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Abstract: Examining the enamel surface with the Atomic Force Microscopy (AFM) 
enables more precise registering and defining of the changes of enamel surface structure 
and of microhardness. This method can be used to compare the efficiency of application of 
different preventive and therapy materials and medicaments in dentistry. Under the influ-
ence of coca cola, a change of crystal structure and nanomorphology on enamel surface oc-
curs.  

The trial was conducted on a total of 40 extracted teeth which were divided into two 
groups treated with the solution of coca cola during 5 minutes, and then prepared and tested 
with a standard AFM procedure, type SPM-5200. Quantitative analysis was performed by 
comparing the roughness parameters (Ra) of treated and non-treated sample.  

Keywords: nanomorphology, enamel surface, AFM procedure, roughness parame-
ters. 

 
 
 

1. INTRODUCTION 
 
Tooth enamel is made of a billion crystals of 

carbonized hydroxyapatite that are packed in indi-
vidual prisms winding from enamel-dentin border 
toward the tooth surface.  Enamel prisms are formed 
by complex interaction of ectodermal and ectome-
senchymal tissues that coordinate the action of ame-
lobasts (cells responsible for their synthesis).  Each 
enamel prism is a product of a single ameloblast and 
stretches uninterruptedly from the enamel-dentin 
border to tooth surface. Enamel surface is not flat. It 
has a wavy structure because at places where Ret-
zius’ striae end such striae overlap in the form of 
steps, with the appearance of shallow grooves re-
ferred to as perikymata. Although enamel has a pro-
nounced hardness, it is also fragile at the same time 
and similar to glass, so that for these reasons it could 
appear to be susceptible to breaking. Despite that, 
enamel can take loads higher than 1000 N several 
times during the day. The overall enamel micro-
structure is formed in such a way to adjust to such 
loads. This is also contributed by the support of elas-
tic dentin and the structures such as enamel tufts at 
the dentin-enamel junction. Besides the fact that it 
represents the hardest biological tissue, tooth enamel 
may be quickly damaged under the influence of var-
ious factors. Enamel damage can be divided into two 
large groups, i.e. infective and non-infective [1,2]. 

Infective damage or tooth caries occurs as a 
consequence of demineralization caused by the bac-
teria organized in a special ecological formation: 
oral biofilm – dental plaque. In certain conditions 
the so-called cariogenic bacteria (specific species of 
streptococci) dominate on the tooth surface. They 
have an ability to create organic acids, but can sur-
vive in acidic conditions. They suppress neutral or 
useful bacteria. In order for acidogenic biofilms to 
form and exert cariogenic effect, the presence of 
sugar is necessary. Sugars originate from food and 
can be obvious such as those from candies, refined 
buns, snacks, beverages, or hidden, like for example 
in juices.  

Beverages that decrease pH in the oral cavity 
and on the tooth surface, thus potentially leading to 
dental erosions, include fruit juices, soft drinks, 
sport beverages, other fizzy drinks, as well as vari-
ous pickled vegetables (due to the content of acetic 
acid) [12,13].  

In dentistry, the development of which has 
been greatly influenced both by the knowledge of 
and observing the biological and mechanical proper-
ties of hard (mineralized) tissues, the research with 
using, this precise technique has started only in re-
cent years. The results of the analyses of oral cavity 
tissue introduced the dental science into nano-era 
[3−6]. Only with the development of AFM technol-
ogies it was possible to observe more subtle surface 
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changes of enamel. Also, AFM studies start to be 
more and more used in researches in dentistry too, 
which observe the surface changes such as the dental 
plaque and mineralized and coloured deposits, sur-
face properties of different materials and morpho-
logical and mechanical changes on mineralized tis-
sues [7−9]. In recent years, AFM has been more and 
more used to investigate erosions and early stadiums 
of demineralization on enamel surface – the first 
results show that this is a very convenient tool. In 
order for the investigations to be comparable as 
much data as possible should be collected about the 
enamel nanomorphology in different biological and 
pathological conditions [10−13]. 

We chose to use the average roughness (Ra) of 
our samples as a measure, because it has been most 
commonly used in previous studies, so it was easier to 
make a proper comparison of our results [14]. 

By using special research nanoprobes, it is 
possible nowadays to measure resolutions and 
movements at the level of nanometers and picomo-
lars [15].  This also enables precise registering of 
physical properties of healthy – unchanged enamel, 
dentin and cement of the tooth root, as well as carry-
ing out of the analyses of chemical processes and 
biological transformations that until now were im-
possible to perform [3,4,15,16].  
 
 

2. MATERIAL AND METHODS 
 
The study was carried out on a total of 40 ex-

tracted teeth divided into two groups from which 
samples were taken (3 mm x 2 mm x 2 mm in size) 
and which were treated with a solution of coca cola 
and then prepared and tested with the standard pro-
cedure using AFM of JSPM-5200 type. One group 

of samples was not treated, while the other was 
treated for 5 minutes, with an analysis of enamel 
nanostructure performed after the treatment.   

Every sample was fixed to the microscope 
holder by using cyanoacrylate adhesive.   

Images were made with very slowed down 
scanning of the surface of every 25,0 μm2, and with 
0,1 Hz scanning frequency with 256 lines per sam-
ple, so as to avoid damaging of the probe. 

Surface roughness was measured on the basis 
of average roughness (Ra) automatically on 
WinSPM software.  

The average roughness is defined as an aver-
age distance of the centerline when they are ob-
served as if they were local minimums and local 
maximums. This roughness is defined by the follow-
ing formula : 
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Figure 1 presents an image of the profile with 

absolute values in relation to the centreline. The dis-
tance of their average height from the height of the 
centreline profile is defined as average roughness.  

Competence at the level of AFM nanometry 
can be observed in the same way as in conventional 
measurements because the average roughness (Ra) 
at one measurement point is actually the arithmetic 
mean of local maximums and minimums of enamel 
surface calculated for that measurement point. All 
our measurement points have a surface of 5 x 5 μm, 
i. e.  256 x 256 or 512 x 512 pixels.  

 

 
Figure 1. Average roughness 

 
 
3. RESULTS 

 
Enamel surface morphology has been de-

scribed both in terms of quality and quantity. Quan-
titative analysis was based on comparison of Ra 

roughness parameter between different samples and 
on statistical analysis of obtained values.  

In an initial assumption of the study we in-
tended to start analyzing the effect of coca cola on 
the enamel surface during a 60-second interval. Pre-
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liminary tests have not identified any significant dif-
ferences between the treated and non-treated sam-
ples, therefore, a study with a 5-minute treatment 
was undertaken.  

Figures 2 and 3 present untreated samples and 
samples that were treated with coca cola for 5 mi-
nutes.  

 

         
Figure 2. Untreated control surface  Figure 3. Surface treated with coca cola for 5 min. 

 
 

On smaller magnification, the untreated sur-
face (Figure 2) is covered with an amorphous layer 
which may point to aprimsatic enamel and parts of 
pellicle. No clear borders between prisms or exis-
tence of larger depressions can be seen. Enamel 
shows signs of compactness. Surface is flatter and 
protrusions that can be seen have uniform structure. 

The granules are arranged in parallel rows and no 
pores on enamel surface can be seen.  

In contrast to that, slight porosity on the sur-
face treated for 5 minutes with coca cola can be 
seen. Depressions and the grid-like structure of gra-
nules can be seen (Figure 3). 

 

     
Figure 4. Untreated control surface Figure 5. Surface treated with coca-cola for 

5 minutes 
 

 
Higher magnifications confirm the compact-

ness of untreated surface (Figure 4). The structure of 
densely compacted crystals on untreated surface is 
more prominent, where no border can be seen be-

tween the prisms. On the treated surface, depressions 
between the prisms are more prominent, with pro-
truding prism heads and depressions around them.  
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Figure 6. Untreated control surface Figure 7. Surface treated with coca cola for 

5 minutes 
  

 
On higher magnitudes depressions can be seen 

(the arrow) between the „prismatic structures” in 
treated samples (Figure 7), while on untreated sur-
face (Figure 6) there is a filled-in area, which would 
correspond to compacted crystals. The findings point 

to the primary action in the area of less mineralized 
prism rims, where dilatation of the area can be seen.  

By the analysis of all measurement points, the 
following mean values of average roughness, ex-
pressed in Ra, were obtained:  

 
 Untreated sample − N Sample treated with coca cola 

Arithmetic mean of Ra values of all mea-
surement points Xsr 34,66 76,28 

 

Variables temp tgr 
Statistical signi-

ficance 
p 

N-Ra /CC5-Ra −237,9093 3,291 VSZ <0,001 
 
 

Based on the test of a hypothesis of existence 
of differences between the treated and untreated 
sample, with an application of a t-test, it is shown 
that there are statistically highly significant differ-
ences between Ra of the treated sample with a  
5-minute treatment of coca cola and Ra of the same 
sample without the treatment, because the absolute 
value t is empirically higher than t – border value  
temp = |−237,9093|>tgr = 3,291 za p = 0,001. 
 
 

4. DISCUSSION 
 

The selected studies are extremely important 
because non-carious damages of teeth are coming 
more and more in focus with a trend that exists in 
developed countries to place the caries under con-
trol. While a great deal of such damage would even 
pass unnoticed in the past, today, in developed coun-

tries, it is among the most frequent chronic diseases 
with the children of 5−17 years of age [2,11,17].  

Carbonated beverages are dominant among 
soft drinks, with coca cola taking a leading place. 
Increased consumption is accounted for by the re-
cession and a lower price of coca cola [18,19]. 

The increased consumption of carbonated be-
verages is correlated with an increase in erosive 
damages of enamel [20]. 

Numerous studies have shown an advantage 
of using AFM analyses to monitor both qualitative 
and quantitative changes on enamel surface [21−26].  

Speaking of qualitative and quantitative moni-
toring of enamel dissolution, the paper [27] demon-
strates correspondence of AFM examination tech-
nique with other techniques (SEM, profilometry, 
nanocarving), while the paper [28] confirms AFM as 
the most precise technique for such analyses. 
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The analysis of changes on our sample after 

five minutes of action of coca cola clearly shows 
that there are no densely compacted crystals which 
are, on the contrary, clearly seen on untreated sam-
ples; this is an indication of initial demineralization 
and creation of depressions, most probably at places 
of lower density of crystals. Other authors have also 
shown similar results [29].  

Many other researchers, who used different 
techniques, also showed negative effects of carbo-
nated beverages on both tooth enamel and composite 
fillings [30−33]. It was demonstrated in the paper 
[30] that carbonated beverages reduce the physical 
properties of enamel (hardness and elasticity mod-
ule) as a consequence of enamel erosion. The paper 
also shows that such drinks have a more prominent 
effect compared to, for example, orange juice. Some 
authors have found that unpolished enamel is less 
susceptible to erosions compared to the polished one 
and that the enamel structure itself in in vitro condi-
tions can significantly influence the progression of 
erosions. This particularly relates to the presence of 
aprismatic enamel, cracks and perikymata [34].    

Chemical composition of acidic beverages is 
certainly significant in the modification of the min-
eral structure and thereby of the mechanical proper-
ties of enamel [34]. That the acidity of carbonated 
cola drinks primarily originates from phosphoric 
acid has been shown in the paper [32]. It has been 
known from earlier researches that the drinks with 
citric acid causes higher enamel erosion compared to 
the drinks that contain only phosphoric acid, such as 
in coca cola [34]. In addition to pH, liquid environ-
ment around the enamel and temperature are also 
relevant, and they all affect the physical properties 
such as the elasticity module, hardness and surface 
roughness of human enamel.  

The results obtained in in vitro studies, such 
as ours, can only be partly transferred on what is 
going in clinical conditions, which largely depends 
on the dynamics of distortion of demineralization-
remineralization kinetics. Remineralization periods 
that lead to enamel recovery, reduction of roughness 
and microhardness increase have not been included 
in our studies [21,26,35]. Likewise, certain studies 
have shown increased resistance with the application 
of remineralization pastes or alternating presence of 
enamel in saliva and the drink [21,27].  
 
 

5. CONCLUSION 
 
The analysis of the samples after five minutes 

of coca cola action shows both the qualitative and 
quantitative difference. On treated enamel samples, 

lower density of crystals with larger areas between 
prisms is clearly seen. Surface is more irregular with 
higher depressions. The analysis of Ra of treated and 
untreated surfaces confirms such findings as well as 
higher roughness of enamel surface treated with co-
ca cola. The initial irregularity (after five minutes of 
treatment) is a consequence of partial destruction of 
aprismatic layer and the attack with the crystals of 
less compacted parts, such as perikymata or lamel-
lae. The findings correlate with the other studies 
[29,35].  

The results obtained indicate that the treated 
surfaces are statistically significantly rougher (high-
er Ra), which is also confirmed with the morpholog-
ical signs of depressions and decrease of enamel 
crystals.  

Under the influence of coca cola there is a sta-
tistically significant disruption of the integrity of the 
crystal grid which is observed after five minutes of 
action, which corresponds to the most common way 
of consumption of this carbonated drink. Enamel 
damages are primarily related to a decrease of crys-
tal thickness and the creation of fissures which in-
crease the overall roughness of the surface. Higher 
roughness leads to bigger contact with acids thus 
increasing the possibility of further damage.  

Our AFM researches indicate irregular surface 
structure of enamel in physiological conditions, 
which has a certain degree of roughness, depending 
on histological properties, the presence of pellicle 
and compactness of crystal units in prisms.  

Despite its limitations, our studies have 
proved that the use of AFM enables successful mon-
itoring of changes on enamel surface as well as the 
interpretation of the ultrastructural configuration of 
the crystal stage and of the damage created under the 
influence of different external factors.    

Likewise, we believe that coca cola, as the 
most common carbonated beverage, exerts aggres-
sive influence on enamel surface thus endangering 
the mineral structure.   

Further research should be directed toward the 
changes of ultrastructural enamel during a 2-h inter-
val after the action of the examined agent, which 
should be correlated with the physiological condi-
tions in oral cavity; subsequently causal relationship 
between them should be established.   
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ИСПИТИВАЊЕ ДЕЈСТВА АГРЕСИВНИХ ПИЋА НА ОШТЕЋЕЊЕ СТРУКТУРЕ ГЛЕЂИ 
 

Сажетак: Испитивање површине глеђи уз помоћ микроскопије атомском 
силом (АФМ) омогућава прецизније регистровање и дефинисање промјена на 
структури површине глеђи, као и микротврдоћу. Овај метод се може користити да би 
се упоредила ефикасност примјене различитих превентивних и терапеутских 
материјала и лијекова у стоматологији. Усљед утицаја кока-коле, долази до промјене 
кристалне структуре и наноморфологије на површини глеђи. 

Испитивање је извршено на укупно 40 извађених зуба који су подијељени у 
двије групе и третирани раствором кока-коле током пет минута, а затим 
припремљени и тестирани уз помоћ стандардне АФМ процедуре, типа SPM-5200. 
Квантитативна анализа је извршена поређењем параметара храпавости (Ra) 
третираног и нетретираног узорка. 

Кључне ријечи: наноморфологија, површина глеђи, АФМ процедура, 
параметри храпавости.   

 
 

 


