition to sites within
the surface of the enamel under as sensitive conditions as
possible. It was believed that too rapid rates of mineral
uptake would allow growth on as well as in the surfaces.
Thus as remineralization with calcium phosphate proceeded,
the solutions became progressively less saturated in the
composition of the depositing minerals. 1In these conditions
of limited availability of ca™® and PO4_3, and unlimited OH™
and F~, the rates of F uptake correlated to the uptake of

Ca+2. The rates of OH reactions were directly related to

3 uptake in the enamel even though OH reactions involved

-2

PO4

exchange for F  and neutralization of HPO4 in the surfaces,
as a result of the initial acid demineralization.

The acid demineralization of the surfaces, before the
remineralization reactions, has been shown preferentially to
dissolve crystallites in the central region of the enamel
prisms (42,71). Surfaces remineralized 24 hours in solutions
+2 3

and PO, °,

that contained relatively unlimited amounts of Ca 4
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and 0.40 mM NaF, exhibited growth of crystals in the acid
demineralized enamel prisms (77). Electron micrographs of
surfaces demineralized exactly as in this study showed that
sites for reactions of remineralization in the enamel were

+2

not restrictive relative to the maximum amounts of Ca and

po. 3 available in this study. Mild acid etching of intact

4
surfaces of enamel dissolves the central portions of enamel
crystallites and also dissolves some of the minerals of the
outer surfaces of the crystallites. Therefore, the acid
demineralization possibly created reactive sites for
remineralization within as well as on the crystals of
enamel (71).

The numbers and characteristics of the sites of Ca+2,

3 - . .
and F  reaction in the enamel are unknown for any

PO,
conditions. The reactivity of the sites probably depends

on several factors such as acid strength, type of acid,

and extent of demineralization. Studies have also indicated
that the initial reactions in the surface of enamel depended
on the composition of the solutions used for remineralization
and whether the acid etched surfaces were rinsed extensively
or slightly rinsed (77). The results herein suggested that
the surfaces initially adsorbed PO4_3 (as HPO4_2) from the
solutions which later participated in remineralization.

There was no doubt that most of the F uptake occurred by

adsorption and exchange in the presence of 0.05 and 0.25 mM

NaF and additionally as CaF, in the presence of more than
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0.25 mM NaF. The deposition of calcium phosphates during
CaF2 formation from solutions of 3.0 and 4.0 mM NaF
indicated the possibility of competition for reactive sites.
The competition reduced the enamel uptake of both calcium
phosphates and CaFZ. The concurrent uptake of each of the
reactants by adsorption and ionic exchange during remineral-
ization prevented more exact interpretation of the results.
However, submission of data to the Freundlich (49) and
Pruitt models (64) failed to show that adsorption accounted
for significant uptake of mineral constituents in the enamel.
The conditions of the experiments in this study were
not intended to reproduce all of the variables involved
in remineralization in the mouth. However, the model
system demonstrated the reactions to be expected between
minerals of early carious enamel and F , ca™® and Po4—3 in
an aqueous environment at pH 7.0. The lowest level of F
studied, which was the same as the amount in fluoridated
water, significantly increased the rates of enamel
remineralization. The concentration of 0.50 mM NaF caused
maximum rates of remineralization. Previous evidence
indicated that remineralization in the presence of 0.50 mM
NaF, or additions of this level of NaF in acids, caused
almost maximum acid resistance of enamel (27). Comparable
levels of fluoride may be readily attained in dental plaque

by fluoridation or by other direct means of application of

fluoride and thereby prevent caries.



EFFECTS OF FLUORIDE ON INITIAL RATES OF ION EXCHANGE,
REMINERALIZATION, AND ACID RESISTANCE

OF SURFACE ENAMEL

INTRODUCTION

Maturation of enamel has been defined as the
compositional changes of intact surface enamel of
erupted teeth (28). The degree of maturation depends on
unknown factors including the post-eruptive age of the tooth.
Conceptually it includes all aspects of acid demineralization
and remineralization of the surface enamel. However,
maturation of newly erupted teeth, as remineralization,
may occur without prior acid demineralization of the enamel
(45) . One major problem of dealing with these conceptual
terms, which are used to describe the surface changes of
enamel, is that they do not have a definite meaning (45,
72,77). The processes of maturation and remineralization
obviously depend on ionic exchange, recrystallization, and
inclusion of organic substances of oral fluids and dental
plaque.

The mechanisms of maturation and remineralization seem
to be similar if not identical. Thus the term reminerali-
zation is used herein to encompass maturation and

recrystallization of enamel. Remineralization probably

60
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best describes the chemical reactions of surface enamel
relative to net gain of minerals. Recrystallization
should not be used to describe ion exchange or recrystalli-
zation unless the crystalline character of the reactants
of surface enamel are determined. Regardless of the
terminology, the study of post-eruptive reactions of
minerals of surface enamel provides one of the most rational
mechanisms of F action for caries prevention. The formation
of sparingly soluble fluorapatites in surface enamel
undoubtedly plays a significant role in caries prevention
(10).

Mild acid demineralization of enamel, as in the
first stage of caries, provides reactive surface sites
for the rapid uptake of F by adsorption, exchange and
remineralization. Repetitive episodes of demineralization
and remineralization of a dynamically balanced nature
might lead to caries resistant tooth surfaces. Balanced
slightly in favor of remineralization, which seems
to occur in the presence of F , remineralization is both
reparative and defensive (45). Despite the fact that most
evidence 1is circumstantial, it is assumed that the primary
action of F~ on caries prevention is the formation of
fluorapatite in tooth minerals (80).

Changes can be produced rapidly in enamel by addition
of fluoride to the surrounding fluid medium. Increased

acid resistance of the enamel is the first change noted by
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the action of F~ in solutions. Feagin et al. showed that
some of the fluoride of remineralized enamel when released
in weak acids, or simply the addition of fluoride ions in
the weak acids, reduced the rates of enamel dissolution
(27). The exact mechanism of this effect is still unknown.
However, the fact that the composition of the environment
at the enamel-solution interface has an effect on its
action is well known (20).

In recent studies, it was found that 0.50 mM F~ (10 ppm)
caused maximum rates of enamel surface remineralization (2).
The purpose of this study was to determine the effects of F
in solution on the rates of 45Ca uptake in enamel by ion
exchange and remineralization and on the subsequent acid
resistance of these surfaces. The aim was to determine the
initial effects of F on these reactions within a time

frame that could be utilized in the practice of preventive

dentistry.



METHODS

1. Preparation of Enamel Surfaces

The crowns of bovine incisor teeth were cut to provide
al cm2 surface of intact labial enamel as recently
described (2). The pieces of tooth were painted with
fingernail polish and mounted on plastic plates with wax
to leave the labial surface of enamel exposed as illustrated
in figure 9. The exposed enamel was lightly pumiced using
an aqueous slurry and dental prophylaxis procedure. 1In
groups of 5 the surfaces were exposed for 24 hours in 500 ml
of 10 mM acetic acid of pH 5.5, with slow rate stirring.

The acid exposed surfaces were briefly rinsed in 500 ml of
deionized water and either given an additional 24 hour rinse
in deionized water or immediately subjected to exposure in
experimental solutions. The different rinse procedures were
used to determine the possible effects of residual acid
products in the surfaces on subsequent reactions.

2. Experimental Solutions

The experimental solutions for ion exchange and
remineralization were prepared from the following separate
stock solutions: 50 mM CaClz, 50 mM NaH2P04, 25 mM NaF,
1.0 M KC1 and 17 mCi 45Ca as 1 mg of CaC12. The isotope

was diluted with distilled water to provide a stock solution

that contained 1.0 uCi/ml, which was further diluted in the
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experimental solutions so that each contained 0.04 upCi/ml.
The solutions used to study ion exchange in the absence

45ca/m1, 40 mmM KC1,

of remineralization contained: 0.04 ucCi
and 0.00, 0.05, 0.50 or 5.00 mM NaF, each at pH 7.0. The

solutions used to study remineralization were prepared to

contain 1.5 mM Caclz, 1.0 mM NaH2P04, 80 mM KC1 and 0.00,

0.05, 0.50 or 5.00 mM NaF. These solutions also contained
0.04 uci 45Ca/ml and were made to pH 7.0.

3. Procedure of Experimentation

A. TIon Exchange and Remineralization

Two of the acid exposed surfaces of enamel were enclosed
in a small flow chamber as shown in figure 9. Thus two of
the 1 cm2 surfaces were exposed to a continuous flow of
solution for one-half hour using constant flow rate of 0.5 ml
per minute. The flow-off from the chamber was collected in
plastic tubes (Fig. 10) at 10-minute intervals (5 ml per
collection) for chemical analyses, Five experimental runs
of two surfaces each were performed for each level of F in
the solutions. Each group of 5 experiments contained
surfaces which were either briefly rinsed or surfaces that
were rinsed 24 hours after the 24 hour acid demineralization.

B. Determination of Acid Resistance of Ion Exchanged

and Remineralized Surfaces of Enamel

One of the two enamel surfaces was removed from the
flow chamber at the 0.5 hour time of exposure to solutions

of pH 7.0. The surface remaining in the chamber was briefly
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Figure 10.

Schematic diagram of the system used to expose
surfaces of enamel to experimental solutions. The solutions
at pH 7.0 and 4.5 were flowed at constant rates through
t+he chamber to contact the enamel surfaces. The off-flow
was collected at 10-minute intervals in plastic tubes for
chemical analyses. 1In this way the surfaces were exposed

to a continuous flow of solution in constant volume.
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rinsed with deionized water before resealing the chamber
with a blank plate of plastic (Fig. 9). Ten mM acetic acid
at pH 4.5 was_pumped through the chamber at a constant rate
of 1.0 ml per minute to immerse the enamel surface. The

flow from the chamber was collected in plastic tubes in 3

sequential l0-minute intervals. The amounts of 45Ca, Ca+2,

-3
4 14

were measured in the collections of acid. Groups of 5

PO and F  that dissolved from the surface of enamel
surfaces were used to determine acid resistance for each
of the studied levels of NaF in the ion exchange solutions
and the remineralization solutions. Separate groups of

5 surfaces each were used from the briefly rinsed and

24 hour rinsed surfaces for each of the studied levels of
NaF in the solutions.

4, Chemical Analyses

2 (68) and PO, >

the solutions after contact with the surfaces. The fluoride

The Ca+ (15) were determined in each of

ion specific electrode was used to measure F  in the

solutions (50). The differences in the amounts of 45Ca,

cat?, 1304‘3

with the enamel were calculated on the basis of uptake or

dissolution from the surfaces. The 45Ca in solutions was

and F in the solutions before and after contact

determined by liquid scintillation. The mean data of each
set of 5 experimental surfaces of enamel were compared for

statistical differences at the 0.05 level of confidence.



RESULTS

1. Acid Demineralization of Enamel Surfaces

Table 8 shows the amounts of cat? ana PO4"3 that

dissolved from the pumiced surfaces of enamel in the 24
hour exposure to 500 ml of the 10 mM acetic acid. The
minerals dissolved in Ca/P ratio of 1.7 when analyzed

at the 24 hour time of acid exposure. The initial pH of
the acid of 5.5 changed to 6.1 during the dissolution of
the surface minerals. The table also shows the small
amounts of Ca'? and PO4—3 that dissolved in the 24 hour
rinse of the acid demineralized surfaces. These water
soluble minerals dissolved in a mean Ca/P ratio of 1.5
without affecting the pH of the water. The 24 hour rinsea

and other groups of briefly rinsed surfaces were used to

study ion exchange reactions and remineralization of enamel.

2. Studies of Ion Exchange Reactions Between Demineralized

surfaces of Enamel and Solutions that Contained Trace

Amounts of cat? as %°ca, 40 mM KC1l, 0.00, 0.05, 0.50

and 5.00 mM NaF at pH 7.0

Table 9 shows the levels of 45Ca in the ion exchange
solutions at the 0, 10, 20 and 30 minute intervals of contact
with the enamel surfaces. The solutions were pumped through

a small chamber to contact two of the cm2 surfaces of enamel
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TABLE 8
Relationships of Ca+2, PO4-3, and pH for 24 Hour Deminerali-
zation and Subsequent 24 Hour Water Rinse of Labial Surfaces

of Bovine Enamel.

Minerals Dissolved, uMol/cmz(S.D.)

Conditions* cat? PQA_3 Ca/P Final pH
10 mM Acetic
Acid, pH 4.5 29.4(1.5) 16.9(0.9) 1.7(0.2) 6.1(0.2)
Deionized H20,
pH 7.0 1.3(0.2) 0.9(0.2) 1.5(0.2) 7.0(0.0)

* Tn each of 7 experiments, five surfaces of enamel were
exposed in 500 ml of 10 mM acetic acid of pH 5.5
with constant stirring for 24 hours. Each group of 5
surfaces were then briefly rinsed in a flow of water,
then stirred 24 hours in 500 ml of deionized water.
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TABLE 9
The Effects of NaF on the Uptake of 45Ca in Enamel During
0.5 Hour Exposure to Solutions Under Conditions of Ion

Exchange at pH 7.0.

45Ca in Solution at Minute:

4

CPM/ml X 10 (S.D.)

Su;faci Solution UE%EE%
Rinse* NaF (mM) 0 10 20 30 %
Brief - 11.3(.4) 10.4(.5) 10.2(.4) 10.4(.5) 26(2)
24 Hrs. - 11.9(.4) 10.8(.4) 10.6(.5) 10.6(.5) 30(5)
Brief 0.05 12.5(1) 11.2(.1) 11.3(.4) 11.5(1) 26 (1)
24 Hrs. 0.05 12.1(.4) 10.7(1) 10.8(.1) 11.0(.1) 30¢(3)
Brief 0.50 12.2(.4) 10.9(.4) 11.1(.2) 10.9(.1) 32(2)
24 Hrs. 0.50 13.3(.3) 11.9(.4) 11.6(.2) 11.3(.1) 38(4)
Brief 5.00 12.5(.1) 11.0(.2) 11.3(.1) 11.3(.1) 30¢(4)
24 Hrs. 5.00 12.4(.2) 10.8(.1) 11.1(.1) 11.2(.2) 33(2)

* Acid demineralized surfaces were either briefly rinsed in
a flow of deionized water or briefly rinsed and then again

rinsed 24 hours.

The surfaces in group of two each were

then exposed to a flow of solution at pH 7.0 that contained
40 mM KCl, the isotope and the indicated concentrations

of NaF.
at a flow rate of 0.5 ml per minute.
collected at 10-minute intervals.

**Total uptake of

The 2 surfaces were exposed to the solution
The solution was

45

percentage of the amounts of isotope lost from the
solutions during contact with enamel.

Ca in 0.5 hour was calculated as the
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at a flow rate of 0.5 ml per minute so that the two surfaces
were constantly in contact with 1 ml of the solution. The
levels of 45Ca were determined in successive 5 ml (10-
minute) collections of the solution after contact with the

enamel. The 45Ca in each of the collections of the solution

were compared to the level of 45Ca in the solution at time
zero.

Changes in amounts of 45Ca in solution were attributed

to uptake by the enamel. The uptake of 45Ca was shown
in Table 9 as the percentage of the amounts available in the
solutions. The differences in amounts of 45Ca in the
collections of solution after contact with the enamel and
the amounts in solutions at zero time were almost the same
at each time interval and for each experimental group of
surfaces. There was a trend for slightly greater uptake of
45Ca in 24 hour rinsed than briefly rinsed surfaces. This
trend was not significant except for solutions that
contained 0.50 mM NaF. The presence of 0.05 mM NaF in
solutions had no remarkable effects on the uptake of 45Ca
under these conditions. However, the presence of 0.50 mM NaF
in the solutions significantly increased the uptake of 45Ca
particularly in the 24 hour rinsed surfaces.

Table 10A shows the concentrations of F  in the
solutions at the 0, 10, 20 and 30 minute intervals of enamel-
solution contact. The uptake of F in the enamel was

calculated by difference of fluoride content of the solution

at the zero time and F content in each collection



TABLE 10A
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The Effects of NaF on the Uptake of F in Enamel During 0.5

Hour Exposure to Solutions Under Conditions of Ion Exchange

at pH 7.0: Changes in Concentrations of F in Solutions.
P~ in Solution at Minute: mM X 10 2 (S.D.)

Surface Solution

Rinse* NaF (mM) 0 10 20 30
Brief - - - - -
24 Hrs. - - - - -~
Brief 0.05 5.0(0) 4.2(0) 4.7(0) 4.4(0)
24 Hrs. 0.05 5.0(.2) 4.2(.2) 4.7(.1) 4.4(.1)
Brief 0.50 5.0(.3) 4.3(.1) 4.3(.2) 4.4(.2)
24 Hrs, 0.50 43 (1) 41 (1) 42 (1) 42 (1)
Brief 5.00 432 (11) 400(10) 396 (10) 396 (10)
24 Hrs. 5.00 421(10) 394 (11) 395(10) 400 (10)

* Cconditions and surfaces were the same as described for

Table 9.

The levels of NaF in each 10 minute collection

of solution after contact with surface of enamel were
compared to the levels at 0 time.
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of solution after contact with the enamel. Simply
multiplying the F concentration pmol/ml by 5 ml and
dividing the product by 2 (two-1 cm2 surfaces in each
chamber) and subtracting this value from the F content
of the solution at the zero time gives the uptake of F  in
the enamel as umol/cm2 (see Table 10B). The uptake of F
in the enamel was almost the same at each time interval for
a group of surfaces in a given solution. The uptake of F
increased for each higher level of F . The F uptake was
significantly greater with increasing fluoride levels,
except between 0.05 and 0.50 mM NaF for 24 rinsed surfaces.
The 24 hour rinsed surfaces took up significantly less F
than briefly rinsed surfaces except for solutions that
contained 0.05 mM NaF.

Table 11 shows the concentrations of Ca+2 found
in the solutions after contact with the enamel surfaces.
Obviously these concentrations of Ca+2 resulted from
dissolution of surface minerals of the enamel. The solutions
contained no Ca™? or PO4_3 before contact with the enamel.
The concentrations of Ca+2 attained in the solutions did not
exceed 0.03 mM. The total amounts of Ca+2 that dissolved
from the surfaces under these conditions were very small,
but accurately measured., Apparently smaller amounts of Ca+2
dissolved from the 24 hour rinsed than briefly rinsed
surfaces, but only in the absence of NaF. The presence of

NaF in the solutions reduced the amounts of Ca+2 that

dissolved from the surfaces, but the reduction was not



Table 10B

Effects of NaF in Solutions on the Uptake of F in Enamel

Under Conditions of Ion Exchange at'pH 7.0:

Uptake of F in the Enamel.

Calculated
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F  Uptake at 10 Minute Intervals:

umol/cm2 X 1072 (S.D.)

Surface Solution

Rinse Na¥F (mM) 10 20 30 Total
Brief - - - - -

24 Hrs. - - - - -
Brief 0.05 3(.1) 2(.1) 2(.1) 7(1)
24 Hrs. 0.05 2(.1) 2(.1) 2(.2) 6(1)
Brief 0.50 11(4) 7(3) 9(3) 27(9)
24 Hrs. 0.50 5(1) 4 (1) 4(1) 13(13)
Brief 5.00 79 (2) 89 (14) 89 (14) 257(22)
24 Hrs. 5.00 64 (13) 62(12) 53(10) 175(21)

* Conditions and surfaces were the same as described for
Table 9.
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Table 11
Effects of NaF in Solutions Under Conditions of Ion Exchange
on Ca+2 Dissolution from Enamel Surfaces at pH 7.0:

Concentrations of Ca+2 in Sclutions,

Ca+2 Dissolved at Minute:

mM X 1073 (5.D.)

Surface Solution

Rinse NaF (mM) 10 20 30 Total
Brief - 30(1) 20(9) 10(7) 13(9)
24 Hrs. - 10(1) 10(1)  10(1) 6 (1)
Brief 0.05 20(0) 20(5)  10(4) 12 (1)
24 Hrs. 0.05 20(4) 10 (1) 1(0) 11(2)
Brief 0.50 11(0) 8(1)  1(0) 7(0)
24 Hrs. 0.50 8 (1) 7(1) 8 (1) 5(1)
Brief 5.00 6 (1) 5(1) 5(1) 4(2)
24 Hrs. 5.00 8(1) 7(1) 7(1) 6(1)

Conditions and surfaces were the same as described for
Table+§. The §glutions used for ion exchange contained

no Ca or PO at the initial time of contact with the
enameizsurfaces. The table values show the concentrations
of Ca that dissolved in egch 10 minutes flow of solution
after contact with two l-cm~ surfaces of enamel.

2

* Total dissolved in 0.5 hr. as umol/cm2 X 10 “© (s.D.).
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significantly greater with increasing concentrations of

NaF levels.

Table 12 shows the concentrations of PO4 found

in the solutions that corresponded to the Ca+2 shown in

3

Table 11. The amounts of PO4_ that dissolved from the

surfaces were also small under these conditions. Except
for the 24 hour rinsed surfaces in the absence of NaF,

the amounts of PO4-3 that dissolved were greater than the

amounts of Ca+2 that dissolved from the surfaces. This was

particularly noted in the presence of 5 mM NaF.

3. Effects of 0.5 Hour Exposure of Enamel in Solutions of

NaF Under Conditions of Ion Exchange on Acid Dissolution

of Surface Minerals.

After 0.5 hour contact with solutions of pH 7.0 that
contained 40 mM KCl and 0.00, 0.05, 0.50 and 5.00 mM NaF, the
enamel surfaces were each enclosed in a separate flow chamber.
Acetic acid (10 mM) at pH 4.5 was pumped through the chamber
at a rate of 1.0 ml per minute so that the surface was
constantly immersed in about 1 ml of the acetic acid.

The flow from the chamber was collected in 3 sequential
45C +2

10 ml (l10-minutes) fractions. The amounts of a, Ca 7,
PO4_3 and F in the acid were determined and calculated as
the amount that dissolved from the 1 cm2 surface.

Table 13 shows the amounts of 45Ca that dissolved in the

acid from the exchanged surfaces. The amounts of 45Ca in

the collections (c.p.m./ml) were changed to represent the



Table 12

Effects of NaF in Solutions Under Conditions of Ionic
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Exchange on PO, 3 Dissolution from Enamel Surfaces at pH 7.0:

Concentrations of PO4-3 in Solutions.

PO -3 Dissolved at Minute:

4
mM X 107> (S.D.)

Surface Solution N
Rinse NaF (mM) 10 20 30 Total
Brief - 20(5) 20(5) 20(6) 19(3)
24 Hrs. - 3(1) 5(2) 3(1) 3(1)
Brief 0.05 10(5) 10 (1) 10(0) 10(2)
24 Hrs. 0.05 20(0) 20(0) 20 (0) 17(1)
Brief 0.50 20 (0) 20(0) 10(1) 13(0)
24 Hrs. 0.50 10(0) 10(0) 10 (0) 10(1)
Brief 5.00 40 (59 30(30 20(2) 23(2)
24 Hrs. 5.00 50(1) 40 (1) 30 (1) 28 (1)

Conditions and surfaces were the same as described for
Table,d. The sqlutions used for ion exchange contained

no Ca or PO at the initial time of contact with the
enamel_iurfaces. The table wvalues show the concentrations
of PO in each 10 minutes flow of solution after contact

two l-cm” surfaces of enamel.

2

* Total uptake at 0.5 hr.: umol/cm2 X 10 “ (S.D.).
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TABLE 13
Effects of 0.5 Hour Exposure in Solutions of NaF on the
Subsequent Recovery of Exchanged 45Ca from Surfaces of

Enamel in Acid¥*,

Percentage Recovery of 45Ca in 10
Minute Collections of Acid (S.D.)
Surface Solution

Rinse NaF, mM 10 20 30 _Total**
Brief - 20(3) 6(1) 4(1) 30(5)
24 Hrs. - 15(2) 5(1) 3(1) 23 (4)
Brief 0.05 9(1) : 4 (1) 2(1) 15(2)
24 Hrs. 0.05 8(1) 4(1) 3(1) 15(1)
Brief 0.50 4 (1) 2(1) 1(0) 7(2)
24 Hrs. 0.50 6(2) 2(1) 2(1) 10(3)
Brief 5.00 9(0) 4(0) 3(0) 16 (1)
24 Hrs. 5.00 12(1) 4 (1) 3(1) 19 (1)

* Surfaces of enamel were demineralized 24 hours in weak acid
then either briefly rinsed or rinsed 24 hours. The
surfaces were then exposed 30 minutes in a flow of solution
at pH 7.0 that contained 40 mM KCl, isotope and the
indicated levels of NaF. The surfaces were then each
exposed 30 minutes in a small flow chamber to 10 mM acetic
acid at pH 4.5 at flow rate of 1.0 ml per minute. The
acid flow was collectegdcin 10_minutg fractiong;for deter-
mination of dissolved Ca, F , Ca =, and PO4 .

** Total uptake at 0.5 hr.: Percentage (S.D.).
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percentage of the amounts of 45Ca which were taken up by the

enamel from the ion exchange solutions, i.e. the percentage
recovery of 45Ca. The recovery of 45Ca was much greater
in the first than in succeeding collections of the acid
from the surfaces. The recovery of 45Ca was significantly
greater from briefly rinsed than 24 hour rinsed surfaces,
but only in the absence of NaF. Significantly smaller
recoveries of 45Ca were found for surfaces that were exposed
to 0.50 mM NaF than 0.05 or 5.00 mM NaF. Exposure in
solutions of NaF generally reduced the amounts of 450a
recovered in the acid.

Table 14 shows the amounts of F that dissolved in the
acid from the exchanged surfaces of enamel. The F
dissolved in almost constant rates from surfaces exposed
+o 0.05 and 0.50 mM NaF. However, slightly greater amounts
of F~ were dissolved from surfaces exposed in solutions of
0.50 than 0.05 mM NaF. Significantly greater amounts of F_
were dissolved from the surfaces exposed in 5 mM than 0.50
mM NaF. More than twice the amounts of F~ dissolved in
the first than the second and third collections of acid from
surfaces exposed in solutions of 5.00 mM NaF. There were no
meaningful differences of F  dissolution from the briefly
rinsed and 24 hour rinsed surfaces.

2

Table 15 shows the amounts of Ca+ that dissolved in

the acid from the ion exchanged surfaces. The rates of
Ca+2 dissolution were reasonably constant within a group of

experimental surfaces. Thus the total amounts of Ca+2 that
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TABLE 14
Effects of 0.5 Hour Exposure in Solutions of NaF at pH 7.0

on the Subsequent Acid Recovery of Exchanged F  from Enamel

Surfaces?*,
F~ Dissolved in 10 Minute Collections
of Acid, umol/cm> X 107> (5.D.)

Surface Solution

Rinse NaF, mM 10 20 30 Total**
Brief - - - - -

24 Hrs. - - - - -
Brief 0.05 1.4(0.2) 2.0(0.1) 2.1(0.2) 6.0(0.1)
24 Hrs. 0.05 2.7(0.4) 2.3(0.2) 2.3(0.0) 7.3(0.5)
Brief 0.50 2.5(0.4) 2.6(0.5) 2.9(0.3) 8.0(0.4)
24 Hrs. 0.50 4.6(0.3) 2.5(0.4) 3.1(0.4) 10.2(0.6)
Brief 5.00 103.2(8.0) 42.1(4.4) 38.7(4.4) 184.0(5.6)
24 Hrs. 5.00 107.3(13.2) 39.2(2.2) 38.5(3.1) 187.6(13.0)

* Conditions and surfaces were the same as described for
Table 13.

** Total dissolved at 0.5 hr.



TABLE 15.
Effects of 0.5 Hour Exposure in Solutions of NaF at pH 7.0
on the Subsequent Acid Dissolution of Ca+2 from Enamel

Surfaces*,.

Ca+2 Dissolved in 10 Minute

Collections of Acid,
2

umol/cm2 X 10 “ (s8.D.)

Surface Solution

Rinse NaFr, mM 10 20 30 Total**
Brief - 31(2) 34 (14) 30(5) 95(18)
24 Hrs. - 37(5) 42 (5) 41 (6) 120(12)
Brief 0.05 22(9) 23(8) 22(7) 67(24)
24 Hrs. 0.05 34 (8) 31(2) 32(5) 97(17)
Brief 0.50 16(2) 14 (2) 15(1) 45 (5)
24 Hrs. 0.50 18 (2) 15(3) 14 (3) 47 (8)
Brief 5.00 23(6) 22 (5) 21 (4) 66 (15)
24 Hrs. 5.00 28 (4) 28 (3) 21(3) 77 (9)

* Conditions and surfaces were the same as described for
Table 13.

** Potal dissolved at 0.5 hr.
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dissolved in the 0.5 hour acid exposure reflected the effects
of ion exchange in solutions of NaF and the prior rinse
procedures. There was a trend of slightly greater amounts

of Ca+2 dissolution from 24 hour than briefly rinsed
surfaces. The studied levels of NaF in the solutions

2 that dissolved

significantly reduced the amounts of ca’t
in the acid when compared to the absence of NaF. The 0.50
mM level of NaF produced the maximum effect of decreased
Ca+2 dissolution. The levels of 0.05 and 5.00 mM NaF
produced about the same effect on Ca+2 dissolution

from the surfaces.

-3

Table 16 shows the amounts of PO4 that dissolved in

the acid from the surfaces of enamel after the ion exchange
reactions. Generally smaller amounts of PO4_3 were dissolved
in the first than the second or third collections of the
acid. Significantly more PO4“3 dissolved from 24 hour rinsed
than briefly rinsed surfaces that were exposed to 0.05 and

3 that dissolved from sur-

0.50 mM NaF. The amounts of PO4_
faces that were exposed in solutions in the absence of NaF
and with 5.00 mM in solutions were slightly greater for 24
hour than briefly rinsed surfaces, but the differences were
not significant. NaF in the ion exchange solutions
significantly reduced the amounts of PO4—3 that dissolved
from the surfaces when compared to the absence of NaF.

For briefly rinsed surfaces, 0.50 and 5.00 mM NaF caused

almost the same reduction of PO4—3 dissolution in the acid.



TABLE 16

Effects of 0.5 Hour Exposure in Solutions of NaF at pH 7.0

-3

on the Subsequent Acid Dissolution of PO4 from Enamel

Surfaces*,

po, 3 Dissolved in 10 Minute

4

Collections of Acid,

umol/cm® X 1072 (S.D.)
Surface Solution
Rinse Na¥F, mM 10 20 30 Total**
Brief - 9(4) 12(2) 14(8) 36(6)
24 Hrs. - 9(1) 18(1) 20(1) 47(2)
Brief 0.05 7(4) 10(4) 11(5) 28(13)
24 Hrs. 0.05 12(5) 15(3) 17(2) 44 (14)
Brief 0.50 7(1) 7(1) 7(1) 21(3)
24 Hrs. 0.50 4(1) 5(1) 7(1) 16 (2)
Brief 5.00 6(2) 8(3) 10(2) 24 (7)
24 Hrs. 5.00 6 (1) 9(1) 11(2) 26 (4)

* Conditions and surfaces were the same as described for
Table 13.

** Total dissolved at 0.5 hr.



However, for 24 rinsed surfaces the 0.50 mM NaF level
reduced the amounts of PO4—3 that dissolved more than 5.00
mM NaF. The Ca/P ratios for the minerals that dissolved in

the acid from these surfaces ranged between 2.1 and 2.9.

4. Studies of Reactions Between Demineralized Surfaces of

Enamel and Solutions that Contained 1.5 mM Ca+2, 1.0 mM

po,”3, and 0.00, 0.05, 0.50, and 5.00 mM NaF at pH 7.0

T

Groups of acid demineralized surfaces of enamel, after
brief or 24 hour rinse, were exposed to remineralizing
solutions using the same procedure as for the ion exchange

45Ca in the sequen-

studies. Table 17 shows the levels of
tial 10 minute (5 ml) collections of the solution after

contact with the surfaces. The rates of 45Ca uptake were
almost constant in each of 10 minute time intervals. The

total amounts of 45

Ca taken up, on percentage basis of the
amounts available, were similar except for briefly rinsed

surfaces. Significantly smaller amounts of 45Ca were taken

86

up in briefly rinsed than 24 hour rinsed surfaces which were

remineralized in solutions of 0.05 and 0.50 mM NaF.

Table 18 shows the concentrations of F in the
remineralizing solutions after contact with the enamel
surfaces. The rates of F uptake were the same for each
10-minute flow of solution within an experimental group.
The total uptake of F was significantly greater for each
higher level of NaF in the solutions. The uptake of F~

was similar for briefly rinsed and 24 hour rinsed surfaces.
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TABLE 17

Effects of NaF in Solutions of 1.5 mM cat? and 1.0 mM PO4_3

45

at pH 7.0 on the Uptake of Ca in Remineralized Surfaces of

Enamel: Changes in Concentrations of 45Ca in Solutions.

45Ca in Solutions at Minute:

CPM/ml X 105 (S.D.<0.1)

Surface* Solution Total**
Rinse NaF (mM) 0 10 20 30 (S.D.)
Brief - 9.8 9.2 9.2 9.2 18 (1)
24 Hrs. - 9.6 8.8 9.0 9.2 17(3)
Brief 0.05 13.9 13.2 13.3 13.3 12(2)
24 Hrs. 0.05 13.8 12.9 13.5 13.3 17 (5)
Brief 0.50 13.3 12.7 12.5 12.7 14 (1)
24 Hrs, 0.50 13.5 12,5 12.6 12.7 21 (2)
Brief 5.00 13.3 12.5 12.5 12.3 17 (4)
24 Hrs. 5.00 13.1 12,2 12.2 12.3 20(2)

* Acid demineralized surfaces of enamel were either briefly

rinsed or,rinsed 24 hours. The surfaces in pairs

(two-1 cm”) were exposed to 1 ml solution which was
flowed at a rate of 0.5 ml per minute to contact the
surfaces. The off-flow was collected in 10 minute
fractions for 30 minutes. Solutions were prepared to
contain 1.5 mM CaCl,, 1.0 mM NaH,PO,, 40 mM KC1l angsthe
indicated levels of"NaF at pH 7.6. The levels of Ca in
the solutions before were determined and after contact
with the enamel at each 10 minute interval in separate
collections.

**The total uptake of 45Ca by the remineralized surfaces
was calculated as the percentage of the amounts of isotope
available in the solutions before contact with enamel.
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Table 18
. . +2 -3
Effects of NaF in Solutions of 1.5 mM Ca and 1.0 mM PO4
at pH 7.0 on the Uptake of F in Remineralized Surfaces of

Enamel: Changes in Concentrations of F in Solutions.

F in Solution at Minute

mM X 1072 (S.D.)

Surface* Solution

Rinse NaF (mM) 0 10 20 30 Total**
Brief - - - - -

24 Hrs. - - - - -
Brief 0.05 4(0) 3.9(0) 3.8(0) 3.7(0) 3(1)
24 Hrs. 0.05 5(0) 4.0(0) 4.1(0) 4.1(0) 3(1)
Brief 0.50 43 (1) 41 (1) 40 (1) 42 (1) 15(4)
24 Hrs. 0.50 44 (1) 42 (1) 43 (1) 42 (1) 13(3)
Brief 5.00 421(10) 387(9) 394(11) 396(11) 218(10)
24 Hrs. 5.00 453(10) 423(10) 425(9) 429(11) 197(15)

* Conditions and surfaces were the same as described for
Table 17. The levels of F in the solutions were compared
before and after contact with the enamel at each 10 minute
interval in separate collections.

**Uptake of F  at the 0.5 hour time,of enagel-solution
contact was calculated as umol/cm”~ X 10 with standard
deviation shown in parenthesis.
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However, briefly rinsed surfaces showed a significantly

greater total uptake of F from solutions of 5.00 mM NaF

than 24 hour rinsed surfaces.

2

Table 19 shows the concentrations of Ca+ in the

solutions before (zero time) and at the 10-minute intervals
of contact with the enamel surfaces. The changes of Ca+2
concentrations were very small after each of the 10 minute
intervals of contact with the enamel. The levels of 0.50
and 5.00 mM NaF significantly increased the uptake of Ca+2

in the enamel compared to 0.05 mM NaF or the absence of NaF
in solutions. There were insignificant differences in the
Ca+2 uptake in briefly rinsed and in 24 hours rinsed surfaces.
However, trends of greater Ca+2 uptake in briefly rinsed than

24 hours rinsed surfaces were found, except in the absence

of NaF where the opposite trend occurred.

3

Table 20 shows the concentrations of PO4_ in the

solutions initially and at 10 minute intervals of contact
with the enamel surfaces. The changes of PO4_ concentrat-
ions in the solutions were extremely small. However, these
changes indicated consistent trends for the 10 minute
collections of the solutions. Except for solutions of

0.05 mM NaF, the apparent total uptake of PO4_3 in the enamel

was greater for 24 hour rinsed than briefly rinsed surfaces.



TABLE 19

Effects of NaF in Solutions of 1.5 mM Ca'? and 1.0 mM PO4—3
at pH 7.0 on the Uptake of Ca+2 in Remineralized Enamel:
Changes in Concentration of Ca+2 in Solutions.
Ca+2 in Solution at Min.
mM X 10”2(S.D.)

Surface* Solution

Rinse NaF (mM) 0 10 20 30 Total**
Brief - 149(1) 142(1) 143(1) 143 (1) 41(6)
24 Hrs. - 153(2) 145(1) 148(1) 147(1) 59(14)
Brief 0.05 151(1) 143(1) 146(1) 146 (1) 44 (26)
24 Hrs. 0.05 150(1) 143(4) 148(3) 145(4) 39(16)
Brief 0.50 153(2) 144(3) 144(3) 144 (5) 76(23)
24 Hrs. 0.50 157(2) 146(4) 148(4) 148 (4) 69(21)
Brief 5.00 153(2) 140(3) 143(2) 144 (3) 85(6)
24 Hrs. 5.00 152(1) 141(2) 141(2) 144 (2) 75(15)

* Conditions and surfaces were the same as described for
Table 17.

** Total uptake at 0.5 hr. as umol/cm2 (S.D.).
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TABLE 20
Effects of NaF in Solutions of 1.5 mM Ca’? and 1.0 mM PO4"3
at pH 7.0 on the Uptake of PO4—3 in Remineralized Enamel:
Changes in Concentrations of PO4_3 in Solutions.
PO4_3 in Solution at Minute:
mM X 1072 (5.D.)
Surface* Solution
Rinse NaF (mM) 0 10 20 30 Total**
Brief - 104 (1) 98 (1) 98 (1) 99 (1) 39(11)
24 Hrs. - 106 (1) 926 (1) 96 (1) 96 (1) 77 (9)
Brief 0.05 99 (1) 92 (6) 95 (6) 95 (4) 32(18)
24 Hrs. 0.05 99 (1) 93(3) 95 (5) ’ 94 (3) 35(12)
Brief 0.50 99 (1) 94 (1) 93 (2) 94 (3) 39(15)
24 Hrs. 0.50 101 (1) 93 (3) 95(2) 95 (3) 58 (8)
Brief 5.00 99 (1) 96 (4) 95 (4) 96 (5) 22(9)
24 Hrs. 5.00 100(1) 95(3) 94 (2) 95 (3) 56 (15)

* Conditions and surfaces were the same as described for
Table 17.

2

** Total uptake at 0.5 hr. as umol/cmleo- (S.D.).
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5. Effects of 0.5 Hour Exposure of Enamel in Solutions of

NaF Under Conditions of Remineralization on Dissolution

of Surface Minerals.

Table 21 shows the recovery of 45Ca from fhe remineral-
ized surfaces of enamel in the 10-minute (10 ml) collections
of acid as previously described. In general, greater
amounts of 45Ca were recovered in the first than in the
successive collections of acid. Except for surfaces
remineralized in solutions of 5.00 mM NaF, significantly
greater total amounts of the isotope were recovered from
briefly rinsed than 24 hour rinsed surfaces. NaF had no
meaningful effects on the recovery of 45Ca from the
remineralized surfaces.

Table 22 shows the amounts of F that dissolved in the
acid collections from remineralized surfaces. Similar
amounts of F were dissolved from 24 hour rinsed and briefly
rinsed surfaces. The amounts of F that dissolved from
surfaces remineralized in the presence of 0.05 mM NaF were
the same in successive collections of acid. However, greater
amounts of F were dissolved in the first than in succeeding
collections of acid from surfaces which were remineralized
in solutions of 0.50 and 5.00 mM NaF. Significantly greater

amounts of total F were dissolved from surfaces which were

remineralized in solutions of each higher level of NaFr.



TABLE 21
Effects of 0.5 Hour Remineralization in Solutions of NaF on

the Acid Recovery of 45Ca from Enamel Surfaces*.

Percentage Recovery of 45Ca in 10 Minute
Collections of Acid (S.D.)

Surface Solution

Rinse NaF, mM 10 20 30 Total**
Brief 12(2) 6(2) 4(1) 22 (4)
24 Hours - 8(2) 5(1) 3(1) 16 (3)
Brief 0.05 12(3) 5(1) 5(2) 22(5)
24 Hrs, 0.05 9(3) 5(2) 4(1) 18 (4)
Brief 0.50 11 (1) 6(1) 4 (1) 21(2)
24 Hrs. 0.50 7(1) 4(1) 3(1) 14 (4)
Brief 5.00 8(2) 5(1) 3(1) 16 (3)
24 Hrs. 5.00 8(2) 5(1) 4 (1) 17 (4)

* Surfaces of enamel were demineralized 24 hours in weak
acid then either briefly rinsed or rinsed 24 hours. The
surfaces were then remineralized 30 minutes in flowing
solution at pH 7.0 that contained 1.5 mM CaCl,, 1.0 mM

and the indicated levels of NaF.

NaH

PO
izea sé

to 10 mM acetic acid at pH 4.5.
surface at a flow of 1.0 ml per minute in 1.0 ml volume.

The acid was collected in lQzminute fraggions for
determination of dissolved

**mnatal recovered at 0.5 hr.

Ca,

Ca

14

Thé remineral-
rfaces were each separately exposed for 30 minutes
The acid contacted the

-3
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TABLE 22
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Effects of 0.5 Hour Remineralization in Solutions of NaF on

the Acid Recovery of F from Enamel Surfaces*.

F Dissolved in 10 Minute Collections of

Acid, umol/cm® X 1073 (s.p.)

Surface Solution

Rinse NaF, mM 10 .20 30 Total**
Brief - - - - -

24 Hrs. - - - - -
Brief 0.05 2.3(0.2) 2.3(0.0) 2.5(0.0) 7.1(0.2)
24 Hrs. 0.05 2.0(0.1) 2.1(0.2) 2.3(0.2) 6.4(0.2)
Brief 0.50 14.9(3.6) 8.1(0.8) 6.7(0.7) 29.8(0.6)
24 Hrs. 0.50 14.9(1.1) 6.3(0.5) 6.4(0.4) 27.6(1.8)
Brief 5.00 111.6(5.8) 47.5(4.6) 45.8(1.8) 202.6(7.1)
24 Hrs. 5.00 104.2(2.4) 49.7(4.8) 33.7(3.2) 187.2(2.7)

* Conditions and surfaces were the same as described for
Table 21.

** Total dissolved at 0.5 hr.
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2

Table 23 shows the amounts of Ca+ that dissolved from

the remineralized surfaces in the 10 minutes collections of
acid. In general more Ca+2 was dissolved in the first than

in subsequent collections of acid in each group of surfaces.

2

There were trends for greater dissolution of cat® from 24

hour rinsed than briefly rinsed surfaces, but no significant
differences were found. Similar amounts of Ca+2 dissolved
from surfaces remineralized in the absence of NaF and
in the presence of 0.05 mM NaF. Significantly smaller
amounts of Ca+2 were dissolved from surfaces remineralized
in solutions of 5.00 mM NaF than other surfaces.

Table 24 shows the amounts of PO4—3 that dissolved in
the acid from the remineralized surfaces of enamel. Contrary

3

to Ca+2, similar amounts of PO4— were dissolved in

successive collections of acid for surfaces within an

3 that dissolved

experimental group. The amounts of PO4_
from 24 hour rinsed surfaces were smaller than from briefly
rinsed surfaces for surfaces remineralized in the absence of
NaF and those remineralized in 0.05 mM NaF. There were
trends for greater amounts of PO4—3 to dissolve from
24 hour rinsed than briefly rinsed surfaces for surfaces
remineralized in solutions of 0.50 and 5.00 mM NaF. Only
the level of 5.00 mM NaF caused a significant reduction in
-3

the acid dissolution of PO4 from the remineralized

surfaces of enamel.
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TABLE 23
Effects of 0.5 Hour Remineralization in Solutions of NaF on

the Acid Dissolution of Ca+2 from Enamel Surfaces?*,

Ca+2 Dissolved in 10 Minute Collections
2

of Acid, umol/cm2 X 10°° (s.D.)

Surface Solution

Rinse NaF, mM 10 20 30 Total**
Brief - 37(3) 34 (6) 31(5) 103(8)
24 Hours - 43(9) 39(9) 39(9) 121(27)
Brief 0.05 37(7) 30(7) 29(7) 96 (21)
24 Hrs. 0.05 37(3) 33(2) 34 (4) 104 (8)
Brief 0.50 36 (5) 26 (4) 23(2) 85 (6)
24 Hrs. 0.50 42(9) 29 (4) 27 (4) 98 (16)
Brief 5.00 29(8) 20 (4) 18(3) 67(15)
24 Hrs, 5.00 30(8) 21(2) 21 (1) 75(10)

* Conditions and surfaces were the same as described for
Table 21.

*% Total dissolved at 0.5 hr.



TABLE 24

Effects of 0.5 Hour Remineralization in Solutions of NaF on

the Acid Dissolution of PO4"3 from Enamel Surfaces*.

PO4“3 Dissolved in 10 Minute Collections
of Acid, umol/cm> X 10°2 (S.D.)
Surface Solution '

Rinse NaF, mM 10 20 30 Total**
Brief - 19(2) 17 (4) 18 (1) 53 (4)
24 Hrs. - 13(2) 15(3) 16 (4) 44 (9)
Brief 0.05 16(4) 17 (4) 17 (4) 51(12)
24 Hrs. 0.05 16 (3) 17 (2) 18 (1) 50(6)
Brief 0.50 17(3) 14 (3) 13(3) 44 (7)
24 Hrs. 0.50 21(7) 16(3) 15(2) 52(11)
Brief 5.00 10(3) 9(3) 9(2) 28 (8)
24 Hrs. 5.00 12(4) 11(3) 11(1) 34(7)

97

* Conditions and surfaces were the same as described for
Table 21.

**% Total dissolved at 0.5 hr.
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6. Comparison of the Effects of Brief and 24 Hour Rinse

of Acid Demineralized Surfaces of Enamel.

The 45Ca uptake of the two groups of surfaces, brief

and 24 hour rinsed, were approximately the same from
solutions used for ion exchange and remineralization. The
uptake of 45Ca was slightly smaller for brief than 24 hour
rinsed surfaces which were remineralized in the absence of
NaF. The uptake of F was slightly smaller for 24 hour
rinsed than briefly rinsed surfaces, particularly for 0.50
mM NaF in ion exchange solutions. The uptake of F was
about the same for brief and 24 hour rinsed surfaces after
remineralization. The amounts of Ca+2 that dissolved in the
ion exchange solutions (pH 7.0) were s}milar, except smaller
amounts dissolved from 24 hour rinsed than briefly rinsed
surfaces in the absence of NaF. Slightly more Ca+2 was
apparently taken up in the absence of NaF in briefly rinsed
than 24 hour rinsed surfaces during remineralization.
However, greater amounts of PO4_ were deposited in 24 hour
rinsed than briefly rinsed surfaces except those remineral-
ized in the presence of 0.05 mM NaF. In the absence of NaF
in ion exchange solutions smaller amounts of PO4_3 dissolved
from 24 hour than briefly rinsed surfaces. However, with

-3

0.05 mM NaF in the solutions smaller amounts of PO4

dissolved from the brief than 24 hour rinsed surfaces.
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TABLE 25
Effects of NaF in Solutions Used for Ion Exchange and
Remineralization at pH 7.0 on the Ratios of Ca/P, Ca/F, and
P/F of the Minerals Subsequently Dissolved in Acid from

Enamel Surfaces*,

Ratios for Minerals Dissolved in 30
Minute Acid Exposure

Su;face Solution ca/P Ca/F P/F
Rinse NaF, mM B R B R E_ R
Brief - 2.5 1.9 - - - -
24 Hrs. - 2.6 2.8 - - - -
Brief 0.05 2.4 1.9 1.1 1.4 0.5 0.7
24 Hrs. 0.05 2.8 2.1 1.3 1.6 0.5 0.8
Brief 0.50 2.1 1.9 1.5 0.3 0.7 0.2
24 Hrs., 0.50 2.8 1.9 0.4 0.4 0.3 0.2
Brief 5.00 2.5 2.4 Less than 0.1

(0.01 to 0.04)——

24 Hrs. 5.00 2.9 2.2

* Conditions and surfaces were the same as described for
Tables 13 through 21. Also E represents exchanged surfaces
and R represents remineralized surfaces.
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Table 25 shows the calculated ratios of Cca/P, Ca/F,
and P/F for the total amounts of minerals that dissolved
in the flowing acid from the ion exchanged and the
remineralized surfaces of enamel. The Ca/P ratios of the
minerals that dissolved from the briefly rinsed surfaces
after the ion exchange reactions varied between 2.1 and 2.5
for each level of NaF. The Ca/P ratios ranged between
2.6 and 2.9 for the minerals that dissolved from the 24 hour
rinsed surfaces after ion exchange reactions. The Ca/P
ratios for minerals that dissolved from remineralized
surfaces were about the same, 1.9 to 2.4, except for 24
hour rinsed surfaces remineralized in the absence of NaF
(2.8). In general, smaller recoveries of 45Ca were
indicated for 24 hour than briefly rinsed surfaces.

The amounts of F_ that dissolved from the briefly and
24 hour rinsed surfaces were the same for dny one of the
levels of NaF in both ion exchange and remineralizing
solutions. The Ca/F ratios of the minerals that dissolved
in the acid generally decreased with each higher level of
NaF from all groups of surfaces, as did the P/F ratios.
These ratios of Ca/F fell in the range of 0.01 to 0.04 for

minerals that dissolved from surfaces exposed to solutions

of 5.00 mM NaF.



DISCUSSION

The remineralization of enamel has been studied almost
exclusively using acid demineralized surfaces. In most
studies the surfaces were exposed to acids to simulate
carious attack of the enamel. The surfaces were subjected
to acid demineralization in this study to simulate acid
reactions of caries. Perhaps more importantly the acid
increased the reactive surface area and thereby increased
the rates of ion exchange and remineralization of the enamel.

The surface minerals dissolved in the 24 hour acid
demineralization in the Ca/P ratio expected for the apatite
of enamel (39). Previous studies showed that such acid
demineralized surfaces retained adsorbed Ca+2 and HPO4'-2
even after brief rinsing in water (77). The demineralized
surfaces were briefly rinsed to remove any adherent acid.
Groups of the surfaces were additionally rinsed 24 hours
to remove readily soluble ca*? ang HPO4-2. The Ca/P ratios
of the small amounts of minerals that dissolved in the
24 hour rinse indicated that indeed the surfaces contained

small amounts of HPO4—2. Apparently HPO4—2 dissolved in a

manner slightly preferential to Ca+2, leaving the 24 hour

rinsed surfaces deficient in total PO4— relative to the
Ca/P composition of apatites. The two groups of surfaces,

briefly rinsed and 24 hour rinsed, were subjected to the

1ol
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same conditions of study to determine effects of the
surface adsorbed ca’? and HPO4—2 on reactivity of the
surfaces.

The 24 hour rinse slightly altered the reactions of ion
exchange and remineralization of the enamel surfaces compared
to the brief rinse. However, these effects of the rinse
methods were inconsistent and often fell within the range

of experimental errors. Collectively, the results indicated

that the 24 hour rinsed surfaces contained slightly less
-3

PO, (HPO4—2) than the briefly rinsed surfaces. This was
most evident in the Ca/P ratio for mineral uptake in
remineralized surfaces, i.e., greater 1304_3 uptake was found
relative to Ca+2 uptake in 24 hour rinsed surfaces. In ion
exchange reactions relatively greater amounts of Ca+2
dissolved from 24 hour rinsed surfaces than PO4-3. The

generally higher Ca/P ratios of minerals that dissolved in
the acid from the 24 hour rinsed than briefly rinsed surfaces
(ion exchanged and remineralized) indicated that the
relative PO4_3 deficiency, caused by the 24 hour rinse,
persisted throughout the experiments. One of the most
important findings of this study was that the method of
rinse had no effect on the uptake of F  in the surfaces.

It was assumed that the briefly rinsed surfaces
represented the reactions of enamel immediately after the
acid attack of caries. The 24 hour water rinse at pH 7.0

altered to a small degree the acid residues in the surfaces
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in a more artificial manner than the brief rinse. There-
fore, the following discussions will be confined mostly to
reactions of the briefly rinsed surfaces.

Figure 11 shows the uptake of F in the ion exchanged
and remineralized surfaces (pH 7.0) and the amounts of F
that later dissolved in the flowing acid (pH 4.5) from the
same surfaces. The uptake of F was linearly related to the
concentration of NaF in the solutions. The same amounts
of F~ uptake were found for the surfaces of enamel from ion
exchange solutions and remineralizing solutions. Therefore,

the uptake was independent of the concentrations of Ca+2 and

-3
4

at each level of NaF in the solutions. These results

PO in the solutions. The rates of F uptake were constant
indicated that F~ uptake in the enamel surfaces occurred
mostly by ion exchange and adsorption (84) rather than
remineralization.

The amounts of F_ that dissolved from the ion exchanged
and remineralized surfaces were similar except for the
0.50 mM levels of NaF in the solutions. Slightly more than
twice the amounts of F were dissolved in the acid from
surfaces which were remineralized in the presence of 0.50 mM
NaF than surfaces which were subjected to ion exchange in
the presence of this level of NaF. This possibly indicated
that a larger percentage of the F  uptake in the enamel
occurred by exchange for OH in the presence of 0.50 mM

NaF from ion exchange solutions than from remineralizing
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Figure 11.
The effects* of 0.05, 0.50 and 5.00 mM NaF in solutions
at pH 7.0 on the uptake of F in enamel surfaces and
subsequent acid resistance of the surface minerals at pH 4.5.
A. The uptake of F  in enamel under conditions of ion
exchange from solutions that contained the NaF and
40 mM KCl at pH 7.0.

B. The uptake of F in enamel under conditions
remineralization from solutions that contained
1.5 m4 ca’?, 1.0 mM P0, >, the NaF, and 40 mM KCl
at pH 7.0.

C. The amounts of F that dissolved from the exchanged
surfaces (A above) in 10 mM acetic acid at pH 4.5.

D. The amounts of F that dissolved from the
remineralized surfaces (B above) in 10 mM acetic
acid at pH 4.5.

* S0lid line represents total effects in 30 minutes. Dashed

line represents the effects in 10 minutes.
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solutions. The F_ that exchanged for OH would be expected
to be less soluble than the F  taken up by other mechanisms
(13).

The amounts of F_ that dissolved in the acid were only
about one tenth of the amounts which were taken up in the
ion exchanged and remineralized surfaces. 1In this regard
only about 3 percent of the F uptake in surfaces from ion
exchange solutions of 0.50 mM NaF was dissolved in the acid.
Thus at least 90 per cent of the F  was taken up in relative-
ly acid insoluble minerals in the surfaces from solutions of
0.05, 0.50, and 5.00 mM NaF. The apparent acid insolubility
of the F~ may be explained in the following two ways:

(a) The F~ was taken up from the solutions at pH 7.0 in
exchange for OH in hydroxyapatite of the surfaces to form
fluorapatite or (b) the F was taken up by adsorption (82),
and by CaF, formation both of which rapidly dissolved

in the acid to release F for equally as rapid readsorption
on the surface minerals and exchange for OH in hydroxy-
apatite. The finding that greater amounts of F~ were
dissolved in the first than in the second or third 10
minutes of acid exposure supported the assumption that most
of the F eventually exchanged for OH in the surface
minerals. The small amounts of F that did dissolve in the
acid probably represented mostly adsorbed F  and CaF2.

Figure 12 shows the effects of NaF on the uptake of
45

Ca in ion exchanged and remineralized surfaces of enamel

and the effects of the uptake of F  on the subsequent
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Figure 12,
The effects* of 0.05, 0.50, and 5.00 mM NaF on the

5 . .
4 Ca in enamel surfaces under conditions of

uptake of
ion exchange and remineralization at pH 7.0 and subsequent
acid resistance of the surface minerals at pH 4.5.
A. The uptake of 45Ca in enamel from solutions under
conditions of ion exchange that contained the NaF

and 40 mM KC1 at pH 7.0.

45

B. The uptake of Ca in enamel under conditions of

remineralization from solutions that contained
1.5 mM ca*?, 1.0 mM P0,”>, the NaF and 40 mM KCl at
pH 7.0.

C. The recovery of 4SCa from exchanged surfaces (A
above) in 10 mM acetic acid at pH 4.5,

D. The recovery of 45Ca from remineralized surfaces
(B above) in 10 mM acetic acid at pH 4.5.

* Solid line represents total effects in 30 minutes. Dashed

line represents the effects in 10 minutes.



BRIEFLY RINSED SURFACES

4%ca UPTAKE AT pH70
4o EXCHANGED SURFACES

A
(Total)
30+
'_...
5
O 20
(0}
L
a , (IOmin)
10[®~~~ngem == o-=="=" o
0~ 005 05 5
mM NaF
4504 DISSOLVED AT pH45
40 EXCHANGED SURFACES
C
30
|,—
i
&:) 20 (Total)
L .
a. N (Omin)
IO_ \ ’omln
Y-
5~ 005 05 5

PERCENT

PERCENT

45ca UPTAKE AT pH 7O

4OREMINEF\’ALIZED SURFACES

W
o

N
o

o

40

W
o

n
o

o

B
~ (Total)
i (10min)
o 55
o - oeee
0~ 005 ©05 5
mM NaF

45cq DISSOLVED AT pH 45
REMINERALIZED SURFACES

D
—‘—*\‘N’:tal)
E)“-’--o.-.“-‘°‘~~_(IOmln)

~0
0~005 05 5
mM NaF



109

recovery of 45Ca in the acid. NaF had no effect on 45Ca

uptake in the first 10 minutes of ion exchange or remineral-
ization. The 0.05 mM NaF had no effect on total 45Ca uptake
from ion exchange solutions, but it reduced 45Ca uptake in

remineralized surfaces. The 0.50 mM NaF greatly increased

45Ca uptake in ion exchange surfaces, but the 5.00 mM NaF

did not increase 45Ca uptake as much as 0.50 mM Na¥F.

The 5.00 mM NaF level had no effect on 45Ca uptake in

45

remineralized surfaces. The uptake of Ca 1n the absence

of NaF was slightly smaller for remineralized than exchanged
surfaces because of Ca+2 competition for isotope binding in
the surfaces.

The F~ in the exchanged surfaces significantly
reduced the amounts of 45Ca that were recovered in the acid.
The effect of the exchanged F~ was obvious even in the first
of the 10 minute collections of acid. The F in surfaces
from ion exchange solutions of 0.50 mM NaF reduced
45Ca recovery to a lower level than 0.05 and 5.00 mM NaF,
both of which caused identical recoveries of 45Ca. Thus
0.50 mM NaF caused the maximum uptake and minimum recovery

of 45Ca for the ion exchange surfaces. This indicated that

0.50 mM NaF supported the exchange of 45Ca and F in the

recrystallization of fluorapatites in enamel to a
greater extent than 0.05 and 5.00 mM NaF. The F in

remineralized surfaces had no appreciable effects on acid

45

recoveries of Ca unless the solution contained 5.00 mM NaF,
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and even then the effect was relatively small.
Figure 13 and 14 illustrate the effects of NaF in the

ion exchange and remineralizing solutions on the surface

reactions of ca'? and PO4_3 at pH 7.0 and later at pH 4.5.

Small amounts of Ca+2 and PO4—3 dissolved from the surfaces

into the ion exchange solutions. The presence of 0.50 and
5.00 mM NaF slightly reduced the amounts of Ca+2 that

dissolved in the ion exchange solutions, but 0.05 mM NaF

2

had no effect on the amounts of Ca+ that dissolved in

these solutions. The presence of 0.05 mM NaF reduced PO4_3

dissolution more than 0.50 mM Na¥F, but 5.00 mM NaF

-3
4

solutions. It seemed as though 0.50 and 5.00 mM NaF in

had no effect on PO dissolution in the ion exchange

the ion exchange solutions actually displaced surface

PO4—3 and caused the retention of Ca+2.

The presence of 0.50 and 5.00 mM NaF in solutions

2

increased the amounts of Ca+ that were deposited in the

remineralized surfaces. However, NaF concentrations of 0.05
and 0.50 mM NaF did not affect the uptake of PO4—3
in the remineralized surfaces. The 5.00 mM NaF reduced

the uptake of PO4-3 in these surfaces. The NaF in
remineralizing solutions generally increased Ca+2 uptake

in a manner consistent with CaF, formation, particularly in
the presence of 0.50 and 5.00 mM NaF.

The amounts of Ca’2 and PO4_3 that dissolved in the

acid from ion exchanged surfaces both followed the same

trends as 45Ca respective to the amounts of F  taken up
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Figure 13.

The effects* of 0.05, 0.50, and 5.00 mM NaF in

solutions on reactions of Ca+2 in enamel surfaces at pH 7.0

and 4.5.

A. The amounts of Ca+2 that dissolved from enamel

surfaces under conditions of ion exchange in
solutions that contained the NaF and 40 mM KCl at

pH 7.0.

B. The amounts of Ca+2 that deposited in enamel

surfaces under conditions of remineralization from

solutions that contained the NaF, 1.5 mM Ca+2, 1.0

3 and 40 mM KC1 at pH 7.0.

2

mM PO4

C. The amounts of Ca+ that dissolved from the ion

exchanged surfaces (A above) in 10 mM acetic acid
at pH 4.5.

2 that dissolved from the

D. The amounts of Ca+
remineralized surfaces (B above) in 10 mM acetic
acid at pH 4.5.
* Solid line represents the total effects in 30 minutes.

Dashed line represents the effects in 10 minutes.
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Figure 14.

The effects* of 0.05, 0.50 and 5.00 mM NaF in

solutions on reactions of PO4 3 in enamel surfaces at pH

7.0 and 4.5.

A. The amounts of 1304_3 that dissolved from enamel

surfaces under conditions of ion exchange in

solutions that contained the NaF and 40 mM KCl at

pH 7.0.

B. The amounts of PO4_3 that deposited in enamel

surfaces under conditions of remineralization from

solutions that contained the NaF, 1.5 mM Ca+2,

1.0 mM 1304‘3 and 40 mM KCl at pH 7.0.

C. The amounts of PO4_3 that dissolved from the
ion exchange surfaces (A above) in 10 mM acetic

acid at pH 4.5.

3 that dissolved from the

D. The amounts of PO4—
remineralized surfaces (B above) in 10 mM acetic
acid at pH 4.5.
* S0lid line represents total effects in 30 minutes. Dashed

line represents the effects in 10 minutes.
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2 —
in the surfaces. The amounts of Ca+“ and PO4 3 that

dissolved in the acid were reduced from surfaces that were
subjected to ion exchange in solutions of NaF. However,
5.00 mM NaF had no more effect than 0.50 mM NaF. The
surface reactions indicated that 0.50 mM NaF uniquely
increased the acid resistance of minerals in the enamel.

The effects of NaF on the acid resistance of remineral-
ized surfaces were consistent with the amounts of 45Ca

2 3

recovered and the amounts of Ca+ that dissolved

and PO4—
in the acid. Surfaces remineralized in the presence of
0.50 and 5.00 mM NaF, but not 0.05 mM NaF resisted
dissolution in the acid. However, the acid resistance was
not as apparent in the first 10 to 20 minutes of acid
exposure as for the total amounts of dissolved minerals.
The Ca/P ratios of the minerals that dissolved in the acid
were identical for surfaces remineralized in the absence of
NaF and the presence of 0.05 and 0.50 mM NaF. The higher
ratios of Ca/P for minerals dissolved from the surfaces
remineralized in the presence of 5.00 mM NaF than the other
surfaces indicated that the surfaces contained CaF,.

The rates of F uptake were constant for each level of
NaF in the solution and almost identical for the ion
exchanged and remineralized surfaces of enamel. The uptake
of F~ was independent of the uptake of 4304 and the

3

concentrations of Ca+2 and PO4— in the solutions. As

discussed befére, about 90 percent of the F_ which was
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taken up in the enamel apparently ended up in fluorapatites.

45

In addition, 70 to 85 percent of the Ca which was taken

up in the ion exchanged surfaces, along with F , was
resistant to acid dissolution. The 45Ca in the remineral-
ized enamel was acid resistant only in the surfaces which
were remineralized in the presence of 5.00 mM NaF. This
showed that most of the 45Ca was taken up in relatively
soluble minerals in both the remineralized and the ion
exchanged surfaces.

The minerals that dissolved from the surfaces in the
acid represented extremely small fractions of the total
minerals in the enamel. The fact all too often overlooked
in studies of the effect of various F treatments on the
acid resistance of minerals in enamel is that the dissolved
substances were soluble and the undissolved minerals
comprised the acid resistance minerals. The answer sought
in these studies was the character of the acid resistant
minerals rather than how much Ca’ and PO(;_3 dissolved
in a given time interval in the acid. In this study F
was taken up almost entirely in acid resistant minerals
in both the ion exchanged and the remineralized surfaces.
The acid resistance of these minerals indicated that F was
ultimately incorporated in fluorapatites in the enamel
rather than in the remineralized constituents of the
surfaces.

2 3

The deposition of ca®® and PO4- in the remineralized

surfaces masked the effect of F on the acid resistance
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of cat?, po,”3 ana 45., in the enamel. The 4504 taken

! 4
up in the remineralized surfaces was largely restricted to
the relatively soluble deposits of Ca+2 and PO4_3. However,

the F~ taken up during remineralization was either directly
taken up in the enamel minerals or it was relocated in the
enamel during acid exposure. Such redistribution of F  was
suggested by Manly and Harrington (48). The relatively
soluble fraction of the F in the ion exchanged and the
remineralized surfaces which comprised less than 10 percent
of the total F~ in the surfaces, was obviously adsorbed F .
The Ca/F ratios of the minerals that dissolved in the acid
from surfaces which were exposed in solutions of

5.00 mM NaF were much too low to have indicated the
dissolution of CaF2 (Ca/F of 0.5 for CaF2).

Primary objectives of this study were to determine the
potential effectiveness of F on remineralization (repair of
caries) and acid resistance (prevention of caries) of enamel.
The intent was to accertain the effects of F in a short
enough time span for possible clinical utilization with
respect to the prevention of dental caries. The results
were sufficiently sensitive to predict that frequent and
brief applications of low levels of F  would be expected to
increase acid resistance of enamel. Furthermore, the
results indicated that the concentrations of F need not
exceed 0.50 mM for maximum effectiveness. However, the
degree of effectiveness would be expected to depend on the

time and frequency of application.
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The results for remineralization were disappointing
only in regard to apparent acid resistance of the
deposited minerals. Remineralization in the presence of F ,
gi?en sufficient time, results in the formation of acid
resistant fluorapatite in enamel (77). Thus for the
remineralization effect of F to be evident clinically,
the repetitive .cycles of acid production must be
stopped for a lengthy period of time to allow formation
of acid resistant fluorapatites in the enamel. The
results of this study indicated that the same degree
of acid resistance of enamel could be expected from
applications of F in the absence and presence of
remineralization (remineralization in terms of mineral
deposition from solutions). This effect seemingly provides
the most feasible means available for obtaining the anti-

carious action of F .



CONCLUSIONS

1. Studies of Limited Rates of Enamel Remineralization

The minerals of intact surfaces of enamel dissolved
in the Ca/P ratio of hydroxyapatite during 24 hour

demineralization in the weak acid. The demineralized

surfaces contained small amounts of water soluble Ca+2 and

4
surfaces were remineralized 3 hours in solutions that

HPO as residues of the acid reactions. The demineralized

contained 0.00 to 4.00 mM NaF at pH 7.0. The extent of
remineralization was limited by the total amounts of Ca+2

and PO4"3 in the solutions. Unlimited amounts of F and

OH were available at fixed concentrations of NaF and

at pH 7.0 to support;the uptake of ca™ ana PO4_3 in the
enamel ,

Concentrations of 0.05, 0.25 and 0.50 mM NaF progressive-
ly increased the rates of enamel remineralization with
respect to the uptake of both ca™? and PO4_3. The rates of
remineralization reached a maximum in solutions of 0.50,
1.00, and 2.00 mM NaF. The levels of 3.00 and 4.00 mM NaF
did not support maximum rates of remineralization. Thus
F~ concentrations up to 0.50 mM NaF were the dominant driv-
ing force of enamel remineralization. This indicated that

F~ caused the deposition of fluorapatites in the remineral-

ized enamel.

119
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The uptake of Ca+2, but not PO4—3, was closely related

to the uptake of F in the remineralized enamel over the
range of NaF concentrations (0.05 to 4.00 mM NaF). The
Ca+2 and F~ correlation and the Ca/F ratios of the deposited

minerals showed that CaF, was a significant product of

surface reactions in solutions that contained more than

0.50 mM NaF.

The uptake of PO4_3 related to the reactions of OH
during remineralization of the enamel over the entire range
of NaF concentrations (0.00 to 4.00 mM NaF). This indicated
that HPO4-2 was deposited in the enamel and then hydrolyzed
to form octacalcium phosphate which released H' in the
solutions. These reactions were envisioned to occur at

constant pH 7.0 in the following sequence:

8Ca+2+8HPo4‘2 8CaHPO, CagH, (PO,) ¢ 4H++2HPO4_2
—» — —>
Enamel Enamel
Solution Surface Surface Solution

This sequence of reactions was confirmed by the almost
constant ratios of P/OH for remineralization over the range
of NaF concentrations, and the Ca/P ratios of mineral uptake
in the absence of NaF. The additional uptake of Ca+2 that
caused Ca/P ratios above 1.33, in the presence of NaF,

indicated the deposition of CaF, in the surfaces along with

octacalcium phosphate.
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2. Studies of the Effect of F on Ion Exchange and

Remineralization

Groups of the acid demineralized surfaces of enamel
were subjected 0.5 hour to reactions of ion exchange alone
and other groups were subjected to remineralization.
Conditions were established to maintain constant the
concentration of the reactants in each of the solutions
during contact with the enamel. The ion exchange solutions
contained trace Ca+2 as 45Ca, an ionic background of 40 mM
KCl, and 0.00, 0.05, 0.50 or 5.00 mM NaF at pH 7.0. The
remineralizing solutions contained 1.5 mM CaCl2 and 1.0 mM

NaH.PO, in addition to the composition of the ion exchange

274
solutions. The intention of these studies was to limit
the rates of reactions to one variable, the concentration
of F~ in the solutions. Whether the demineralized surfaces
were briefly rinsed or rinsed 24 hours had no significant
effects on ion exchange and remineralization.

The rates of F uptake in the enamel surfaces were
almost identical under the conditions of ion exchange and
the conditions of remineralization. Thus the uptake of F~
was independent of the concentrations of Ca+2 and ]_304_3 in
the solutions. The uptake of F apparently occurred by
exchange for OH in the enamel in the presence of 0.05
mM NaF and also by adsorption and CaF, formation in the

presence of 0.50 and 5.00 mM NaF. Compared to the effects

of 0.05 mM NaF, 0.50 and 5.00 mM NaF actually displaced
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PO4—3 and caused the retention of Ca+2 in the minerals of
the enamel. This effect of 0.50 and 5.00 mM NaF was most
obvious for the remineralized surfaces, which removed any

doubt that one of the major products of reaction was CaF,.

3. Acid Resistance of Exchanged and Remineralized Surfaces

of Enamel

The enamel surfaces were tested for acid resistance
after the 0.5 hour exposure in the ion exchange and
remineralizing solutions. Each surface was exposed in a
weak acid in a miniature flow chamber to prevent the
accumulation of dissolved products in the acid. The 3
levels of NaF in the ion exchange solutions subsequently
increased the acid resistance of 45Ca, Ca+2, PO4—3, and F_
in the exchanged surfaces. The 0.50 mM NaF caused maximum
exchange uptake of 45Ca at pH 7.0 and maximum acid resistance
of the exchanged surfaces. However, 5.00 mM NaF was requir-
ed for significant acid resistance of the remineralized
surfaces. The lack of effect or small effect of 0.05 and
0.50 mM NaF on acid resistance of the remineralized surfaces
seemed to confirm that they contained octacalcium phosphate
as earlier suggested. The presence of deposited octacalcium
phosphate would be expected to mask the acid resistance
effect of the F  in the surfaces. The minerals that
dissolved in the acid from surfaces which were previously

exposed in solutions of 0.50 and 5.00 mM NaF apparently

contained CaF, and an additional source of F other than
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fluorapatites.

The F~ which was taken up in the enamel under conditions
of ion exchange alone and under conditions of reminerali-
zation exhibited the greatest acid resistance of the surface
ions. About 90 percent of the F  in the surfaces was
undissolved in the acid. This suggested that the acid
resistant F_ was exchanged for OH in the apatite of the
enamel to form fluorapatites. The relatively small amounts
of F~ that dissolved in the acid probably represented surface
adsorbed F  rather than CaF2 as previously assumed. It is
noteworthy to recall that 0.50 mM NaF had the maximum effect
on ion exchange and acid resistance of enamel in the

absence of remineralization.



SUMMARY

Fluoride was taken up in enamel under conditions of
ion exchange in the same amounts and at the same rates
as under conditions of remineralization. The rates of F
uptake under these conditions depended only on the
concentrations of NaF in the solutions. Although the
uptake of F~  possibly occurred by adsorption, exchange,

and CaF. formation, acid resistance depended on the

2
formation of fluorapatites by exchange of F~ for OH in

the enamel at pH 7.0 and pH 4.5.

The exchanged F_ in the enamel reduced the solubility
of the mineral surfaces. The resulting decreased rates
of release of ions to the solutions shifted the dynamic
imbalance of ionic exchange at the mineral surfaces to favor
the stable less soluble mineral phase, fluorapatite.
This or a closely similar concept of the mecharism of action
of F~ on synthetic apatite was proposed by Weikel et al.
(85) . The proposed mechanism should be operative at the
neutral and acid pH of this study.

The results of this study indicated that the predominant
effect of F~ on enamel was the formation of fluorapatites
by the surface exchange of F~ for OH . Most importantly

this study showed that the readily and safely applicable

124
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level of 0.50 mM F~ would be expected to provide

in a practical way the maximum beneficial effect on caries
prevention. The accumulation of similar levels of F in
dental plaque on caries prone tooth surfaces may partially
explain the benefits of fluoridation. The ion exchange
studies showed that brief, frequent applications of low
levels of F~ would be expected to increase the caries

resistance of enamel.



APPENDIX

Summary of the Parameters Determined with the Mathematical
Model Used in the Computer Program Curvilinear Analysis for

the Effect of Fluoride on Rates of Enamel Remineralization.

Model: ¥, = k[1-e”P(t7T)y,
Y. = Substance uptake at a given time (t) in umols/cmz,
K = Maximum uptake (umoles/cmz),
B = Relative rate of uptake (umoles/cmz/hr),
C = Constant,
T = Lag = C/B.
1. Parameters Determined for Ca+2:
NaF Mean Values X 10”2 (S.D.)
(mM) K B C T
0.00 151 (1) 51(10) 12(5) 23(8)
0.05 196 (27) 40(12) 7(5) 15(9)
0.25 196 (14) 54 (12) 8(1) 16(5)
0.50 189(13) 64 (15) 4(3) 6(5)
1.00 182(11) 83(17) 7(1) 7(6)
2.00 189(16) 74 (25) 6(1) 5(4)
3.00 196 (71) 56 (42) -3(2) -28(4)
4,00 181(11) 51(26) 1(.1) -11(3)
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NaF

(mM)

0.

0

0.
0.

3.

00

.05

25

50

.00
.00
.00

.00

NaF

(M)
0.
0.
0.

0-

00

05

25

50

.00
.00
.00
.00

Parameters Determined for PO4_3:
Mean Values X 10 © (S.D.)
K 8 c
106 (8) 60(20) 2(.1)
106 (6) 84 (23) 12 (1)
126 (22) 59(25) .3(1)
115(10) 67(17) -3(1)
115(5) 74 (10) -4 (1)
114 (19) 64 (19) 4(1)
115(53) 82(62) 15(2)
108 (5) 70(24) -36(10)
Parameters Determined for F :
Mean Values X 10 © (S.D.)
K B C
104 (69) 7(5) 1(.1)
162(90) 30(14) 1(.1)
145 (25) 61(4) 2(.3)
171 (35) 71(18) -5(.1)
266 (14) 66(11) -24(8)
169(73) 43(28) -14 (1)
158(45) 78 (39) 12 (2)
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T
-1(.1)
12(1)
-13(3)
-9(1)
-6 (1)
3(12)
8(3)

-66(17)

9(1)
-.1(.1)

2(.1)
-10(2)
-37(15)
-31(2)

17(3)
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4. Parameters Determined for OH :
2

NaF Mean Values X 10 ° (S.D.)

(mM) K B c T
0.00 134(11) 43 (5) 3(1) 6 (1)
0.05 173(8) 30(6) 1(.1) 3(.1)
0.25 150(15) 45 (15) 6(1) 11(1)
0.50 131(27) 53(15) 6(1) 11(1)
1.00 148 (17) 53(10) 3(1) 6(3)
2.00 143(14) 50 (5) 5(1) 10(2)
3.00 130(18) 46 (6) 5(13) 10(5)

4.00 209(151) 44(28) 3(.5) 2(.1)
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