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We investigated whether fluoride varnishes recover the hardness of bovine teeth under 20 days of demineralization/
remineralization cycling. The fluoride varnish groups (two commercial fluoride varnishes [V-varnish (Vericom, Korea) and 
CavityShield (3M ESPE, USA)] and an experimental fluoride varnish including 5 wt.% NaF were compared with a control 
group without fluoride varnish. Vickers hardness was measured at baseline, 3 days after immersion in caries-inducing solu-
tion, 24 hours after application of a fluoride varnish, and after 10 and 20 days of demineralization/remineralization cycling. 
Afterward, tooth surfaces were observed by scanning electron microscope. After fluoride varnish application and the cycling 
10 and 20 days, the experimental varnish group showed the highest hardness, while the CavityShield and the control groups 
demonstrated the lowest hardness. The experimental varnish group recovered the hardness of the baseline at 24 hours after 
application of the varnish, while it was recovered after 20 days of the cycling in case of the V-varnish. However, the Cavi-
tyShield and the control groups did not recover the hardness even after 20 days of the cycling. The experimental fluoride 
varnish with fast recovery in the hardness of the baseline can be used as an effective fluoride varnish to resist demineraliza-
tion and to facilitate remineralization.
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I. Introduction 

It is well-known that Streptococcus mutans is the 
most representative bacterium that causes dental 
caries1). It is also widely accepted that the main 
mechanism through which fluoride controls dental 
caries is by the topical effects of low levels of fluo-
ride on the enamel, plaque, and saliva interface2). 
The most common topical fluoride agents include 
fluoride gel, fluoride foam, fluoride mouth rinse, 
toothpaste, and fluoride varnish3-5). Among fluo-
ride agents, fluoride varnish exhibits the highest 
inhibitory effects against dental caries (38%); thus, 
it has become the most common fluoride agent 
of choice6). Fluoride varnish typically contains 5% 
sodium fluoride (NaF)7). Because of its character-
istic viscosity, it attaches to the tooth surface and 
releases fluoride for an extended duration, there-
by serving as a slow-release fluoride reservoir8-10). 
Among various fluoride agents, fluoride varnish is 
the easiest to manipulate and the least dependent 
on patient cooperation11). It can be used as a very 
effective dental caries preventive agent for patients 
with high risks of developing dental caries8). In ad-
dition, it can be used to prevent root caries in the 
older population12).

Calcium fluoride (CaF2) is formed on the enamel 
surface and in subsurface carious lesions when 
the fluoride concentration is high; fluorapatite is 
deposited when the fluoride concentration is low. 
CaF2 precipitates are easily removed in alkaline 
solutions, while fluorapatite is permanently bound 
within the enamel crystal structure3,13,14). In specific 

conditions, components of CaF2 may be redepos-
ited as fluorapatite, and this transformation is ac-
celerated in the presence of fluoride varnish3). The 
structure of fluorapatite is more resistant to car-
ies than that of hydroxyapatite2). Indeed, fluoride 
ions of fluoride varnish diffuse into carious lesions 
and reduce the porosity of the lesions15). When a 
low, sustained concentration (sub-ppm) of fluoride 
is present in the oral fluid, it prevents demineral-
ization during acidic challenge by becoming ad-
sorbed to hydroxyapatite crystals; additionally, it 
accelerates the remineralization process when pH 
increases above 5,52). The usefulness of fluoride-re-
leasing agents for the remineralization of enamel 
has been shown in multiple studies16,17).

According to caries-related studies, changes in 
the microhardness of dentin are directly related to 
its mineral content18-21). Measuring the hardness 
of a tooth is a reasonable method of examining 
its mineral content21,22). Therefore, we assessed the 
degree of remineralization of the bovine tooth sur-
face by measuring the Vickers hardness in various 
test conditions.

Although there have been studies showing that 
fluoride varnish affects mineral loss or reminer-
alization under conditions of demineralization/
remineralization cycling23,24), few studies have in-
vestigated its effects on the hardness of teeth. In 
most related studies, hardness was measured af-
ter a short period of approximately 7 days25,26); no 
study has compared long-term effects according to 
the type of fluoride varnish, including experimen-
tal fluoride varnish. 
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The purpose of this study was to examine how 
effectively fluoride varnish prevented demineral-
ization and facilitated remineralization by mea-
suring the hardness of bovine teeth. Three experi-
mental groups, including two kinds of conventional 
fluoride varnish products and one experimental 
fluoride varnish, were divided. The control group 
comprised bovine teeth without a fluoride varnish. 
After inducing caries, fluoride varnish was applied 
and demineralization/remineralization cycling was 
performed for 20 days. The null hypothesis for this 
study was that no significant differences would be 
observed among the three experimental groups 
and the control group by fluoride varnish appli-
cation and demineralization/remineralization cy-
cling.

Ⅱ. Materials and Methods

 1. Specimen preparation
Forty clean bovine incisors without caries were 

prepared, and 10 incisors were allocated to each 
group for hardness testing. An additional three in-
cisors were allocated to each group for scanning 
electron microscope (SEM) observation and En-
ergy Dispersive X-ray spectroscopy (EDS) analysis. 
A 10x7-mm tape was placed on the labial surface 
of each tooth after cutting the root and remov-
ing the pulp, and nail varnish was applied in the 
remaining areas of the surface (Fig. 1A). After the 
nail varnish had dried, the bovine incisors were 
embedded in acrylic resin (Ortho-Jet, Lang Dental, 
USA) and the tape was removed to form a window 
(Fig. 1B). The specimens were then immersed in 
distilled water in a sealed container and placed in 
a dry oven (FO-600M, JEIO TECH, Korea) at 37°C 
for 24 hours, after which the Vickers hardness was 
measured. The overall experimental procedure is 

Fig. 1. ‌�Preparation of specimens with bovine teeth. A. Application of nail varnish on the tooth surface surrounding the tape. 
B. Embedding of the tooth in acrylic resin and formation of a window by removing the tape. C. Application of fluoride 
varnish on the window until a weight of 5 mg of varnish was measured on a balance.
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illustrated in Fig. 2. 

2. Caries-inducing solution
A caries-inducing solution (acidic solution) was 

prepared with 8.7 mmol/L CaCl2, 8.7 mmol/L KH-

2PO4, 0.05 ppm F from NaF, and 75 mmol/L ace-
tic acid (pH=4.0)24). Hardness was measured after 
storing the embedded teeth in the solution at 37°C 
in a shaking water bath at 100 rpm (JSSI-100C, JS 
Research Inc., Korea) for 3 days. 

3. Fluoride varnish application
An experimental fluoride varnish (EX) and two 

existing fluoride varnish products were used: 
V-varnishTM (VV, Vericom, Korea), and Cavi-
tyShieldTM (CS, 3M ESPE, USA). The EX varnish 
was prepared with 5 wt.% NaF (Sigma), 50 wt.% 
ethanol (absolute≥99.7%, Merck) as a solvent, and 
45 wt.% rosin base (KR-610, Arakawa Chemical In-
dustries Ltd., Japan) as a base27-29).

Five milligrams of fluoride varnish were applied 

Fig. 2. Schematic diagram of the experimental design. SEM means scanning electron microscopic examination.
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to the bovine incisor window, using a scale (CP224S, 
Satorius) for measurement (Fig. 1C). For the control 
group (CON), the bovine incisors were left unvar-
nished. 

Artificial saliva was fabricated with 0.4g NaCl, 0.4 
g KCl, 0.795 g CaCl2·2H2O, 0.78 g NaH2PO4·2H2O, 
0.005 g Na2S·9H2O, and 1.0 g NH2CONH2 in 1000 
mL distilled water (pH=7)30). After applying a fluoride 
varnish, the bovine teeth were stored in an artificial 
saliva in a shaking water bath at 37°C and 100 rpm 
for 24 hours before measuring hardness. 

4. Demineralization/remineralization cycling
Demineralization solution was prepared with 2.0 

mmol/L CaCl2, 2.0 mmol/L KH2PO4, and 75 mmol/L 
acetic acid (pH=4.3)23). Remineralization solution 
was prepared with 1.2 mmol/L CaCl2, 0.72 mmol/L 
K2HPO4, 2.6 mol/L F, and 50 mmol/L HEPES buffer 
(pH=7.0)24).

The embedded bovine teeth were stored in the 
demineralization solution for 1 hour and then trans-
ferred to the remineralization solution for 23 hours 
in a shaking water bath at 37°C and 100 rpm. The 
solution was changed daily. Hardness was measured 
on days 10 and days 20 of cycling. 

5. Vickers hardness test
As shown in Fig. 2, hardness was measured 24 

hours after embedding the teeth in an acrylic resin 
as a baseline, 3 days after storing in an acidic solu-
tion, 24 hours after applying fluoride varnish, and 
after 10 days and 20 days of demineralization/rem-
ineralization cycling. The window surface of the bo-

vine teeth was indented for 20 seconds at 400 gf by 
using a Vickers hardness tester (AVK-C1, Akashi Co., 
Japan), and the diagonal length of the indentation 
was measured. Three indents were created for each 
measurement, and the mean value was used. The 
Vickers hardness value was computed by using the 
following equation: 

HV=1.854×P/d2                    
P: the load applied (kg)

d: the length of the average diagonal of the indentation (mm)

6. SEM observation and EDS analysis
After the fluoride varnish application, and 10 and 

20 days of demineralization/remineralization cy-
cling, three specimens from each group were ob-
served by using a SEM (JSM-6360, Jeol Ltd., Japan) 
at ×500. In addition, after 20 days of demineraliza-
tion/remineralization cycling, changes of tooth sur-
face composition were measured by using Energy 
Dispersive X-ray spectroscopy (EDS, Oxford Instru-
ments Analytical 7582, UK).

7. Statistical analysis
Statistical analysis was performed by using SPSS 

software (SPSS 22.0; SPSS GmbH, Munich, Ger-
many). The Kruskal-Wallis test was used at a con-
fidence interval of 95%, and Tukey’s HSD test was 
used for post hoc testing. 
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Ⅲ. Results

1.Vickers hardness
The graphs of Vickers hardness for the three fluo-

ride varnish groups and control group are shown 
in Fig. 3. The data, including statistical rankings, 
among groups within each treatment and according 
to treatments within each group, are shown in Table 
1. There were no significant differences in hardness 
among the groups at baseline (p>0.05). After car-
ies inducing, the hardness of all groups decreased 

significantly from the baseline (p<0.05) with no 
significant differences among the groups (p>0.05).  
However, after 24 hours’ storage in artificial saliva 
since fluoride varnish was applied, only EX group 
recovered the hardness of the baseline and showed 
the highest hardness among the groups (p<0.05). 
After 10 and 20 days of the demineralization/rem-
ineralization cycling, the hardness of the EX group 
was the highest, while the CS and the control group 
showed the lowest hardness (p<0.05). After 20 days 
of the demineralization/remineralization cycling, 

Table 1. ‌�Surface microhardness values of bovine teeth, with statistical rankings within each measurement and within each 
group

Measurement Treatment CON EX VV CS

1st Baseline
236.6 Aa

(25.5)
220.6Ab

(30.1)
222.5Ab

(16.2)
235.2Aa

(29.7)

2nd Caries-inducing
38.4Ac

(10.8)
41.8Ac

(3.9)
39.3Ad

(9.1)
37.4Ad

(3.9)

3rd *F varnish 24 h
55.1Cc

(32.2)
186.0Ab

(47.8)
126.1Bc

(22.6)
46.2Cd

(7.9)

4th †Cycling 10 d
67.0Cc

(18.4)
231.2Ab

(38.9)
163.0Bc

(31)
82.1Cc

(29.4)

5th †Cycling 20 d
102.5Cb

(31.9)
418.8Aa

(81.9)
293.4Ba

(44.5)
127.9Cb

(30.2)
Results are shown as mean and SD in the parenthesis. Different uppercase letters indicate significant differences among the groups 
at the same measurement (row); different lowercase letters indicate significant differences among measurements within each group 
(column) by Kruskal-Wallis and Tukey HSD test at a = 0.05. *F varnish means fluoride varnish. †Cycling denotes demineralization for 
1 hour and remineralization for 23 hours. CON: control; EX: experimental varnish; VV: V-varnish; CS: CavityShield

Table 2. ‌�Element analysis of tooth surfaces by using energy dispersive X-ray spectroscopy (EDS), with values expressed as 
mean (SD)

Element CON EX VV CS 
C 0.94 (0.06) 41.63 (2.24) 45.15 (1.50) 2.01 (1.32)
O 26.83 (0.39) 37.59 (14.78) 25.75 (2.88) 28.38 (1.67)
Ca 30.42 (1.02) 10.01 (0.78) 5.26 (0.85) 29.90 (2.19)

Each value represents the percentage of the whole constituted by the given element. CON: control; EX: experimental varnish; VV: 
V-varnish; CS: CavityShield
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the hardness of the EX and VV groups were even 
higher than those of the baseline (p<0.05). How-
ever, the CS and the control group did not recover 
the hardness of the baseline even after 20 days of 
the cycling. 

2. SEM observation
Fig. 4 shows SEM observations of the tooth sur-

face of all groups after fluoride varnish application 
followed by 24 hours of storage in artificial saliva, 
and after 10 and 20 days of demineralization/rem-
ineralization cycling. It is apparent that the demin-
eralized subsurface enamel is covered with fluo-
ride varnish after storage in artificial saliva for 24 
hours, for all experimental groups except for the 
control group. In particular, the EX group shows 
crystal-like structures on the tooth surface at 24 

hours after fluoride varnish application. After 10 
days of demineralization/remineralization cycling, 
the control group showed severe demineralization 
with exposed enamel rods, while the EX group 
showed good coverage with fluoride varnish. The 
fluoride varnish was slightly removed in the VV 
group and substantially removed in the CS group. 
After 20 days of demineralization/remineralization 
cycling, partial remineralization had occurred in 
the control group, resulting in substantial reduc-
tion in etched surfaces. While the fluoride varnish 
was well-preserved in the EX group, a consider-
able portion of the varnish was removed in the CS 
group. 

3. EDS analysis
Table 2 shows the results of EDS analysis of the 

Fig. 3. ‌�Surface microhardness of each group at different measurement times. Different lowercase letters indicate significant 
differences among groups within each measurement by Kruskal-Wallis and Tukey HSD at ɑ=0.05. CON: control; EX: 
experimental varnish; VV: V-varnish; CS: CavityShield
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bovine tooth surface after 20 days of demineraliza-
tion/remineralization cycling. Fluoride was not de-
tected in any group. The percentage of carbon (C) 
was higher, while that of calcium (Ca) was lower in 
the EX and VV groups than in the control and CS 
groups.

Ⅳ. Discussion

This study aimed to evaluate how effectively flu-
oride varnish prevented demineralization and fa-

cilitated remineralization during demineralization/
remineralization cycling by measuring the hardness 
of teeth. We induced artificial caries in bovine teeth 
by submerging them in a caries-inducing solution, 
followed by application of fluoride varnish, and 
demineralization/remineralization cycling. Tooth 
hardness was measured to evaluate the degree to 
which demineralization was inhibited and remin-
eralization was facilitated by the fluoride varnish. 
The baseline hardness was equal for all groups, and 
after caries-inducing treatment, there were no sig-
nificant differences in hardness among the groups; 

Fig. 2. Schematic diagram of the experimental design. SEM means scanning electron microscopic examination.
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thus, there were no differences in hardness prior to 
application of the fluoride varnishes. 

Twenty-four hours after applying the fluoride 
varnishes, the hardness was the highest in the EX 
group, followed by VV and CS groups. Notably, 
the remineralization rate was sufficiently high in 
the EX group that recovered the hardness of the 
baseline only at 24 hours after applying fluoride 
varnish. The fluoride release of higher amounts 
initially and for longer period of the EX compared 
with the VV and CS, can be considered to attri-
bute to the facilitated remineralization of the EX 
group27). The hardness in the CS group did not sig-
nificantly differ from that in the control group. The 
same pattern of results was observed after 10 and 
20 days of demineralization/remineralization cy-
cling. Therefore, the null hypothesis was rejected. 

The EX group recovered to baseline hardness 
after 24 hours of application of the fluoride var-
nish. Further, the hardness of EX and VV groups 
increased to levels beyond baseline after 20 days 
of demineralization/remineralization cycling. Pre-
vious studies involving demineralization/remin-
eralization cycling only adopted 7-day cycles25,26); 
importantly, the hardness of teeth did not recover 
to baseline in that period. Therefore, based on our 
findings, a cycle of 20 days or longer is recom-
mended to evaluate remineralization effects. 

After demineralization/remineralization cycling, 
enamel crystals differ from their original state31,32). 
Furthermore, calcium and phosphate ions are es-
sential, in addition to fluoride ions, in order to ac-
celerate remineralization and form fluorapatite33). 

The remineralization solution used in this study 
contained calcium and phosphate ions, and we 
replaced the solution daily; thus, extended de-
mineralization/remineralization cycling resulted 
in increased remineralization. Reynolds et al. also 
reported that elevation of Ca and P concentra-
tions in tooth enamel accelerates remineralization, 
strengthening the tooth structure34).

As confirmed by the SEM results, the experi-
mental varnish adhered better to the tooth surface 
after the application of fluoride varnish and dur-
ing the demineralization/remineralization cycling, 
implying the release of fluoride for a longer pe-
riod. Indeed, a higher quantity of fluoride varnish 
remnants on the tooth surface in SEM observations 
was associated with higher hardness, suggesting a 
proportional relationship between the two. As ex-
plained by Buzalaf et al.2), fluorapatite formation 
occurs by nucleation of partially dissolved miner-
als on tooth surfaces containing fluoride and less 
carbonate, rendering the enamel more resistant 
to future acidic challenges. A low level of fluoride 
present for prolonged periods is adsorbed to the 
partially demineralized crystal surface and attracts 
calcium ions2), thereby contributing to accelerated 
remineralization and increased hardness of teeth. 

In EDS analysis of the tooth surface after 20 days 
of demineralization/remineralization cycling, flu-
oride was not detected in any of the groups. The 
EX and VV groups showed increased carbon con-
tent, but reduced Ca content, compared with the 
control and CS groups. This may be a result of the 
fluoride varnish covering a substantial portion of 
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the enamel in the EX and VV groups—carbon is 
the major component of rosin, the base of fluo-
ride varnish. In contrast, the calcium content was 
increased in the control group, which was not 
treated with fluoride varnish, and in the CS group, 
where the fluoride varnish was almost entirely re-
moved. Because it seems difficult to measure trace 
amounts of fluoride on tooth surfaces with EDS, 
XRD may be necessary to detect the small quantity 
of ions on the tooth surface. 

Bovine teeth were selected in the study because 
of the similarity in the hardness and the chemi-
cal composition35), and the affordability. Further 
studies should quantify the exact amounts of 
fluoride released into the artificial saliva and de-
mineralization/remineralization solution daily. A 
previous study reported that the addition of casein 
phosphopeptide-stabilized amorphous calcium 
phosphate complexes (CPP-ACP) to fluoride var-
nish could remineralize artificial dentin caries-like 
lesions under demineralizing conditions36). Subse-
quent studies should assess whether the addition 
of CPP-ACP or calcium and phosphate to experi-
mental fluoride varnish increases tooth remineral-
ization. 

Under the conditions of this study, at least 20 

days of demineralization/remineralization cycling 
were required to fully assess the effects of reminer-
alization. Fluoride varnishes should be chosen with 
discretion because the rate of remineralization af-
ter the demineralization/remineralization cycling 
differed according to the type of fluoride varnish 
used. The fast recovery of the hardness in the ex-
perimental fluoride varnish group suggests that it 
can be used as an effective to resist dental caries 
and to facilitate remineralization.

Ⅴ. Conclusion

When fluoride varnish was applied on the tooth 
surface after caries induction, the EX group re-
covered the hardness of the baseline in 24 hours’ 
storage in artificial saliva. After 20 days’ deminer-
alization/remineralization cycling, the hardness of 
the EX and VV group even increased than those 
of the baseline. The experimental fluoride varnish 
with fast recovery in the hardness of the baseline 
can be used as an effective fluoride varnish to resist 
demineralization and to facilitate remineralization, 
suggesting the possibility of prevention of dental 
caries.
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