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Introduction/Objective Artificial enamel caries lesions are commonly created to simulate in vivo caries 
development and to examine the effect of non-invasive and microinvasive approaches in treatment of 
initial caries lesions.
The objective of the present study was to compare three different demineralizing solutions and expos-
ing times in terms of the formation of artificial white spot lesions and to evaluate their demineralization 
effect through scanning electron microscopy observations.
Methods Twenty intact human premolars, extracted for orthodontic reasons, were thoroughly cleaned, 
stored in 0.1% thymol solution at room temperature and cut at the cementoenamel junction before de-
mineralizing process. The specimens were randomly divided into three experimental groups, according 
to the used demineralization agent and the time of exposure: Group I (acetic acid; pH = 4.4; 96 hours); 
Group II (lactic acid; pH = 4.5; 120 hours); Group III (Lactic acid; pH = 4.3; 504 hours) and one control group 
(saline). After demineralisation, macroscopic appearance was checked and all specimens were observed 
under scanning electron microscope to evaluate the enamel characteristics and caries lesion depths.
Results In Group I and II enamel subsurface porosity with dissolution of enamel crystals is detected and 
the mean depths of white spot lesions were 48.55 µm (SD = 1.11) and 43.23 µm (SD = 6.74), respectively. 
In Group III structural integrity of enamel surface was not preserved.
Conclusion Demineralizing solutions used in experimental groups I and II resulted in artificial initial caries 
lesions with satisfactory characteristics and similar appearance on scanning electron microscopy. The 
outcome of demineralizing process which lasted 504 hours were cavitated enamel lesions. 
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INTRODUCTION

Dental caries, one of the most common oral 
diseases worldwide, represents a major pub-
lic health concern, as confirmed by the latest 
report on the Global Burden of Disease [1]. It 
is estimated that 2.5 billion people suffer from 
caries in permanent teeth, and more than 530 
million children suffer from untreated caries in 
deciduous dentition [1, 2, 3]. Initial caries le-
sions, also known as white spot lesions (WSLs), 
are the earliest clinical signs of enamel caries. 
Subsurface enamel demineralization increases 
porosity and changes the optical characteristics 
of enamel. Consequently, the initial caries le-
sion appears as an opaque white spot, visibly 
different from the surrounding sound enamel 
due to differences in the refractive indexes (RI) 
[3, 4]. In the last decades, the prevalence of 
WSLs has increased, and some authors consider 
this increase a potential side effect of orthodon-
tic therapy with fixed orthodontic appliances 
[5, 6]. If these lesions are not detected in the 
initial phase and are not properly managed in 

this reversible stage, they might progress into 
irreversible cavitated lesions. Additionally, 
WSLs might compromise the aesthetics of the 
anterior teeth [7, 8]. Contemporary dentistry 
established several non-invasive approaches in 
treatment of initial caries lesions to arrest car-
ies lesions at an early stage and to improve its 
remineralization [9, 10, 11]. Fluoride-based and 
bioactive remineralizing agents such as casein 
phosphopeptide – amorphous calcium phos-
phate and calcium silicate-based materials are 
widely used [12–15]. As a modern, microin-
vasive approach, infiltration of the WSLs with 
a low viscosity composite resin, commercially 
available as ICON (DMG MORI, Hamburg, 
Germany), has been developed [16]. 

Accessible clinical experience points towards 
successful masking of whitish enamel discol-
oration in WSLs when treated with infiltra-
tive resin [17]. However, there is still need for 
further examination of its impact on the other 
features and its effectiveness (such as surface 
roughness and enamel hardness, shear bond 
strength, penetration depth) [5]. In vitro studies 
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with resin infiltration of artificial initial caries lesions are 
a potential method to achieve this goal. There are numer-
ous demineralization protocols for artificial WSLs which 
differ in the demineralization agents, the pH of the solu-
tions/gels and the required time of the exposure to the 
demineralizing agent. They can contain lactic acid, acetic 
acid, methyl diphosphonate, acidified hydroxietilcellulose 
system, and in some of them fluoride might be added. The 
recent systematic review and meta-analysis reported that a 
duration of demineralization process, which simulated the 
formation of WSLs, varied from several to 1200 hours. In 
addition, pH of demineralizing solutions varied between 
four and five [5]. 

Developing adequate artificial initial caries lesion is 
needed to investigate the characteristics of different remin-
eralizing protocols. Therefore, the objective of the present 
study was to compare the effect of three different demin-
eralizing solutions and exposure times on the formation 
of artificial WSLs and evaluate their demineralizing effects 
through scanning electron microscopy (SEM). 

METHODS

The present study was conducted in the Clinic for 
Pediatric and Preventive Dentistry and Department for 
Biochemistry, School of Dental Medicine, University 
of Belgrade and SEM evaluation was performed in the 
Department for Physics and Mathematics, Faculty of 
Agriculture, University of Belgrade. 

The present work was approved by competent eth-
ics committee (Ethics Committee of School of Dental 
Medicine, University of Belgrade, no 36/41) and conforms 
to the legal standards.

Twenty caries-free permanent maxillary or mandibular, 
first or second human premolars extracted upon orthodon-
tic indication were used for this study. The teeth were visu-
ally examined using LED light to ensure that there are no 
enamel surface defects or microcracks.

Specimen preparation

The selected teeth were cleaned with periodontal curettes 
to remove any remaining soft tissue and with fluoride free 
prophylactic paste (Cleanic, Kerr, Orange, CA, USA), ap-
plied by a brush mounted in a low-speed hand piece, un-
der water cooling. Subsequently, the teeth were washed in 
distilled water and stored in 0.1% thymol solution at room 
temperature until further use for no longer than 1 month. 

Before demineralization process, roots were removed at 
the cementoenamel junction with a low-speed diamond saw 
(Isomet, Buehler Ltd, Lake Bluff, IL, USA) under water cool-
ing (Figure 1). Pulp tissue was removed, and pulp chambers 
of the premolar crowns were obturated with flowable com-
posite (Flow-It ALC, Pentron). The premolar crowns were 
randomly divided into three experimental groups and one 
control group (each group containing five teeth).

All crowns in experimental groups were coated with 
an acid-resistant nail varnish (Essence, Cosnova GmbH, 
Zulcbah, Germany), except for a middle area of buccal and 
oral surfaces which were isolated using adhesive paper, 
sized 4 × 4 mm (Figure 2). The adhesive papers were re-
moved after the nail varnish had dried completely at room 
temperature. Each crown of the tooth gave two specimens 
(buccal and oral half), stored in saline solution at room 
temperature until SEM evaluation (Figure 3).

Figure 1. Before immersion 
into solutions, the roots of 
the teeth were separated at 
the cementoenamel junction 
with a low-speed diamond 
saw under water cooling; to 
perform the section, each 
tooth was fixed to glass plate 
using a sticky dental wax

Figure 2. Preparation of the premolar crowns for the demineralizing process: a – pulp tissue was discharged; 
b – dentin was etched with 37% orthophosphoric acid; c – after 15 seconds, it was thoroughly rinsed and 
dried; d – an adhesive was applied on the dentin surface; e – polymerisation was performed; f – pulp chambers 
were obturated with flowable composite; g – the middle area of buccal and oral surface of all crowns was 
isolated using adhesive paper, sized 4 × 4 mm; h – the crowns were coated with an acid-resistant nail varnish

Figure 3. After demineralization, all premolar crowns 
were sectioned into two halves (buccal and oral) with 
a low-speed diamond saw under water cooling

Effect of different demineralizing solutions and different exposing times on artificial initial caries lesion formation – an in vitro study
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Artificial initial caries lesions 

The specimens were randomly divided into three experi-
mental groups, according to the used demineralization 
agent, and one control group (n = 10):

Group I – demineralizing solution I – acetic acid based; 
pH = 4.4; for 96 hours [10, 18, 19];

Group II – demineralizing solution II – lactic acid 
based; pH = 4.5; for 120 hours [20];

Group III – demineralizing solution III – lactic acid 
based; pH = 4.3; 504 hours [21];

Group IV – control group (stored in saline solution at 
room temperature until SEM evaluation).

The composition of each demineralizing solution, its 
pH and exposure times are reported in Table 1. 

Table 1. Characteristics of solutions used for demineralization

Features Group I Group II Group III
Composition 2.2 mmol/L

calcium 
chloride

12 mmol/L
calcium 
chloride

18 mmol/L
calcium 
chloride

2.2 mmol/L
monopotassium 

phosphate

10 mmol/L
monopotassium 

phosphate

7.8 mmol/L
monopotassium     

phosphate
0.05 mmol/L
acetic acid

50 mmol/L
lactic acid

100 mmol/L
lactic acid

/ 100 mmol/L
sodium 
chloride

3 mmol/L
sodium azide

pH 4.4 4.5 4.3
Exposure 
time

4 days / 96 
hours

5 days / 120 
hours

21 days /
504 hours

Each specimen was immersed in 20 ml of appropriate 
demineralizing solution in a sterile plastic container. The 
pH of demineralizing solutions was checked every day with 
a probe to maintain the initially defined values (Mi 150, 
pH/Temperature Bench Meter, Martini instruments; Figure 
4). If needed, it was adjusted with potassium hydroxide. 
In Group I and Group III, specimens were stored at room 
temperature [10, 18, 19] and in Group II they were stored 
in 37°C incubator (Binder Gmbh Incubator, Tuttlingen, 
Germany) [21].

Subsequent to the artificial demineralization, nail var-
nish was carefully removed with oil-free acetone from the 
specimens, and they were thoroughly rinsed with distilled 
water. All specimens were visually inspected and macro-
scopic appearance of enamel lesion was evaluated.

Scanning electron microscopy evaluation of 
artificial white spot lesions

After completed demineralization procedure, all premolar 
crowns were sectioned into two halves (buccal and oral) 
with a low-speed diamond saw (Isomet, Buehler Ltd, Lake 
Bluff, IL, USA) under water cooling (Figure 3). In order to 
perform the section, each crown was fixed to glass plate 
using sticky dental wax (Galeo, Galenika, Belgrade, Serbia). 

From obtained buccal and oral premolar halves, sec-
tions were made through the artificially created WSLs in 
experimental groups and from sound enamel in the control 

group. Each premolar half was sectioned in vestibulo-oral 
direction, into 1-mm-thick slices with a low-speed dia-
mond saw (Isomet, Buehler Ltd, Lake Bluff, IL, USA) un-
der water cooling. Sections were made through the middle 
area and two slices were obtained from each premolar half. 
All slices were polished with silicon carbide paper (600, 
800, 1000, 1200 grit paper) under water cooling, rinsed 
with distilled water, dried and etched with phosphoric 
acid gel (Gel Etchant, Kerr) for 30 seconds. After abun-
dant rinsing and drying, the specimens were dehydrated 
in an ascending ethanol series (25%, 50%, 70%, 90%, 95%). 
Drying was performed with oil free air spray. Specimens 
were mounted on metallic stubs, gold-sputtered (Bal-Tec 
SCD 005 Sputter Coater) and observed under a Scanning 
Electron Microscope (JEOL-JSM-6460LV, Tokyo, Japan) 
under different magnifications (40, 100, 700, 1000, 1500, 
4000) to evaluate the characteristics of initial caries lesions 
– demineralization depth and pattern.

RESULTS

In the first and the second experimental group, areas ex-
posed to the demineralizing solution appeared whitish-
opaque on daily light at the end of demineralization pro-
cess. In both groups, visual inspection of the specimens did 
not reveal any localized breakdown of the enamel (Figure 
5). On the other hand, in the third experimental group 
the structural integrity of the enamel was not maintained.

Sound enamel in the control group (Group IV) on 
cross-sectional SEM micrograph showed physiologi-
cal enamel rod appearance (Figure 6). The surface of 
sound enamel might appear with occasional depressions, 

Figure 4. The pH of the demineralizing solutions was evaluated daily 
to maintain the initially defined values

Figure 5. The areas exposed to the demineralizing solution appeared 
whitish-opaque on daily light at the end of the process

Milanović M. et al.
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representing prism ends termination at the surface. These 
structures were usually located at the base of perikymata. 
The present SEM evaluation showed relatively smooth 
enamel without these morphological variations. 

In Group I enamel subsurface porosity with dissolution 
of enamel crystals was detected (Figure 7). It indicated 
formation of caries-like subsurface lesion. The mean depth 
of lesion was 48.55 µm (SD = 1.11) (Figure 8). In Group 
II, the mean depth of the lesion was 43.23 µm (SD = 6.74). 
In Figure 9 similar enamel appearance as in the previous 
group was found. The appearance of these caries-like le-
sions might be similar to the surface of sound enamel ex-
cept for surface depressions. Furthermore, in both groups 
(Group I and Group II), small number of specimens on 
microphotographs showed that some surface enamel areas 
of the WSLs were eroded while surrounded enamel surface 
was intact. 

In the Group III structural integrity of enamel surface 
was not preserved. Figure 10 presents surface erosion with 
prismatic pattern of enamel surface dissolution. Also, this 
lactic acid based demineralizing solution resulted in loss of 
enamel prism cores with present porosities and preserved 
enamel prism peripheries. 

DISCUSSION

Artificial enamel caries lesions are commonly created to 
simulate in vivo caries development. Enamel specimens 
are usually exposed to demineralizing solutions and gels 
composed of acetic or lactic acid, undersaturated regard-
ing hydroxyapatite, to simulate the plaque fluid conditions 
and allow the formation of initial enamel lesions [22, 23]. 

Freitas et al. [24] used methylcellulose gel. Its high vis-
cosity could compromise the diffusion rate of the acid, 
resulting in a reduced demineralization and fewer pores. 

Issa et al. [25] concluded that presence of fluoride in the 
demineralizing process, especially when gel was used, sig-
nificantly reduced the lesion depth and mineral loss in per-
manent teeth. In addition, typical subsurface lesions could 
be formed in the absence of fluoride. So, in the present study, 
demineralizing solutions without fluoride were used. 

Considering previously mentioned solutions and avail-
ability of solutions’ components, which is an important 
contributing factor in selection of demineralization agents 
[26], acetic and lactic acid-based protocols were selected 
for the present study. pH values of the solutions used in 
the study are also in accordance with a recently published 
systematic review and meta-analysis suggesting that the 
pH of demineralizing solutions should vary between four 
and five [5]. 

Figure 6. Scanning electron microscopy evaluation showed physi-
ological enamel rod appearance in the control group

Figure 7. In the experimental group I enamel subsurface porosity with 
dissolution of enamel crystals was detected

Figure 8. The depth of formed initial caries lesions was evaluated through 
scanning electron microscopy observations

Figure 9. In the experimental group II caries-like subsurface lesions were ob-
tained; they had similar enamel appearance as in the first experimental group

Figure 10. In the experimental group III structural integrity of enamel surface 
was not preserved; surface erosion with prismatic pattern of enamel surface 
dissolution can be seen

Effect of different demineralizing solutions and different exposing times on artificial initial caries lesion formation – an in vitro study
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When it comes to duration of demineralizing process, 
less consistent findings are present in literature. As pre-
viously mentioned, this period varies from few to 1.200 
hours. In the present study, solution used in the first ex-
perimental group lasted 96 hours as reported in several in 
vitro experiments [10, 18, 27]. Also, Behrouzi et al. [19] 
used solution for the same time, but it was acidified hy-
droxietilcellulose system. Group II in the present study 
had longer exposure time (120 hours).

On the other hand, in the third experimental group, it 
was significantly longer (21 day / 504 hours), as this pro-
tocol was suggested by Prajapati et al. [21]. These authors 
reported the mean depth of formed lesions of 341 μm. In 
the present pilot study, initial caries lesion with subsurface 
demineralization were not formed by this demineralizing 
solution. On the contrary, it resulted in localized enamel 
breakdowns with areas of prismatic pattern of dissolution. 

The mean depth of artificial initial caries lesions ob-
tained in the present study was 48.55 μm in the first group 
and 43.23 µm in the second group, which is not as deep as 
reported in some in vitro studies [10, 21], although there 
are similar findings in literature. Magalhães et al. [22] re-
ported mean depth of subsurface enamel lesions between 
35 and 52 µm, except for methyl diphosphonate lesions 
(86 µm).

In the present experiment, WSLs were visually detect-
able on the wet specimens and some authors stated that 
WSL was visible on a wet tooth surface when it had pen-
etrated deeper into the enamel surface [28]. They could 

be described as whitish areas with rough enamel surface 
enamel. 

Artificial WSLs induced in this experiment (Group I 
and Group II) demonstrated intact surface layer with sub-
surface prismatic demineralization and an enlargement of 
the prism sheaths. In some specimens, two types of enamel 
surface involvement were described: areas of erosion and 
other areas apparently intact, when compared to the sound 
enamel surrounding them. These two distinct sites of the 
WSL also presented diverse levels of enamel dissolution. 
Eroded areas showed irregular patterns of surface destruc-
tion, and, by some authors, they indicated an advanced 
stage of the dissolution of the enamel promoted by the 
carious process [29]. 

CONCLUSION

Based on the results of this study it could be concluded 
that different demineralizing solutions produce artifi-
cial initial caries lesions of variable features and depths. 
Demineralizing solution based on acetic acid of pH value 
4.4- and 96-hour-long exposure time and solution based 
on lactic acid of pH value 4.5 and 120 hours exposure time 
provide artificial WSLs with satisfactory characteristics. 
The outcome of demineralizing process which lasted 21 
days were cavitated enamel lesions.

Conflict of interest: None declared.
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САЖЕТАК
Увод/Циљ Почетна каријесна лезија глеђи формирана у in 
vitro условима се често користи за испитивање ефикасности 
различитих средстава за реминерализацију. 
Циљ овог истраживања био је испитивање утицаја три ра-
зличита раствора за деминерализацију и различитог вре-
мeна излагања на формирање белих мрља, као и процена 
карактеристика насталих почетних каријесних лезија глеђи 
помоћу скенирајућег електронског микроскопа. 
Методе У овом in vitro истраживању коришћено је 20 пре-
молара хуманог порекла који су извађени из ортодонтских 
разлога. Након детаљног уклањања остатака ткива, пото-
пљени су у 0,1% раствор тимола, на собној температури. Пре 
процеса деминерализације извршено је одсецање корена у 
нивоу глеђноцементне границе. Методом случајног избора 
разврстани су у три експерименталне групе, у зависности 
од употребљеног раствора за деминерализацију и време-
на у току којег су били изложени дејству раствора: Група 1 

(сирћетна киселина; pH = 4,4; током 96 сати); Група 2 (млеч-
на киселина; pH = 4,5; 120 сати); Група 3 (млечна киселина;  
pH = 4,3; 504 сата) и контролна група (физиолошки раствор). 
Пресеци здраве глеђи у контролној групи и особине наста-
лих каријесних лезија глеђи у експерименталним групама 
посматрани су на скенирајућем електронском микроскопу.
Резултати У првој и другој експерименталној групи уочен 
је настанак почетних каријесних лезија глеђи, са потповр-
шинским зонама деминерализације и повећане порозности. 
У трећој експерименталној групи није очуван интегритет 
површине глеђи и дошло је до настанка кавитета. 
Закључак Раствори за деминерализацију употребљени 
у првој и другој експерименталној групи дали су почетне 
каријесне лезије сличних особина, док је исход трећег ра- 
створа био настанак дефеката глеђи. 

Кључне речи: глеђ; деминерализација; почетне каријесне 
лезије глеђи; скенирајући електронски микроскоп
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