
ABSTRACT
Aim
A pursuit to find a healthy alternative to sucrose with 
less cariogenic potential, which can potentially lower the 
incidence of Early Childhood Caries (ECC), by means of 
comparison.

Methods
Primary tooth enamel blocks (n=32) were randomly 
divided into four groups and exposed to 5% 
concentrations of the respective test groups (sucrose, 
xylitol, erythritol and stevia). All samples were inoculated 
with S. mutans standard strain (ATCC 25175) at room 
temperature.  Analysis of Colony Forming Units (CFUs), 
acidity measurements (pH) and Scanning Electron 
Microscopy (SEM) observations were done after 6, 12, 
18 and 24 h and compared.

Results
After 6 h, the marginal mean CFU count indicated 
equal S. mutans growth in all groups. Stevia showed 
lower CFU counts compared to other groups at 12, 
18 and 24 h. The pH levels for all non-fermentable 
sugar substitutes (NSS) initially decreased but never 

below the critical pH=5.5 and stabilized from 12 to 
18 h. The pH levels of sucrose dropped and remained 
below pH=5.5 at all time intervals. The SEM analysis of  
S. mutans supported the CFU results indicating 
growth in the presence of sucrose and reduction in the 
presence of the NSS.

Conclusions
Compared to sucrose, xylitol, erythritol and stevia 
have less cariogenic potential with reduced growth of  
S. mutans and subsequent acidity levels. Stevia had 
the least cariogenic potential of all the NSS tested, 
followed by erythritol and then xylitol. 
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INTRODUCTION
Early Childhood Caries (ECC) is one of the most 
prevalent diseases in children and a serious concern in 
public health care systems worldwide.1  Streptococcus 
mutans (S. mutans), in the presence of sucrose, is 
responsible for the onset, presence and development of 
dental decay in most instances.2 Studies suggest that 
the consumption of non-fermentable sugar substitutes 
(NSS) can affect the metabolism of microorganisms, 
with subsequent reduction of acidity in the mouth.3-6 A 
pH level in the mouth of 5.5  is known as the critical level, 
as this level of acidity and below leads to disintegration 
of the organic compound of the enamel and dentine, 
leading to demineralization and subsequent cavity 
formation.7 Limited research regarding the effect of NSS 
on the metabolism of cariogenic microorganisms and 
the resulting pH values inspired this study. The effect 
of sucrose and different NSS (namely xylitol, erythritol 
and stevia- hereafter refered to as sweeteners) upon 
the colony forming unit (CFU) of S. mutans, pH of the 
incubation medium and morphological appearance of 
bacterial cells, were investigated at various intervals 
over a 24 h period. Findings from this study generated 
new evidence regarding the use of healthy and safe 
sugar substitutes to lower the incidence of ECC.
 
MATERIALS AND METHODS
The research was conducted as a randomized controlled, 
cross-sectional, observational in vitro study of which the 
methodology is summarized in Figure 1. The aim of the 
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study was to compare the cariogenic potential of sucrose 
and sweeteners xylitol, erythritol and stevia. 

Obtaining enamel blocks:
For the results to be applicable to ECC, primary teeth 
that were extracted as part of a comprehensive treatment 
plan irrelevant to this study were used. Enamel blocks 
(2 mm x 2 mm) were produced from the sound buccal 
surfaces of extracted primary molar teeth, to create a 
surface for biofilm formation. Blocks were prepared by 
using a diamond wafering blade in an Isomet 11-1180 
low speed saw (Buehler Ltd, Lake Bluff, Illinois, USA). 
Blocks were sterilised in an autoclave (Already Enterprise 
Inc., Taipei, Taiwan) at 121˚C for 15 minutes (min). The 
32 enamel blocks were grouped in pairs and then 
divided into four well plates, representative of the four 
time intervals each containing the respective sweeteners 
and sucrose as control (2x4x4=32), and placed facing 
upward in individual tissue wells (Figure 2). 

Preparation of sweetener solutions:
The technique described by Pfaffmann et al.8 was 
modified and used to prepare the 5% concentration level 
for the four sweeteners respectively. A preparation was 
based on weight by volume,8 and made up by precisely 
weighing 5 g of a sweetener and dissolving it in 20 
mL sterile water. The sweetener preparation was filter 
sterilized (0.22 µM Millipore filters, Merck SA) and added 
to Peptone-Casein-Soy-Basal medium (PCSBM) to 
constitute the final sweetener solutions. The respective 

sweetener solutions were then added to two wells per 
well plate respectively (2 wells x 4 sweeteners x 4 well 
plate = 32). A laboratory assistant prepared the sweetener 
solutions and added the solutions to the well plates (test 
groups marked as A, B, C, D) as the lead researcher was 
blinded to which well plates contained which sweetener.

Inoculation of sweetener solutions:
Solutions in all well plates were inoculated with  
S. mutans standard strain (ATCC 25175), adjusted to a 
1% McFarland standard one solution (3 x 108 CFU/mL) at 
room temperature (25±3°C). Microorganisms were tested 
for purity by means of Gram-staining.9 
                   
CFU determination:
For the purpose of determining Colony Forming Units 
(CFU), serial dilution and the spread plate technique 
(adapted from Bauman et al.9) were performed as 
illustrated in Figure 3. At each time interval (viz. 6, 12, 18 
and 24 h)  two samples were collected from the well plates 
harbouring the enamel blocks and sweetener solutions 
and diluted up to factor 10-8. Each dilution was plated in 
triplicate to eliminate bias, resulting in 48 plates per group, 
per time interval (2 samples x 8 dilutions x 3 plates=48 
plates available for CFU analysis). All samples, dilutions 
and well plates were clearly marked. 

Petri dishes (90 mm x 15 mm) (Sigma Chemical Co., St. 
Louis, MO, USA) containing prepared Agar were used for 
plating. The Agar was prepared by dissolving 5 g Glucose, 
23 g Mueler-Hinton Agar and 15 g Bacteriological Agar 
in 1000 mL distilled, sterilized water. After plating, Petri 
dishes were placed in a Labotec incubator (Labotec 
(Pty) Ltd., Midrand, RSA) at 37ºC for 24 h and CFU 
were assessed and compared to estimate the growth of 
viable bacterial cells in each sample. The most countable 
consecutive three dilution ranges were identified within 
each group, amounting to eighteen plates per group that 
were assessed for CFU at each time interval. The CFU 
were counted, by means of the standard plate count 
method, whereby the CFU were counted and multiplied 
with the dilution factor. These were then converted to log 
values. 
 
Determining of pH-values:
At each time interval, the pH value of the media containing 
the respective sweeteners, was determined in triplicate 
using a microelectrode pH meter (Oakton pH700 pH/mV/ 
˚C /F Bench Meter). 

At each time interval, the two enamel blocks from each 
group were collected from the well plates for scanning 
electron microscopy (SEM) analysis to determine the extent 
of biofilm formation. Samples were placed in marked, 
sterile well plates and prepared for SEM according to 
standard methods for biological materials.10 Enamel slabs 
were kept in a 96% alcohol solution (Sigma Chemical 
Co., St. Louis, MO, USA) prior to final preparation. 
Samples were then placed on spotting plates, covered 
with 100% alcohol (Sigma Chemical Co., St. Louis, 
MO, USA) and left for 10 min. The 100% alcohol was 
gradually substituted with Hexamethyldisilazane (HMDS) 
(Fluka, Castle Hill, Australia), using disposable Pasteur 
pipettes and left to evaporate. Hexamethyldisilazane 
lowers surface tension around the sample and therefore 

Figure 1: Flow chart to summarize the methodology

Figure 2: Four well plates, one per time interval, containing enamel 
slabs and sweetener solution were used
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eliminates the likelihood of distortion of the cells during 
the final drying stages before SEM examination. The 
enamel slabs were mounted on stubs, sputter coated 
with chromium and analysed at 1500x, 3000x and 
8000x using a Zeiss Supra 55 VP Field Emission 
variable pressure Scanning Electron Microscope  
(FE-SEM) (Zeiss, Germany) at Sefako Makgatho Health 
Sciences University, South Africa. 

Statistical analysis
The data was statistically analysed using a factorial 
study design with factors sweetener (sucrose, xylitol, 
erythritol and stevia) and time (6, 12, 18 and 24 h). 
The data for CFU counts and pH were quantitatively 
analysed using a two-way analysis of variance (ANOVA), 
with main factors sweetener and time, inclusive of 
interaction between factors. The level of significance 
was set at p < 0.05. Descriptive analysis was used for 
biofilm formation using SEM. 

Ethical clearance
Ethical clearance was obtained from the Ethics 
Committee, Faculty of Health Sciences, University 

of Pretoria, South Africa (ethical clearance number 
86/2019). Ethical and safety guidelines, for the handling 
and disposal of human teeth and laboratory research 
were strictly followed.

RESULTS 
Comparisons of the CFU between the sucrose and 
NSS groups at the different time intervals are reported in 
Table I and illustrated graphically in Figure 4. Significant 
differences between the CFU count in the presence of 
sucrose and the respective NSS were noted after the 
6 h time interval. 

A comparison of the pH values for each group (at 
different time intervals) are reported in Table II and 
depicted as a graph in Figure 5. The results in the 
current study show a direct correlation between the 
increase in CFU and the decrease in pH value for all 
groups with the exception of erythritol (Table I, Figure 
4, Table II, and Figure 5). When the CFU stabilized or 
decreased, the pH stabilized or increased accordingly, 
for sucrose, xylitol and stevia (Table I, Figure 4, Table II, 
and Figure 5).

Figure 3: Illustration of the serial dilution and spread plate technique

Table I Mean differences in log of CFU counts between paired sweeteners at different time intervals

Sweetener 
pair

Mean 
difference 

at 6h
p-value

Mean 
difference at 

12h
p-value

Mean 
difference at 

18h
p-value

Mean 
difference at 

24h
p-value

Xylitol vs Su-
crose

-0.03 0.575 0.20* 0.003 -0.13* 0.042 -0.08 0.188

Erythritol vs 
Sucrose

0.03 0.618 -0.01 0.918 -0.01 0.904 0.49* 0.001

Stevia vs 
Sucrose

0.07 0.213 -0.42* 0.001 -0.19* 0.003 -0.03 0.636

Erythritol vs 
Xylitol

0.06 0.296 -0.20* 0.003 0.12 0.053 0.57* 0.001

Stevia vs Xylitol 0.11 0.080 -0.62* 0.001 -0.07 0.245 0.05 0.385

Stevia vs 
Erythritol

0.04 0.442 -0.41* 0.001 -0.19* 0.005 -0.52* 0.001

*The mean differences in CFU are statistically significantly different, at p<0.05
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The SEM images of the current study show clusters of 
S. mutans in the presence of sucrose at 12 h and 18 h 
(Figure 6). However, stressed S. mutans cells could be 
observed in the presence of erythritol at 18 h and 24 h 
(Figure 6). Scanning Electron Microscopy also revealed 
stressed bacterial cells with cob-web-like structure in the 
presence of stevia at 18 h and 24 h (Figure 6). Bacterial 
cells were only found in sheltered areas in the presence of 
xylitol at 12 h (Figure 6).
     
DISCUSSION
Sucrose
It was observed that sucrose showed statistically 
significant higher CFU counts than the NSS tested, 
with the exception of erythritol, at all the time intervals 
and xylitol at 12 h. Sucrose serves as substrate for   
S. mutans, enabling it to multiply and grow.11-12 Frequent 
and excessive intake of sucrose, therefore result in 

elevated levels of S. mutans in saliva.11-12 The SEM 
analysis also confirmed positive growth of S. mutans at 
all time intervals in the presence of sucrose (Figure 6a, 
b). Sucrose is known to cause a drop in oral pH because 
of bacterial fermentation of ingested sucrose, glucose, 
fructose, refined carbohydrates and cooked starches.11-13 

After 12 h, the pH value for sucrose was statistically lower 
than the pH values of xylitol, erythritol and stevia for all 
time intervals (Table II, Figure 5).  

Xylitol
The significant difference between the CFU count for 
xylitol and sucrose at the 6 h interval can be attributed 
to the fact that xylitol has a similar structure to sucrose 
and is therefore initially recognized by the microbial cell 
as a potential nutrient. Xylitol enters the bacterial cell and 
is expelled from the microbial cell as xylitol again, thus 
not utilized by the bacteria as a source of energy.14-15 

Miyasawa et al.16 found that in the presence of xylitol, 
the lactic acid end-product of the metabolic pathway of 
bacteria is decreased, but that formic and acetic acids 
are increased which may support the initial drop in pH 
reported in this study.16 

The SEM analysis produced corroborating evidence 
about the attachment of bacterial cells to the enamel 
surface. Although the CFU count in the presence of xylitol 
was higher than that of the other NSS at 12 h, there were 
not many bacterial cells visible on the enamel surface 
(Figure 6g). This is in line with the findings of  Badet et 
al.17 where the clear inhibitory effect of biofilm formation 
in the presense of xylitol was demonstrated. This is also 
substantiated by the findings of Jacques et al.18 in an 
earlier study, stating that xylitol leads to a reduction in 
lipoteichoic acid, which is essential for adhesion to the 
enamel surface. Although the pH value measured for 
xylitol was statistically lower than those of erythritol and 
stevia after 24 h, it stabilized and never dropped below 
the critical level of 5.5 (Table 2, Figure 5). 

Erythritol
The CFU for erythritol was statistically higher than 
the CFU for all the other sweeteners at  24 h (Table1, 
Figure 4), and is supported by is similar to an in vivo 
study whereby the growth of S. mutans in the presence 
of erythritol was inhibited only during later growth 

Figure 5: Display of marginal means for pH values over treatment and 
time

Figure 4: Display of marginal mean for mean CFU counts for various 
treatments over time

Table II Pairwise comparison of pH values measured for sweeteners at different time intervals

Sweetener 
pair

Mean 
difference 

at 6h
p-value

Mean 
difference at 

12h
p-value

Mean 
difference at 

18h
p-value

Mean 
difference at 

24h
p-value

Xylitol vs 
Sucrose

0.17* 0.046 0.78* 0.001 1.19* 0.001 1.37* 0.001

Erythritol vs 
Sucrose

0.12 0.133 0.87* 0.001 1.41* 0.001 1.745* 0.001

Stevia vs 
Sucrose 

0.09 0.267 0.93* 0.001 1.45* 0.001 1.82* 0.001

Erythritol vs 
Xylitol

-0.04 0.567 0.09 0.259 0.22* 0.011 0.37* 0.001

Stevia vs Xylitol -0.08 0.323 0.14 0.081 0.26* 0.004 0.45* 0.001

Stevia vs 
Erythritol

-0.03 0.670 0.05 0.498 0.37 0.640 0.07 0.354

*The mean differences in CFU are statistically significantly different, at p<0.05

RESEARCH468 > www.sada.co.za / SADJ Vol. 77 No.8



phases.19 Certain bacterial cells still seemed turgid and 
healthy while others seemed to have died with cob-web-
like attachments anchoring them to the surface of the 
enamel at 18 and 24 h (Figure 6c, d). The elevation in the 
pH value for erythritol from 18 h to 24 h may be attributed 
to an altered metabolic cycle of  S. mutans, which is in 
correlation with a longitudinal study conducted by Runnel 
et al.20 that reported that bacteria in erythritol produce 
less acid compared to other polyols over time.
 

Stevia
The increase in CFU count for stevia after 6 h may be 
due to S. mutans that recognised the NSS as potential 
source of nutrition and the presence of carbohydrate 
bulking agents.21 At 12 h, the CFU for stevia was 
statistically lower (Table I, Figure 4) compared to all the 
other sweeteners and also evident in the SEM analysis 
with very few cells visible on the enamel structure (Figure 
6e). Although studies have confirmed stevia’s inhibitory 

Figure 6: SEM images showing a) clusters of S. mutans 
in the presence of sucrose at 12 h; b) clusters of  
S. mutans in the presence of sucrose at 18 h; c) 
stressed S. mutans cells in the presence of erythritol 
at 18 h; d) cluster of stressed S mutans cells in the 
presence of erythritol at 24 h e) stressed bacterial cells 
with cob-web-like structure in the presence of stevia 
at 18 h; f) stressed bacterial cells in the presence of 
stevia at 24 h g) bacterial cells are only found in shel-
tered areas in the presence of xylitol at 12 h
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effect on growth of bacteria, research is still lacking 
on the exact mechanism.22-23 It is however postulated 
that stevia inhibits the formation of polysaccharide, 
necessary for bacterial cell adhesion and dental biofilm 
formation.7 The lower CFU count for stevia at 12 h may 
also be attributed to the exhaustion of carbohydrate 
bulking agents and the incapacity of  S. mutans to 
metabolize stevia with subsequent inhibition of growth 
of the microorganisms.14-15 The CFU for stevia dropped 
significantly after 18 h (Table I, Figure 4), which was 
again confirmed with SEM where only a few bacterial 
cells were observed and dead cells, forming cob-web-
like structures seen on the enamel surface (Figure 6f). 
Although there was an initial drop in the pH value in the 
presence of stevia, the value stabilized after 12 h and 
was elevated after 18 h (Figure 5). This elevation of pH is 
similar to the findings of Giacaman et al.7 whereby stevia 
had significant lower acidogenicity compared to other 
commercial sweeteners. 

Overall
The significance of the pH level of the media containing 
sucrose dropping below pH=5.5 and remaining below 
this critical level, should be highlighted. The CFU and 
SEM observations indicate positive bacterial growth 
in the presence of sucrose, with growth retardation of 
NSS confirmed with SEM. Although the CFU counts 
do not reflect this throughout the experiment, it can 
be attributed to the solid tooth structure vs. liquid 
medium not providing equivalent conditions in providing 
bacterial attachment. However, S. mutans activity and 
metabolism is a causative factor of dental caries due 
to acid production.24 The results of the study therefore 
confirmed that the NSS, xylitol, erythritol and stevia, 
have a lower cariogenic potential compared to sucrose, 
in vitro, since none of the NSS tested produced a pH 
lower than 5.5. 

Limitations
The limitations of this in vitro study are that it did not 
fully mimic the in vivo environment that is influenced by 
buffering of saliva, variable salivary flow rates, different 
quantities of bacterial material on teeth and the variety 
of bacteria capable of producing acid or alkaline 
substances. 

CONCLUSION
This study yielded justifiable evidence that NSS (xylitol, 
erythritol and stevia) have less cariogenic potential when 
compared to sucrose. Considering CFU counts, pH 
values and SEM analysis over 24 h, stevia showed the 
least cariogenic potential of all the NSS tested, followed 
by erythritol and then xylitol. The safe and effective way 
to incorporate NSS, as sugar substitutes in the daily diet 
of children, which can ultimately contribute to lowering 
the incidence of ECC, should however be further 
researched. 
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