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Abstract: Purpose: The purpose of this study was to evaluate the effects of two simulated saliva (SS) remineralization solutions comprising different calcium-inorganic phosphate (Ca/Pi) ratios on eroded enamel.
Methods: 3 mm diameter enamel cores were extracted from bovine teeth, mounted in acrylic rods, ground and polished,
and initially demineralized with either 0.3% (120 minutes) or 1.0% (30 minutes) citric acid solutions (pH 3.8). Both sets
of initially eroded specimens were evaluated for surface microhardness (N=10) and treated with either 0.3 or 1.6 Ca/Pi ratio SS. Groups were first exposed to a seven-day remineralization period and then were cycled in a three-day regimen
consisting daily of three rounds of two-hour plus overnight SS treatments and three 10-minute static immersions in demineralization solution. Specimens were assessed using surface microhardness and scanning electron microscopy.
Results: Initial erosion from 0.3% citric acid led to elliptical-shaped pore openings several microns in length and in depth
and contrasted significantly with respect to 1% citric acid. The greatest remineralization was observed from the 0.3 Ca/Pi
SS, while the 1.6 Ca/Pi SS produced the least.
Conclusions: This study demonstrated the nature of remineralization of eroded enamel depends on both initial erosive
conditions and the Ca/Pi ratio of simulated saliva.
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INTRODUCTION
Though readily observable but relatively difficult to
measure, model and treat, dental erosion is a complicated
challenge for investigators [1, 2]. While clinical evaluations
are ultimately and critically needed to investigate dental erosion for a given population, in vitro modeling can contribute
important data that may help shape clinical expectations [1,
3, 4]. For example, evaluation of a promising treatment that
may provide anti-erosion benefits could be explored in an in
vitro model to help identify proper dosing [5] that, in turn,
establishes grounds for follow-on clinical evaluation [6].
While in vitro models are not expected to perfectly emulate
the clinical setting, their contribution to basic understanding
and for initial screening of anti-erosion treatments render
them important tools in the study of dental erosion [3, 4].
Dental erosion can be influenced by the presence and
concentration of agents such as calcium, phosphate and fluoride, whether they are found in the acidic beverage or foodstuff, anti-erosion treatment or remineralization solution (i.e.
actual or simulated saliva) [6-16]. The extent of dental erosion also depends on the presence and nature of the acquired
pellicle, which has a protective role [17-19]. Typical investi*Address correspondence to this author at the Indiana Nanotech, 351 West
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gations emphasize the presence of the pellicle, calcium,
phosphate and fluoride whereas few investigations have explored the ratio of calcium-inorganic phosphate (Ca/Pi) [15,
16]. Previously, we evaluated the ability of remineralization
solutions with different Ca/Pi ratios, including 1.6, which
might favor hydroxyapatite formation [20] and 0.3, which is
found naturally in saliva [21], to remineralize eroded dentin
substrates [15]. However, the evaluation of different Ca/Pi
ratios has not been considered for eroded enamel, let alone
for erosion prepared under different initial conditions. Since
saliva can provide natural protective benefits against erosion,
exploring the Ca/Pi ratio of simulated saliva remineralization
solutions on eroded enamel might bear on future in vitro
modeling as well as correlations with in situ and/or in vivo
observations.
The purpose of this exploratory study was to evaluate the
effects of two simulated saliva remineralization solutions
comprising different Ca/Pi ratios on eroded enamel. This
study involved eroded enamel lesions initially formed under
two different conditions and evaluated in an in vitro model
consisting of a remineralization phase followed by a shortterm pH cycling phase. The null hypothesis is that there
would be no differences between the two simulated saliva
remineralization solutions. To assess the effect of both
remineralization solutions on both erosive lesion types, the
specimens were analyzed using surface microhardness
(SMH) and field emission scanning electron microscopy
(FESEM).
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Table 1. Ca/Pi Ratios and Composition of Simulated saliva (SS)
Remineralization Solutions Used in this Study [15]
SS 1

SS 2

1.6

0.3

Ca , mM

3.2

1.45

PO43- , mM

2.0

5.4

K , mM

16.9

20.3

Na+, mM

6.5

6.5

Cl , mM

27.8

24.3

Tris, mM

100

100

Ca/Pi ratio
2+

+

-

MATERIALS & METHODS
Preparation of Enamel Specimens
Tooth cores 3 mm in diameter were drilled using a hollow-core diamond drill bit (Diamond Drill Bit & Tool,
Omaha, NE, USA) by cutting perpendicularly into the labial
surfaces of bovine molars and incisors. Recently, we explored the effect of different fluoride concentrations on bovine and human enamel [22]. Although the mineral content
and constituent connectivity is quite similar within human
and bovine enamel [23], structurally, scanning electron microscopy (SEM) has revealed sound bovine enamel manifests crystallites with diameters about 1.5 times larger than
that in sound human enamel [24]. Additionally, we note that
SEM [25] and infra-red [26] analyses have revealed significantly more inter-prismatic organic material exists in bovine
enamel compared to human enamel. Recognizing these important characteristics, for the purposes of this study we selected bovine teeth primarily because it is readily available
and procedurally easier to generate specimens.
The cores were mounted into the ends of hollowed out
acrylic rods (McMaster-Carr, Chicago, IL, USA) using
DuraLay mounting resin (Reliance Dental Mfg. Co., Worth,
IL, USA). Each specimen was ground by hand with 600 grit
SiC sandpaper (LECO Corporation, St. Joseph, MI, USA)
under water cooling using a Spectrum System 1000
Grinder/Polisher (LECO Corporation) set to 300 rpm. Then,
each specimen was polished by hand for 1 minute using 3
µm diamond compound in conjunction with microid extender solution (LECO Corporation). After rinsing with distilled (DI) water, Vickers surface microhardness was performed with a 200 gf load and 15 second dwell time (LECO
M247AT microhardness tester) to measure the surface microhardness (SMH) of sound enamel. Acceptable specimens
having a Vickers Hardness Number (VHN) above 300 were
then immersed in vials containing one of two concentrations
of citric acid (Sigma-Aldrich, St. Louis, MO, USA): 20
specimens were immersed in 0.3% citric acid (pH = 3.8) for
120 minutes, while another 20 were immersed in 1.0% citric
acid (pH =3.8) for 30 minutes. After this initial erosion period, specimens were then analyzed again for surface microhardness (200 gf load for 15 seconds) and arranged into
groups of 10.
Simulated Saliva Solutions
The simulated saliva (SS) solutions were prepared according to the composition listed in Table 1 [15], with all chemi-
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Table 2. Group Descriptions and IDs of Eroded Enamel Specimens Evaluated in this Study
Group Description

Group ID

Initially eroded enamel (30 minutes, 1% citric acid)
treated with SS 1

SS 1 – 30

Initially eroded enamel (120 minutes, 0.3% citric acid)
treated with SS 1

SS 1 – 120

Initially eroded enamel (30 minutes, 1% citric acid)
treated with SS 2

SS 2 – 30

Initially eroded enamel (120 minutes, 0.3% citric acid)
treated with SS 2

SS 2 – 120

Table 3. Outline of Daily Events Employed in the Three-Day
pH Cycling Dental Model. Simulated Saliva was Refreshed for Each event. Fresh Acid (Either 0.3% or
1% Citric Acid, pH 3.8) was Used for each Challenge
Event
Simulated Saliva #1, pH = 7.0
Acid Challenge #1
Simulated Saliva #2, pH = 7.0
Acid Challenge #2
Simulated Saliva #3, pH = 7.0

Duration
2 hours
10 minutes
2 hours
10 minutes
2 hours

Acid Challenge #3

10 minutes

Simulated Saliva #4, pH = 7.0

Overnight

cals obtained from Fisher Scientific (Pittsburgh, PA, USA). In
2 liters of DI water, first calcium nitrate was added. After
complete dissolution, potassium phosphate monobasic was
added. After complete dissolution, potassium chloride was
added, followed by addition of Tris buffer, which was slowly
added and allowed to mix for at least 15 minutes. Slow addition of concentrated HCl was added to adjust the pH to 7.0.
Treatment Groups
There are four groups of eroded enamel specimens with
two sets initially eroded by 30-minute immersions in 1.0%
citric acid and the remaining two sets initially eroded by
120-minute immersions in 0.3% citric acid. Treatment group
and identifications are summarized in Table 2.
Study Phases A and B
The study phases and microhardness measurements were
performed at Indiana Nanotech (Indianapolis, IN, USA). The
four groups of specimens were first immersed in one of two
simulated saliva solutions for seven days according to the
outline in Table 2. After the Phase A period, all ten specimens were analyzed for surface microhardness (Vickers indenter, 200 gf load, 15 second dwell time). Two random
specimens from each group were subsequently pulled and
sent for blinded, independent scanning electron microscopy
analysis by McCrone Associates, Inc (Westmont, IL, USA).
Images of carbon-coated samples were then collected using a
JEOL JSM-7500F cold cathode field emission scanning electron microscope (FESEM). The secondary electron images
were collected at 10 kV at various magnifications.
The remaining eight specimens from each group were
then evaluated in a pH cycling model as outlined in Table 3.
Each day, specimens alternated between room-temperature
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Fig. (1). SEM images at 10,000x (a, b) and 30,000x (c, d) of enamel initially eroded for 30 minutes with 1% citric acid (a, c) or 120 minutes
with 0.3% citric acid (b, d). The white scale bars correspond to 1 µm (a, b) and 100 nm (c, d).
Table 4. Mean (Standard Error of the Mean) Sound, Initially Softened and Seven-Day Phase A Post Surface Microhardness (SMHs,
SMHi and SMHp, Respectively) Results Obtained by Vickers Microhardness Indents (N=10). Within each Column, OneWay ANOVA was Performed and Followed by Tukey b-test Comparisons to Identify Statistical Differences (p<0.05), which
are Indicated as 1<2. % SMHRp is Calculated using (SMHp – SMHi)/(SMHs - SMHi) x 100
Groups

SMHs

SMHi

SMH p

% SMHRp

SS 1 – 30

327.6 (3.9)

196.9 (8.8)2

179.5 (25.3)1

-13.9 (14.7)1

SS 1 – 120

327.8 (5.8)

146.6 (5.4)1

165.2 (19.2)1

10.3 (10.5)1

SS 2 – 30

326.4 (3.7)

176.8 (4.7)2

252.3 (3.9)2

50.6 (2.2)2

323.0 (2.1)

1

2

50.0 (2.7)2

SS 2 – 120

145.7 (5.5)

exposures to a specific simulated saliva solution (either SS 1
or SS 2) and a specific acid challenge (either 0.3% or 1.0%
citric acid). The soak in simulated saliva was dynamic (300
rpm) while the acid challenge was static, with fresh simulated saliva and citric acid solutions used for each event. In
between these exposures, the specimens were briefly and
thoroughly rinsed with DI water. All specimens were inverted during simulated saliva and acid challenge periods.
After this three-day Phase B period, the specimens were
again analyzed for surface microhardness and scanning electron microscopy as described above.
Statistical Analysis
Statistical analyses were conducted using IBM SPSS statistical software (version 19), with the level of significance
selected at 0.05. The mean (standard error of the mean) surface microhardness (SMH) values were calculated for each
group and were compared using ANOVA followed by Tukey
b-test comparisons at the 95% confidence level.

234.0 (5.6)

RESULTS
Representative SEM images of initially eroded enamel
are shown in Fig. (1) at 10,000x and 30,000x magnification.
Although both citric acid solutions produced significant surface demineralization, initial erosion by the 1% citric acid
solution produced morphologies that contrast markedly with
the erosion by 0.3% citric acid. In particular, the 0.3% citric
acid erosion created wider and deeper demineralization compared to the 1.0% citric acid erosion. The erosion resulting
from the initial 0.3% citric acid soak leads to ellipticalshaped pore openings several microns in length and appears
to extend several microns below the enamel surface. In contrast, the 1% citric acid soak does not produce the similar
porosity, although penetration appears to be significant and
also extends below the enamel surface. SMH values for initially eroded enamel (SMHi) are summarized in the third
column of Tables 4 (for ten specimens) and 5 (for eight
specimens). In both tables, the 0.3% citric acid soak pro-
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Fig. (2). SEM images after the seven-day remineralization Phase A period at 30,000x for enamel initially eroded for 30 minutes with 1%
citric acid (a, c) or 120 minutes with 0.3% citric acid (b, d) and treated with either SS 1 (a, b) or SS 2 (c, d). The white scale bars correspond
to 100 nm.
Table 5. Mean (standard error of the mean) sound, initially softened and three-day Phase B post surface microhardness (SMHs,
SMHi and SMHp, respectively) results obtained by Vickers microhardness indents (N=8). Within each column, one-way
ANOVA was performed and followed by Tukey b-test comparisons to identify statistical differences (p<0.05), which are indicated as 1<2<3. % SMHRp is calculated using (SMHp – SMHi)/(SMHs - SMHi) x 100
Groups

SMHs

SMHi

SMH p

% SMHRp

SS 1 – 30

326.3 (4.4)

189.6 (9.2)2

168.3 (29.0)1

-15.6 (16.1)1

SS 1 – 120

326.2 (6.5)

151.7 (5.4)1

192.5 (27.1)1

23.6 (15.1)2

SS 2 – 30

326.1 (3.6)

177.1 (5.6)2

216.4 (6.3)1,2

25.9 (3.2)2

SS 2 – 120

322.9 (2.7)

148.8 (5.8)1

271.3 (3.1)2

70.4 (2.2)3

duced statistically weaker enamel relative to enamel SMH
after the 1.0% citric acid soak.
SMH and representative SEM results after the seven-day
Phase A period using either SS 1 or SS 2 are shown in Table
4 and Fig. (2), respectively. The SMH increased for each
treatment group except SS 1 – 30, which decreased. Both SS
2 treatments were not significantly different from one another but produced significantly greater SMH relative to both
SS 1 treatments, which did not differ significantly. SEM
reveals morphological similarities for both SS 2 treatments,
with the formation of non-porous mineralized layers. This
contrasts to the morphology observed from the SS 1 – 30
treatment, where a porous mineralization is observed. Rela-

tively improved mineralization was observed for the SS 1 –
120 treatment but was not as uniform compared to the each
of the SS 2 treatments.
SMH and representative SEM results after the three-day
Phase B pH cycling period using either SS 1 or SS 2 are
shown in Table 5 and Fig. (3), respectively. SMH data in
Table 5 show that the SS 1 – 30 treatment produced the softest mineral relative to the other three treatments. Fig. (3a)
supports this assessment through the observation of a porous
then tread morphology that differs markedly from the other
three images in Fig. (3) and appears reminiscent of octacalcium phosphate or hydroxyapatite crystals [22]. SMH appeared similar for both SS 1 – 120 and SS 2 – 30, and the
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Fig. (3). SEM images after the Phase B three-day pH cycling model at 30,000x for enamel initially eroded for 30 minutes with 1% citric acid (a,
c) or 120 minutes with 0.3% citric acid (b, d) and treated with either SS 1 (a, b) or SS 2 (c, d). The white scale bars correspond to 100 nm.

relatively low porosity as shown in Fig. (3b and 3c) appeared comparable as well. Relative to the SMH obtained
after the Phase A period, after the three-day cycling period
the SS 2 – 30 treatment produced lower SMH. Concomitant
with this SMH reduction was an observed relative increase
in surface porosity as shown in the SEM images of Figs. (2c
and 3c). The greatest SMH occurred for the SS 2 – 120
treatment, which was significantly higher relative to the remaining three treatment groups, and also produced the greatest mineralization based on visual observations (Fig. 3d).
DISCUSSION
Proper in vitro modeling is required to better mirror
clinical observations [3, 4]. Although proteins and other salivary organic constituents contribute significant anti-erosion
properties [19], calcium and phosphate also serve an important role as well [17]. One way to improve in vitro modeling
might be to focus on simulated saliva solutions, and could
also influence design strategies of anti-erosion therapies for
populations using saliva substitutes. Just as eroded dentin
responds differently to different Ca/Pi ratios [15, 16], eroded
enamel may also respond uniquely to simulated saliva solutions having different Ca/Pi ratios, which in turn may bear on
clinical observations.

The aim of the present study was to determine whether
initially eroded enamel would be remineralized differently
using either a calcium-rich or a phosphate-rich simulated
saliva solution. In this study, significant differences were
observed in morphology and surface microhardness, which
supports the rejection of the null hypothesis. For our evaluations we used SMH and SEM, since these techniques have
been used to assess dental erosion [9-11, 19, 28, 29]. For
initial erosion, we used either 0.3% or 1.0% citric acid, since
these concentrations are within the range typically found in
commercially available acidic beverages [30, 31], and used
relatively long soak periods to ensure substantial demineralization had commenced and is consistent with clinical observations of patients exhibiting dental erosion [32]. To this
end, specimens initially eroded with 0.3% citric acid for 120
minutes produced approximately one-half the SMH compared to sound enamel, while the 1.0% citric acid for 30
minutes resulted in SMH reductions of approximately onethird. These SMH reductions may be related to morphology
as shown in the corresponding SEM images.
Based on differences in initial erosive conditions and our
non-use of replicas and/or freeze-dried techniques, the morphology of the initially eroded enamel specimens contrast
with those reported for other eroded specimens [19, 28, 33].
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Importantly, the initial conditions chosen in this study compare to those used in previous in situ studies [6, 13]. In one
study, the remineralization effects of NaF rinses on enamel
specimens initially eroded for 120 minutes using 0.3% citric
acid (pH =3.75) were evaluated [13]. That study revealed an
overall net remineralization for all groups (including the
fluoride-free control). Though strong comparisons between
the in situ and the present in vitro studies cannot be made
due to different protocols and treatment groups, both simulated saliva solutions used herein produced net remineralization, with the 0.3 Ca/Pi ratio simulated saliva providing the
greatest benefits. The overall net remineralization observations appear to demonstrate some consistency between these
in vitro results and the outcome from the in situ study.
Separately, another in situ study incorporated initial lesions formed using 1.0% citric acid (30 minute soak), although the pH differed from the present study (i.e. 2.5 vs
3.8) [6]. Similar to the other study, overall net remineralization was observed (including the fluoride-free control), and
those results suggest (albeit loosely, due to protocol and
treatment differences) the 0.3 Ca/Pi ratio simulated saliva
solution might provide a better clinical correlation since the
1.6 Ca/Pi ratio simulated saliva produced overall negative
remineralization. One reason the 1.6 Ca/Pi ratio simulated
saliva might have failed to produce surface strengthening of
eroded lesions initially eroded with 1.0% citric acid could be
due to the design of the solution, which encourages hydroxyapatite formation (including precipitation) [20, 27, 34].
In this case, since the lesion was not as porous compared to
the 0.3% citric acid lesion (e.g. SEM images in Fig. 1) mineral depositions were not able to penetrate throughout the
erosive lesion and were therefore limited to the surface.
Likewise, the relatively high porosity of the 0.3% citric acid
erosive lesion appeared to accommodate remineralization
and/or mineral depositions from the 1.6 Ca/Pi ratio simulated
saliva. These visual observations may also contribute to the
contrasting SMH results from exposure of the 0.3% and
1.0% citric acid erosive lesions to the 1.6 Ca/Pi ratio simulated saliva solution. Nevertheless, these assessments reveal
that it is important to select simulated saliva solutions for in
vitro studies that can provide the best agreement with clinical evaluations. Studies on eroded dentin using transverse
microradiography have shown that in addition to supersaturation with respect to certain calcium phosphate phases (e.g.
octacalcium phosphate or dicalcium phosphate dihydrate),
phosphate-rich simulated saliva solutions can provide better
remineralization benefits compared to calcium-rich solutions
[15, 16]. While the surface microhardness and SEM results
on eroded enamel reported in this study expands on the research previously conducted on eroded dentin, this study
demonstrates the remineralization effects from two distinct
Ca/Pi ratios, with the phosphate-rich solution apparently providing relatively greater benefits. One explanation for this
may be due to the isomorphoric exchange of phosphate for
carbonate in the enamel lattice [35], which readily dissolves
during acid attack. Since calcium can coordinate with many
neighboring species depending on its environments (e.g. the
coordination can exceed 10, for instance) [36-38], it could be
that relatively higher levels of phosphate may be needed to
help stabilize surviving calcium constituents remaining in
the eroded enamel framework.
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We acknowledge inherent difficulties in predicting success a priori, so an iterative approach among laboratory and
clinical studies may be needed, even though this may be resource intensive. Although we have only emphasized inorganic agents in this study, we also recognize the organic
components of saliva play an important role. However, the
mineralizing capabilities of organic constituents are limited
relative to inorganic species and the purpose of this study
was to explore remineralization characteristics arising from
simulated saliva solutions having contrasting Ca/Pi ratios.
Observations supporting calcium supplementation in beverages are sound [9, 31, 32], and these in vitro results might
suggest, in combination with follow-on studies utilizing
various acidic beverages, there are opportunities in supplementing beverages with a given Ca/Pi ratio. We imagine this
supplementation might be dependent on the type, concentration and pH of the acid found in the beverage. Such ratios
may also play a role in the design of simulated saliva antierosion therapies for hyposalivary populations.
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