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ABSTRACT

Introduction: Enamel demineralization occurs by acid attack during dental caries. The initial 
caries could be arrested by enhancement of remineralization via topical fluoride application. 
Although fluoride is effective in enamel protection, the safety of its use is a matter of controversy 
which necessitated the search for new alternatives. Theobromine is one of the promising materials in 
caries prevention which is safer than fluoride. The effect of the remineralizing material consistency 
“gel or solution” is essential to be evaluated to reach the optimum protocol.

Purpose: To compare between the gel and solution forms of both theobromine and fluoride in 
the remineralization potential of the demineralized human enamel. 

Materials & Methods: Thirty longitudinal halves of human mandibular premolars were equally 
divided into 6 groups: control (C), demineralization (D) subjected to demineralizing solution then 
5 days PH cycle. The remaining 4 groups were similar to demineralization group with addition of 
treatment material “theobromine solution (T1), theobromine gel (T2), fluoride solution (F1) and 
fluoride gel (F2)”. The samples were investigated by scanning electron microscope (SEM) and 
energy dispersive x ray analysis (EDXA). 

Results: The enamel of demineralization group was porous with erosive changes exposing the 
subsurface enamel rods with severe rod core defects. Theobromine solution and fluoride gel groups 
showed improvement of the enamel surface. Fluoride solution group showed more observable 
enamel defects while the least favorable enamel topography was observed in the theobromine gel 
group. EDXA revealed that the calcium phosphorus ratio displayed a descending order: (C > T1 > 
F2 > F1 > T2 > D). 

Conclusion: Theobromine solution and fluoride gel are more effective remineralizing agents. 
Fluoride solution and theobromine gel have less remineralizing potential.

KEYWORDS: Theobromine, fluoride, remineralization, SEM, EDXA. 
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INTRODUCTION 

Enamel is regularly subjected to demineraliza-
tion and remineralization under different oral cir-
cumstances. Any interruption in the balance be-
tween demineralization and remineralization leads 
to caries(1, 2). However, dental caries in its early stage 
of formation can be remineralized (3), fluoride ther-
apy is one of the most popular and effective meth-
ods of caries prevention either in systemic mode 
(tablets, salt, milk, or water) (4) or topical fluoride  
application (5, 6).

The presence of fluoride in saliva and plaque in 
case of a carious lesion can inhibit the dissolution 
of enamel crystals therefore enhancing remineral-
ization (7). The anticariogenic action of fluoride is 
achieved through inhibition of demineralization 
and enhancement of remineralization (8). Calcium 
fluoride, calcium hydroxide, and fluorapatite are 
produced after fluoridation.  These fluoride com-
pounds protect enamel surface and act as fluoride  
eservoirs (9, 10). 

One of the determining factors of the fluoride 
effectiveness is the fluoride product consistency. 
Topical fluoride application to prevent caries 
includes fluoride containing rinses, toothpastes, 
gels, solutions, and varnishes (11). Fluoride gel 
and dentifrices were recommended by many  
authors (12-14). On the other hand, fluoride solutions 
were reported to be effective remineralizing  
agents(15,16). Moreover, fluoride varnish also has 
been widely used in high-caries-risk individuals, 
although there is still some debate about whether 
this vehicle is best for prevention or for repair of 
non-cavitated lesions (17-20).

Although fluoride could be considered a 
favorable alternative in caries prevention, excessive 
fluoride intake can cause fluorosis, tooth damage, 
brittle bones as well as decreased children 
intelligence, early aging, spontaneous abortion and 
digestive tract irritation (21). Moreover, the ability 
of fluoride to promote remineralization is limited 
by the availability of calcium and phosphate in  

saliva (22). Thus, fluoride therapy alone is insufficient 
to control the caries process in high caries-risk 
individuals (23). Because of these characteristics of 
fluoride, many alternatives as well as adjunctive 
products were presented in the last decades including 
casein phosphopeptide with amorphous calcium  
phosphate(24), Tri-Calcium Phosphate added to 
fluoride(25), glass Ionomer Cements (26) and iron (27).

One of the promising materials for caries 
prevention is theobromine (dimethyl xanthine) 
which is a white crystal powder that can be 
differentiated from caffeine by one methyl group. 
It is an alkaloid compound found in chocolate.  It 
has been reported that theobromine can be used 
to prevent enamel demineralization (28) and to 
enhance the remineralization potential (29). The 
enamel surface microhardness was improved 
after theobromine application which could be an 
indication for the protective effects of theobromine 
on enamel (30, 31). The gel form of theobromine was 
investigated, it was reported that theobromine-
containing toothpastes have a potential in occluding 
dentin tubules (32) .

The comparison between theobromine and 
fluoride was conducted by many authors and their 
results were relatively inconsistent. In a study 
done by Amaechi et al., 2013, it has been reported 
that theobromine may be a possible alternative to 
fluoride additives in dentifrices. Since theobromine, 
at a molar level 71 times less than that of fluoride 
showed remineralization ability on enamel 
lesions comparable to that of fluoride(29). However 
Nakamoto et al., 2016 (34) and Mahardhika et al., 
2017(34) reported that theobromine and fluoride 
have similar effects on enamel surface and 
remineralization ability. Theobromine was more 
favorable as it is safer because of its low toxicity 
when compared to fluoride (33). The comprehensive 
comparison between different forms of theobromine 
and fluoride in remineralization ability of the 
demineralized enamel is essential to clarify the 
optimum caries prevention protocol.
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MATERIALS AND METHODS

Sample selection and preparation

Twenty sound human mandibular first premolars 
were used in the present study. Teeth were 
examined to exclude those with enamel abrasions, 
erosions or decay on the buccal surfaces. Each 
tooth was sectioned longitudinally using diamond 
disk with copious water coolant to avoid heat 
generation. Thirty halves of the sectioned teeth were 
further selected and divided into 6 equal groups  
(5 samples each):

•	 Control group “C”: Samples were stored in 
distilled water during experiment period.

•	 The remaining 25 samples were subjected to 
demineralization protocol to initiate caries like 
lesion guided by previous studies with minor 
modification (35, 36); samples were immersed 4 
days in demineralizing solution [2.2 millimole 
(mM) Calcium Chloride, 50 mM Acetic Acid 
and 2.2 mM Sodium Dihydrogen Phosphate]. 
The PH of the solution was adjusted around 4.5 
by the addition of Potassium Hydroxide. 

•	 After initiation of caries like lesions, the 
samples were subjected to PH cycle for 5 days 
and subdivided into 5 equal groups according 
to the treatment applied during the PH cycle. 
Demineralization group “D”: no treatment 
applied. Groups “T1 and T2”: treated with 

200mg/liter theobromine solution and gel 
respectively. Groups “F1 and F2”: treated with 
200mg/liter sodium fluoride solution and gel 
respectively (table 1). 

•	 The PH cycle similar to that proposed by 
Argenta et al., 2003 (37) :

1.	 Application of treatment material (fluoride 
or theobromine) for a period ≈ 3 minutes.

2.	 Immersion in the demineralizing solution 
for 3 hours. 

3.	 Application of the treatment material 
(fluoride or theobromine) ≈ 3 minutes.

4.	 Immersion in the remineralizing solution 
till the beginning of the next cycle. 
Remineralizing solution is composed of 
(1.5 mM calcium chloride, 0.9 mM sodium 
phosphate) with PH adjusted to 7 by addition 
of potassium hydroxide.

•	 The theobromine (3,7-Dimethylxanthine) and 
sodium fluoride were supplied in powder form. 
The solution of each material was prepared by 
dissolution of the specified concentration in 
deionized water. While the gel was obtained by 
addition of hydroxy-ethyl cellulose powder to 
the solution (60 gm/liter).

SEM examination & Energy Dispersive X ray 
Analysis (EDXA):

TABLE (1): Summary of the studied groups

Group Group name Demineralization PH cycle Treatment Sample number

C Control No No No 5

D Demineralization Yes Yes No 5

T1 Theobromine solution Yes Yes Theobromine solution 5

T2 Theobromine gel Yes Yes Theobromine gel 5

F1 Fluoride solution Yes Yes Fluoride solution 5

F2 Fluoride gel Yes Yes Fluoride gel 5
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The middle third of the buccal surface enamel of 
each sample was examined under the magnification 
of (500, 1000 and 2000) to evaluate the surface 
characteristics of enamel. Quantitative analysis of 
surface mineral content of enamel samples using 
(EDXA) was performed to chemically analyze and 
measure calcium (Ca) and phosphorus (P) atomic % 
of each enamel sample under magnification (200x) 
to cover wide fixed area. Each enamel sample was 
placed under vacuum and excited to a higher energy 
state with an electron beam. As the electrons of each 
element falls back down to its original energy state, 
it emits x-ray energy at different specified wave 
length. 

The data of calcium (Ca) and phosphorus (P) 
percentage were tabulated and the Ca/P ratio was 
calculated as an indication of the mineral changes 
during demineralization and remineralization. The 
mean values of Ca/P ratio were calculated for each 
group. Results were tabulated and statistically 
analyzed using one-way ANOVA test to compare 
between groups followed by Post Hoc test (pairwise 
comparison with Bonferroni adjustment of P value) 
to compare between each 2 groups.

RESULTS

Scanning Electron Microscopic results:

Examination of the middle third of buccal 
surface enamel of the control group revealed 
regular relatively smooth enamel surface free of 

erosive lesions or porosity. The flat surface didn’t 
show evidence of the characteristic rod cross 
section, indicating that this flat surface is the intact 
outer rodless layer. Rarely, minute few depressions 
were detected (fig. 1). The demineralization group 
displayed scattered porosity almost all over the 
surface with separate areas of erosive changes. 
The outer rodless layer was removed exposing the 
enamel rods with fish-scale pattern. Many of the 
exposed rods presented severe defects in the rod 
core. Occasionally some defects involved groups of 
neighboring rods forming larger defect (fig. 2).

The enamel surface of theobromine solution 
group demonstrated smooth enamel surface in 
most of regions. While the rod ends were exposed 
in some areas with circular concavities. Occasion-
ally, there were variable sized deep pits (fig. 3). On 
the other hand, theobromine gel group had rough 
enamel surface with apparent surface defects. Wide 
irregular deep depressions were clearly seen scat-
tered on the enamel surface (fig. 4). Sodium fluo-
ride solution group showed sharp edged depressions 
with variable depth. Interestingly, aggregations of 
globular masses were detected over the enamel sur-
face. Many areas of the affected enamel revealed 
erosive non-pitted lesions with deeply dark appear-
ance rather than porous defects (fig. 5). Sodium 
fluoride gel group displayed smooth enamel sur-
face with no observed pits or exposed enamel rods. 
However, several regions of enamel showed erosive 
defects with variable sizes which lead to appearance 
of rough surfaced enamel areas (fig. 6).

Fig. (1) Scanning electron micrographs of control group showing relatively smooth enamel surface with occasional minute few 
depressions (arrows). [Magnification: A (x500) B (x1000)].
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Fig. (2) Demineralization group. (A): Porous enamel surface with erosive changes (arrow). (B): Removed outer rodless layer 
exposing the rods and their sheath with fish-scale pattern (arrow heads), many rods revealed severe defects in the rod core 
(arrows). Occasionally some defects involved groups of rods forming larger defect (oval) [Magnification: A (x500) B 
(x1000) C (2000)].

Fig. (3) Scanning electron micrographs of theobromine solution group. (A): Smooth enamel in many regions (arrow) while the rod 
ends are exposed in other areas (arrow head). (B): The enamel rod end displayed shallow rounded dipping (arrow head) and 
occasionally variable sized deeper pores are observed (arrows) [Magnification: A (x500) B (x1000)].

Fig. (4) Scanning electron micrographs of theobromine gel group. (A): rough enamel surface. (B): The regular circular pits on 
enamel surface (arrow heads) and wider irregular depressions scattered on the enamel surface (arrows) [Magnification: A 
(x500) B (x1000)].
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Energy Dispersive X ray Analysis results:

The average percentages of the calcium and 
phosphorus were measured and then the Ca/P ratio 
was calculated for each sample. The mean and 
standard deviation were calculated. The control 
group showed the highest mean value while the 
least mean value was of the demineralization group. 
The order of the 6 groups in a descending manner 
is: control, theobromine solution, sodium fluoride 
gel, sodium fluoride solution, theobromine gel and 
finally demineralization group (table 2 and fig. 7). 
ANOVA single factor test revealed nonsignificant 

difference between the 6 groups (P value > 0.05). 
The comparison between each 2 groups showed 
significant difference between the demineralization 
group and the fluoride gel group (P value < 0.05) 
while the other comparisons were statistically 
nonsignificant.

Table (2): The mean values and standard 
deviation of the Ca/P ratio in all groups.

C D T1 T2 F1 F2
Mean 2.04 1.45 1.98 1.56 1.59 1.64
Standard 
deviation 0.84 0.00 0.42 0.25 0.02 0.05

Fig. (5) Scanning electron micrographs of sodium fluoride solution group. (A): several depressions with variable depth (arrows) in 
addition to aggregation of globular masses over the enamel surface (arrow head). (B): Some areas of the affected enamel 
revealed erosive non-pitted lesions with deeply dark appearance (arrows) rather than porous defects [Magnification: A 
(x500) B (x1000)].

Fig. (6) Scanning electron micrographs of sodium fluoride gel group. (A): Smooth enamel surface with no observed pits or exposed 
enamel rods. Variable sized and colored erosive lesions are detected (arrows). (B): Higher magnification showing the minor 
surface irregularities with almost no observable porous areas in enamel surface [Magnification: A (x500) B (x1000)].
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DISCUSSION

Caries prevention is an important aim in the den-
tal field. The present work focused on the reminer-
alization as an effective tool for reversing an incipi-
ent caries. Although the enamel remineralization 
potential and its role in caries arresting are widely 
discussed in the literature (38). There is controversy 
about the categorization of the remineralizing ma-
terials as well as the techniques for application of 
these materials. We selected two remineralizing ma-
terials; the first sodium fluoride which is considered 
for long time the most effective method of caries 
prevention (39). The second is theobromine, a prom-
ising caries preventive material comparable to fluo-
ride but safer than fluoride as theobromine is non-
toxic (30). Moreover, the present work shed a light 
also on the effect of the consistency on the reminer-
alization potential using gel and solution forms for 
each of the studied materials. 

The initiation of enamel caries like lesions in our 
work was performed by chemical invitro models 
due to their simplicity, low cost, and experimental 
stability (40). The demineralizing solution used in the 
present work was mainly of acetic acid as it could 
cause detectable lesion formation, even at pH 5.0 
or higher (41). In the present work, after initiation of 
caries like lesions we used the PH cycling models 
to mimic the in vivo periodic alternation of PH (35).  

The use of PH cycles could represent the oral envi-
ronment more closely than in traditional experimen-
tal designs. Furthermore, the efficient scientific con-
trol of the experiment lead to lower variability (42).

We observed erosive areas in the enamel in the 
samples subjected to the acidic demineralizing solu-
tion. Similar organic acids as lactic acid and citric 
acid were also reported in previous studies  to pre-
dispose areas of enamel surface dissolution as well 
as erosion foci(43,44). Moreover, we presented in our 
results porous enamel surface after demineraliza-
tion. This coincides with Karlinsey et al 2012 who 
reported that the acid application dissolves calcium 
and phosphate ions which causes gapping between 
crystals which, in turn, lead to enamel porosity (44). 
The EDXA in our results supported the SEM results 
as the demineralization group showed decreased 
Ca/P ratio indicating demineralization process 
chemically. This could be explained by the drop of 
PH below a certain level, thus, enamel hydroxyapa-
tite dissolve, and demineralization occurs (40). 

In the present work, Our results revealed an im-
provement in the enamel surface characteristics in 
all the treated groups with different degrees. Re-
garding the porosity, we observed that generally flu-
oride groups (particularly fluoride gel) were more 
favorable than theobromine groups.  This might be 
explained by the mutual effect of fluoride in both 
inhibition of demineralization by protecting the 
crystals from dissolution (45) as well as enhancement 
of remineralization by adsorption to the surface of 
the demineralized crystals and attraction of calcium 
ions (46). Our results also coincide with Carrillo et al 
2018 who concluded that fluoride is the most effec-
tive treatment for remineralization of non-cavitated 
lesions. 

In the present study, EDXA revealed more 
improved Ca/P ratio in the theobromine solution 
group than in the fluoride groups. While the 
theobromine gel group was of the least value, but 
these results were statistically nonsignificant. On the 
contrary, Kargul et al 2012 reported a superior effect 

Fig. (7) Bar chart showing the mean values of the Ca/P ratio in 
all groups.
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of fluoride in increasing the surface microhardness 
of the demineralized enamel more than  
theobromine (30). The controversy might be due to 
the difference in the fluoride form as the authors 
used acidulated phosphate fluoride while in our 
work, we used sodium fluoride. 

The improvement in surface chemical composi-
tion of enamel with the theobromine solution group 
agreed with Nakamoto et al 2016 who concluded 
that theobromine caused formation of larger HAP 
crystallites in vitro (33). Moreover, Sadeghpour et al 
2007 stated that theobromine causes calcium and 
phosphate to merge into a crystal unit that is four 
times bigger than hydroxylapatite (29). Our results 
revealed that although theobromine solution caused 
increase in the Ca/P ratio but didn’t reach the level 
of the control group. This coincides with Irawan et 
al 2017 who concluded that theobromine increased 
enamel surface hardness after demineralization but 
did not restore it to its initial hardness (48).

In the present study, SEM and EDXA of 
theobromine groups revealed inferior enamel 
characteristics in comparison to the other groups 
particularly the theobromine solution group. The 
effective action of theobromine solution was 
reported in the literature especially in apatite-
forming medium like the remineralizing solution 
used in the present work (29). However, our finding 
regarding the theobromine gel didn’t coincide with 
Syafira et al 2012 who considered that theobromine 
gel a potential dental caries prevention material 
due to its effect in improving the enamel surface 
microhardness (49). However, the authors focused 
on the surface microhardness, a different parameter 
from our work. Furthermore, Syafira et al 2012 
studied theobromine gel of different concentrations 
but they did not compare between gel and 
solution. Moreover, the authors didn’t mention 
that theobromine gel repaired the enamel porosity; 
they claimed that enamel pores increase penetration 
of theobromine gel on the enamel surface, which 
causes elevation of apatite crystals which, in turn, 
hardened the enamel. 

CONCLUSIONS

Within the limits of the present study, we concluded 
that all the tested materials had a remineralization 
potential. Theobromine solution and fluoride gel are 
slightly more potent remineralizing agents than the 
other studied forms. In vivo studies are necessary to 
confirm this hypothesis.
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