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Abstract
Purpose: The purpose of this in vitro pilot study was to evaluate the effects of xylitol and sodium fluoride
containing dentifrices on the surface topography of sound human enamel following acid-etching, using scanning
electron microscopic (SEM) techniques.
Methods: Enamel surfaces from caries-free human molar teeth (n=10) underwent debridement, and dental
prophylaxis. Each tooth was sectioned into 5 portions, with each tooth portion assigned to a specific treatment
group: 1) acid-etching (35% phosphoric acid gel, 60 seconds); 2) acid-etching followed by synthetic saliva rinsing;
3) acid-etching followed by treatment with Fluoride Free Xylitol Toothpaste (25% xylitol) and synthetic saliva rinsing;
4) acid-etching followed by treatment with Fluoride and Xylitol Toothpaste (31% xylitol, 0.243% sodium fluoride) and
synthetic saliva rinsing; and 5) acid-etching followed by treatment with Sodium Fluoride Toothpaste with No Xylitol
(0.243% sodium fluoride) and synthetic saliva rinsing. Enamel surfaces from an additional 10 caries-free human teeth
served as untreated control teeth that only underwent soft tissue debridement and prophylaxis. Dentifrice treatment
was performed for 120 seconds twice daily with synthetic saliva rinsing between dentifrice applications followed
by synthetic saliva rinsing at 37°C for 7 days with fresh synthetic saliva replenished on a daily basis. Following
the experimental period, the tooth portions were prepared for scanning electron microscopy using standardized
techniques.
Results: Acid-etching alone created type 1 etching patterns with a finely porous enamel surface. With acidetching followed by synthetic saliva rinsing, the effects of acid-etching were obscured by a finely granular surface
coating with fine porosities. With acid-etching followed by xylitol only dentifrice treatment and synthetic saliva rinsing,
enamel surfaces showed fine granular coatings with no obvious porosities. Enamel surfaces that were acid-etched
then treated with the xylitol with fluoride dentifrice and rinsed with synthetic saliva possessed homogenous surface
coatings with areas with finely granular to globular deposits. Acid-etched enamel surfaces that were treated with the
fluoride dentifrice without xylitol and rinsed with synthetic saliva had surface coatings with numerous relatively large
globoid deposits, morphologically resembling calcium fluoride deposits.
Clinical significance: The clinical application of the results from the current in vitro pilot study relate to the
procedure of acid-etching teeth for adhesive dental materials. With acid-etching, there is a residual exposed etched
enamel surface following sealant, restoration or orthodontic bracket placement. Application of xylitol containing
fluoridated dentifrice may facilitate fluoride uptake from the dentifrice and calcium and phosphate uptake from saliva,
aid in the elimination of the surface effects of acid-etching, and allow for remineralization of the acid-damaged
enamel surface that was not protected by adhesive resin placement.

Keywords: Enamel; Scanning electron microscopy; Xylitol, Fluoride;
Acid-etching; Synthetic saliva

Introduction
Dental caries is the most prevalent infectious disease in US children
[1]. Over 40% of children under the age of 5 years have dental caries in
their primary dentition [2,3]. Dental caries can cause significant pain,
lead to odontogenic infections, affect growth and development, and
diminish overall quality of life [4-6]. This infectious disease continues
to develop in coronal enamel and root surfaces throughout adolescence
and into adulthood.
Dental caries is a complex dynamic disease process, involving
periods of demineralization and remineralization. Multiple factors
contribute to this process, including acidogenic organics S. mutans
(Streptococcus mutans, Streptococcus sobrinus, Lactobacillus spp),
salivary factors (flow rate, buffering capacity, antimicrobial activity,
immunologic factors), and tooth mineral composition (fluoride,
hydroxyapatite, fluoridated hydroxyapatite, variety of calciumphosphate mineral phases) [7-12]. To prevent dental caries, the
dental profession reinforces effective oral hygiene measures, reducing
Pediatr Dent Care, an open access journal
ISSN: 2573-444X

cariogenic refined carbohydrate ingestion, and home use of fluoridated
toothpastes, gels and rinses. In recent years, xylitol containing products,
including toothpastes, chewing gums S. mutans and mouthrinses, have
been widely promoted for use in caries prevention [13-16].
Xylitol is a non-fermentative sugar alcohol (polyol), which inhibits
oral bacterial enzymes involved in glycolysis [17]. Xylitol competes
with sucrose for cell wall transporters and other glycolytic metabolic
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processes. Some strains of Streptococcus mutans take up xylitol and
convert it into xylitol-5-phosphate, which accumulates within the
bacteria, leading to intracellular vacuolization affecting bacterial
viability [18,19]. Xylitol has the ability to inhibit the growth and
metabolism of S. mutans, decrease acid and glucan production, and
reduce S. mutans and cariogenic bacteria levels in plaque and saliva
[20-22]. Additionally, xylitol contains the tridentate ligand (H-C-OH)
that can interact with polyvalent cations, such as calcium ions. Xylitol
has been reported to be a “calcium ion carrier” that may enhance
remineralization by facilitating calcium ion movement into the deeper
layers of demineralized enamel [23]. Furthermore, some in vitro
studies have reported that xylitol reduces demineralization, enamel
erosion and abrasion [24].
Fluoride is well known to be effective in preventing caries and
enhancing remineralization of enamel and root surface caries [713,25-31]. Fluoride inhibits bacterial metabolism by rapidly diffusing
into bacteria as hydrogen fluoride during periods when plaque pH
decreases due to bacterial production of organic acids. Hydrogen
fluoride dissociates within the bacterial cell, acidifies the cellular
environment, and releases fluoride ions, which interfere with bacterial
metabolic enzymes, such as enolase [7]. Enolase is a critical enzyme for
bacteria in metabolizing carbohydrates. This inhibition of carbohydrate
metabolism results in decreased acid production by the bacteria.
Fluoride also inhibits demineralization and facilitates remineralization
[12,25-28]. During demineralization, the carbonate-rich and calciumdeficient regions of hydroxyapatite crystals are very susceptible to acid
attack. Low levels of fluoride in plaque and saliva act as a “catalyst”,
facilitating mineral deposition within carious lesions [25,26]. Fluoride
in solution surrounding carbonate-rich hydroxyapatite can be
incorporated into HAP crystals to form fluoride-containing HAP
(FHAP) and other fluoride containing calcium-phosphate mineral
phases, which have substantial resistance to an acidic challenge [12].
The use of professionally applied fluoride treatments (1.23%
acidulated phosphate fluoride) or professionally prescribed fluoride
pastes (5,000 ppm fluoride) create enamel with increased fluoride
content. When high fluoride concentrations in enamel are present
during acid dissolution of HAP, calcium fluoride is formed [27,28].
When calcium fluoride is exposed to acid phosphate or phosphate
ions during the demineralization process, calcium fluoride and
bioavailable phosphates may be hydrolyzed to form FHAP. Calcium
fluoride may also act as a reservoir for both calcium and fluoride ions
on the tooth surface and within the tooth surface and dental plaque,
and release these ions during acidogenic challenges, which further
inhibits HAP dissolution and encourages FHAP formation during
periods of demineralization. Studies examining the effects of xylitol in
combination with fluoride on enamel remineralization have reported
inconsistent findings [24,29-36]. Some studies report that: 1) xylitol
decreased demineralization (29) and reduced enamel erosion [30];
2) xylitol enhanced the effect of fluoridated toothpaste on enamel
remineralization and decreased enamel erosion and abrasion [24]; and
3) xylitol with sodium fluoride in combination led to significantly and
increased remineralization compared with fluoride exposure alone
[31,32]. In contrast, other studies report that xylitol alone showed no
significant remineralizing effect, and xylitol and fluoride in combination
did not produce greater remineralization compared with fluoride
treatment alone [32-35]. These conflicting results may be attributed
to substantial variations in experimental design (in vitro vs. in vivo),
human versus bovine tooth type, xylitol concentration (10% to 70%),
fluoride concentration (2 to 1100 ppm), and techniques for assessing
demineralization and remineralization (polarized light microscopy,
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microradiography, quantitative light-induced fluorescence, scanning
electron microscopy [SEM]). Well-designed investigative studies are
necessary to determine whether xylitol alone or the synergistic effects
of xylitol and fluoride treatment affect enamel remineralization and to
identify mechanisms of action.
The purpose of this in vitro study was to evaluate the effects of
xylitol and sodium fluoride containing dentifrices on the surface
topography of sound human enamel following acid-etching, using
scanning electron microscopic (SEM) techniques.

Materials and Methods
Many xylitol containing dentifrices are available, but their
formulations vary in xylitol concentration, presence or absence of
fluoride, and other ingredients. Epic brand dentifrices were selected
for this in vitro study (Fluoride Free Xylitol Toothpaste, and Fluoride
and Xylitol Toothpaste, Epic Dental, Provo UT 84603), because these
dentifrices have well-defined components and xylitol concentrations,
with and without the addition of sodium fluoride.
Ten human third molar teeth with macroscopically sound enamel as
determined by stereo zoom microscopy, were removed for oral surgical
reasons, underwent soft tissue debridement, and dental prophylaxis.
Each tooth was sectioned into 5 portions to decrease the effects of
tooth to tooth variation with the experimental treatments. Each tooth
portion from a single tooth was assigned to a specific treatment group:
1) Acid-etching (35% phosphoric acid gel for 60 seconds
(Scotchbond Etchant, 3M ESPE Dental Products, St. Paul MN 55144)
followed by air-water spray for 30 seconds to inactivate acid-etching
followed by distilled water rinsing for 60 seconds;
2) Acid-etching, as described above, followed by synthetic saliva
(20mM NaHCO3, 3mM NaH2 PO4 , 1 mM CaCl2-2H2O) rinsing at 37oC
for 7 days with fresh synthetic saliva replenished on a daily basis [37];
3) Acid-etching, as described above, followed by xylitol only
dentifrice containing 25% xylitol (Fluoride Free Xylitol Toothpaste,
Epic Dental, Provo UT 84603) for 120 seconds twice daily with
synthetic saliva rinsing between dentifrice applications, followed by
synthetic saliva rinsing at 37oC for 7 days with fresh synthetic saliva
replenished on a daily basis;
4) Acid-etching, as described above, followed by xylitol with
fluoride dentifrice containing 31% xylitol and 0.243% sodium fluoride
(Fluoride and Xylitol Toothpaste, Epic Dental, Provos UT 84603) for
120 seconds twice daily with synthetic saliva rinsing between dentifrice
applications, followed by synthetic saliva rinsing at 37°C for 7 days
with fresh synthetic saliva replenished on a daily basis; and
5) Acid-etching, as described above, followed by fluoride dentifrice
containing 0.243% sodium fluoride and containing no xylitol (Kid’s
Crest Cavity Protection Sparkle Fun Toothpaste, Procter and Gamble,
Cincinnati OH, 45202) for 120 seconds twice daily with synthetic saliva
rinsing between dentifrice application, followed by synthetic saliva
rinsing at 37°C for 7 days with fresh synthetic saliva replenished on
a daily basis.
The purpose of acid-etching sound enamel was to create a more
reactive enamel surface, and also to simulate the clinical situation when
acid-etching is performed for placement of an adhesive restoration,
sealant or orthodontic bracket in the dental operatory [27,38,39].
Ten additional human extracted 3rd molar teeth with
macroscopically sound enamel surfaces, as determined by stereo zoom
Volume 1 • Issue 4 • 1000127
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microscopy, underwent soft tissue debridement and dental prophylaxis
to serve as untreated control surfaces. These control surfaces were not
acid-etched, not exposed to dentifrices, and not exposed to synthetic
saliva.

with a fine granular texture and no obvious porosities. The effects of
acid-etching were obscured. Enamel surfaces from the group that had
undergone acid-etching followed by xylitol with fluoride dentifrice
and synthetic saliva rinsing (Figure 1E) demonstrated relatively
homogenous dense surface coatings with focal areas that were partially
obscured by granular to somewhat globular fine deposits. The surface
coatings obscured the effects of acid-etching. Enamel surfaces from
the group that had undergone acid-etching followed by fluoride only
dentifrice and synthetic saliva rinsing (Figure 1F) possessed surface
coatings with readily identified relatively large globoid deposits of
less than 1 micrometer in diameter. There were numerous, somewhat
confluent globoid deposits on the surface of the coatings. The
morphologic features of these globoid deposits are similar to those
described for calcium fluoride deposits. The effects of acid-etching
were obscured by these surface coatings (Figures 1B and 1F).

All tooth portions from the control and experimental groups were
critical-point dried, and coated with platinum-palladium for SEM
examination (JEOL 6100 SEM, JEOL USA Inc, Peabody, MA 01960,
20 kv, 2000X original magnification). The enamel surface topographic
findings among the experimental and the untreated control l groups
were compared descriptively.

Results
The enamel surfaces from the untreated control group (Figure
1A) demonstrated intact surfaces with typical termination of enamel
prisms on the enamel surface with central prism cores appearing as
slight depressions and the prism peripheries being slightly elevated.
The enamel surfaces from the control group were considered to be
intact and without surface coatings or surface debris. Enamel surfaces
from the acid-etching only treatment group (Figure 1B) showed loss
of the typical intact enamel surface demonstrated with the untreated
control group (Figure 1A). Acid-etching alone (Figure 1B) resulted in
a type 1 etching pattern with partial loss of the central prism core and
retention of the prism periphery. This resulted in accentuated exposed
prism architecture and a markedly porous surface. In contrast, enamel
surfaces from the group that had undergone acid-etching followed
by synthetic saliva rinsing and no exposure to dentifrice (Figure 1C)
demonstrated fine granular surface coatings with very fine porosities
that obscured the effects of the acid-etching procedure. The porosities
with this treatment group were very fine and did not resemble the
porosities seen with the enamel surfaces that had undergone acidetching only (Figure 1B). There was no exposure of etched prism cores
with this treatment group. Enamel surfaces from the group that had
undergone acid-etching followed by the xylitol only dentifrice and
synthetic saliva rinsing (Figure 1D) demonstrated surface coatings

(A)

(D)

Discussion
Saliva plays a critical role in the prevention and remineralization
of enamel and root surface caries [7,10-12]. Saliva contains calcium,
phosphate, proteins, immunoglobulins, antibacterial substances, and
buffers which can neutralize the acids produced by plaque bacteria,
raise the pH, reverse the diffusion gradient of calcium and phosphate
during demineralization, and enhance remineralization [7,10-12].
Calcium and phosphate ions can diffuse into subsurface carious lesions,
resulting in precipitation of mineral phases on partially demineralized
HAP crystals in enamel and dentin leading to increased crystal size,
create de novo mineral crystals in demineralized enamel and dentin
with HAP crystal loss, and enhance resistance to demineralization
[7,10-12]. With the current study, dentifrice application followed by
synthetic saliva mimics, to a certain extent, the oral cavity situation
in which dentifrices are rapidly intermixed with saliva creating a
saliva-dentifrice slurry, which is important in prolonging exposure of
dental plaque and tooth surfaces to xylitol and fluoride provided by
the dentifrice, and calcium, phosphate and caries protective organic

(B)

(E)

(C)

(F)

Figure 1: Representative enamel surface topography from control and experimental groups using scanning electron microscopy. A) Untreated sound
enamel control; B) Acid-etching followed by distilled water rinsing; C) Acid-etching followed by synthetic saliva rinsing; D) Acid-etching followed by xylitol
only dentifrice and synthetic saliva rinsing; E) Acid-etching followed by xylitol with fluoride dentifrice and synthetic saliva rinsing; F) Acid-etching followed by
fluoride dentifrice with no xylitol and synthetic saliva rinsing. All SEM images obtained at 20kV, 10mm working distance, and original magnification of 2000X.
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agents provided by saliva. The topographic findings with the treated
enamel surfaces in the current study demonstrated that synthetic saliva
rinsing after acid-etching (Figure 1C) effectively masked the effects
of acid-etching (Figure 1B), and may initiate the “remineralizing”
process for acid-damaged sound enamel surfaces. This is important
because enamel surfaces overlying white spot lesions (enamel caries)
remain intact for considerable periods of time prior to cavitation.
White spot lesions typically have a finely porous, but intact enamel
surface, and are amenable to remineralization by saliva, and various
remineralizing agents in toothpastes, gels and rinses. Of particular
interest is the comparison between the acid-etched enamel surfaces
that were exposed to xylitol followed by synthetic saliva rinsing (Figure
1D) and those that were acid-etched only followed by synthetic saliva
(Figure 1C). With the addition of xylitol dentifrice, there was only a
slight different between these groups. The surface coating with xylitol
produced a fine degree of granularity and without the fine porosities
noted with surface coatings with acid-etching followed by synthetic
saliva rinsing. Although acid-etched surfaces exposed to the xylitol
with fluoride dentifrice followed by synthetic saliva had dense surface
coatings with focal areas with partially obscured fine granular deposits
(Figure 1E), the surface coatings lacked the numerous globoid and
somewhat confluent deposits noted with the acid-etched surfaces
treated with the fluoride dentifrice with no xylitol followed by
synthetic saliva (Figure 1F). Only the fluoride dentifrice with no xylitol
alone group showed these globoid deposits, that were suggestive of
calcium fluoride deposition. This finding may indicate that the xylitol
component within the dentifrice may have interfered with deposition
of globoid precipitates on the etched enamel surfaces.
Calcium fluoride deposition on enamel surfaces serves as a reservoir
for long-term release of fluoride to the tooth surface, dental pellicle
and plaque [7,11,12,40]. During an acidogenic attack, calcium fluoride
deposits on the enamel surface or within plaque release calcium and
fluoride ions, which may inhibit HAP dissolution to a certain extent,
and encourage FHAP and fluoridated calcium-phosphate mineral
phase formation by reaction with acid phosphate or phosphate ions
[7,11,12,40].
Xylitol is a 5-carbon sugar alcohol (polyol) used in food,
pharmaceutical, and oral health products in more than 35 countries
[41]. It is found naturally in various trees, fruits, and vegetables. The
Food and Drug Administration has approved xylitol as a dietary
food additive since 1963 [41]. From a dental standpoint, xylitol is an
interesting natural product that is not fermented by dental plaque
bacteria. Xylitol primarily acts on cariogenic bacteria in the oral
environment, and has certain protective benefits [31,38,40-44]. There
are several clinical studies evaluating the effectiveness of xylitol on
prevention of dental caries [31,38,41-49]. Children who consumed
xylitol for 3 weeks or more had both short and long term reductions
in salivary and plaque levels of S. mutans [44,45]. Clinical studies also
have demonstrated decreases in caries prevalence and increment, and
delayed caries onset among children who were exposed to daily xylitol
use for 12 to 40 months [45,46]. There is also evidence that maternal
consumption of xylitol can reduce acquisition of S. mutans and
dental caries in young children [47,48]. It is well known that maternal
transmission of cariogenic bacteria is associated with oral colonization
and development of caries in young children. Avoiding colonization
of the oral cavity by S. mutans and other cariogenic bacteria in early
childhood has been shown to correlate with decreased caries incidence
and decreased early childhood caries [41-49].
The addition of xylitol to fluoridated dentifrices may provide
Pediatr Dent Care, an open access journal
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additional caries preventive benefits [13,24,31,32,40,50,51]. In the
oral cavity, xylitol has an inhibiting effect on cariogenic bacteria in
plaque and leads to a reduction in bacterial acid production. Studies
have shown anticaries properties of fluoride dentifrices containing
xylitol, as well as lower S. mutans levels in plaque and saliva after 6
months use of xylitol containing dentifrices [50]. With xylitol usage,
the pH of cariogenic plaque has been shown to increase above the
critical pH (pH 5.2) at which enamel dissolution occurs, even when
plaque bacteria have access to fermentable carbohydrates [17,18,20,22].
Furthermore, xylitol can induce remineralization of the deeper layers
of demineralized enamel by facilitating calcium ion movement and
bioavailability [23].
A xylitol and fluoride containing dentifrice has shown lower glucose
retention in the oral cavity compared to a non-xylitol containing
dentifrice [51]. In a clinical study, a toothpaste containing 0.243%
sodium fluoride and 10% xylitol was shown to significantly reduced
caries during a 3-year period [13]. In a 30-month clinical study using
a 0.836% (1,100 ppm) sodium monofluorophosphate and 10% xylitol
dentifrice, caries was significantly reduced when compared to a similar
fluoride dentifrice without xylitol [52]. In another clinical study, the
combination of 500 ppm sodium fluoride and 5% xylitol in toothpaste
was shown to significantly enhance remineralization [40].
The clinical application of the results from the current study
relate to the procedure of acid-etching teeth prior to adhesive sealant,
restoration or orthodontic bracket placement. With acid-etching,
there is residual exposed etched enamel surfaces following sealant,
restoration or orthodontic bracket placement. Application of a xylitol
containing fluoridated dentifrice may facilitate fluoride uptake from
the dentifrice, and calcium and phosphate ion uptake from saliva, aid
in the elimination of the surface effects of acid-etching, and allow for
remineralization of the acid-damaged enamel surface that was not
protected by adhesive resin placement. The addition of xylitol to a
fluoridated dentifrice would provide additional anticaries effects on
acidogenic bacteria in the plaque, and potentially act as a calcium ion
carrier to facilitate remineralization of white spot lesions or clinically
undetectable lesions in the presence of fluoride released from the
dentifrice. Unfortunately, this in vitro study could not determine the
anticaries effect of xylitol on cariogenic bacteria. It would be expected
in the oral cavity that the addition of xylitol to a fluoridated dentifrice
would further enhance the caries protective effect of fluoride containing
toothpaste alone by adversely affecting cariogenic bacteria.

Conclusions
Acid-etching of enamel surfaces created porous enamel surfaces
that may provide a more reactive surface for interaction with caries
preventive agents. From the results of this in vitro pilot study, the
dentifrices containing xylitol alone, xylitol with fluoride, and fluoride
alone with no xylitol created surface coatings following synthetic saliva
rinsing that may protect acid-etched enamel surfaces from cariogenic
challenges, and initiate the remineralization process for etched
enamel surfaces that are left exposed after placement of adhesive resin
sealants, restorations or orthodontic brackets. Dentifrice with fluoride
alone with no xylitol appears to form surface coatings with globoid
deposits resembling calcium fluoride, and may provide additional
caries protective effects. Further studies, including an acidic challenge
of enamel surfaces treated with xylitol containing dentifrices with
and without fluoride using artificial caries techniques and analyses
of plaque glycolysis need to be conducted to elucidate the role of
dentifrices with and without xylitol on the dynamic demineralization
and remineralization process in caries development and reversal.
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