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Abstract
Objective: Dental caries is the most prevalent chronic disease in childhood. It is a social disease, which causes search for effective methods of its prevention. Due to 
its inhibitory action on Streptococcus mutans, xylitol is a readily used supplement. The purpose of the study was a determination of the effect of 0.01% concentration of 
xylitol on monospecies S. mutans biofilm formation. 

Design: Clinical strains were acquired from 64 children aged 4.7 ± 0.81 years. The study group included children with caries and patients without carious lesions. The 
isolates identified using a MALDI-TOF mass spectrometer. The effect of 0.01% xylitol on monospecies biofilm formation after 8, 24, 48 and 72 h of culturing was 
evaluated. The produced biofilms were evaluated by determining the biofilm biomass, microorganism concentration and analyzing structure in a scanning electron 
microscope.

Results: The biofilm biomass treated with xylitol was, at every time point, significantly lower (p < 0.001), in both study groups of children compared to the biofilm not 
treated with xylitol. A statistically significant decrease in the biofilm-forming capacity with xylitol in CFU/mL was obtained after 48 h in both groups.

Conclusions: The anti-biofilm efficacy of xylitol at low concentrations, justifies its use in caries prevention in children.
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Introduction
According to World Health Organization dental caries is a 

local pathological process of extracorporeal origin, leading to the 
decalcification of the enamel, the breakdown of hard tooth tissues 
and, consequently, cavities’ formation. Caries is a chronic infectious 
disease that occurs when demineralization processes are predominant 
over remineralization. For this to happen co-occurrence of 4 factors 
is necessary: the proper composition of dental plaque—the presence 
of cariogenic bacteria that form biofilms, in particular S. mutans, high 
carbohydrate intake (especially simple sugars), which as a result of 
mainly cariogenic microorganisms’ metabolism are transformed into 
organic acids, susceptibility of the host’s tooth tissues to these acids, 
and disturbances in the functioning of salivary defense mechanisms 
and time [1-3].

Caries growth can currently be observed, and this is largely related to 
an increase in the content of simple sugars in the diet. At the beginning 
of the 21st century, caries became the most prevalent chronic disease 
in children [3]. A special type of caries is early childhood caries (ECC) 
affecting children under 6 years of age. The reason for the cariogenic 
bacteria presence in the oral cavity is the phenomenon of transmission 
from mother to child (vertical transmission) [4]. Due to the scale of 
the problem, preventive measures have been introduced for the widest 
application, among which fluoride prophylaxis is the most commonly 
used and supported by evidence for its anti-caries effectiveness [5].

Such prophylaxis is based on regular use by patients of fluoride 
dentifrices used in exogenous prophylaxis (toothpastes, rinses, gels, 
foams, varnishes) as well as in endogenous prevention (e.g., fluoridation 

of drinking water, milk, salt) [6,7]. The increase in the tooth enamel 
fluorosis cases number observed in recent decades and the reluctance 
of some social groups to use fluoride compounds brings the need for 
other non-fluoride-based caries methods of prevention, especially in 
the youngest age groups.

Researchers are focusing their efforts on the search for and 
development of methods for non-fluoride prevention of dental caries, 
which would complement fluoride activity in the remineralization and 
inhibit demineralization. These technologies are used in toothpastes and 
other dentifrices with nanohydroxyapatites, arginine, lactoperoxidase 
system and with xylitol [2,8-10].

Xylitol is a five-carbon polyol naturally occurring in many plants, 
e.g., in birch bark, from which it is obtained for food purposes [2]. 
Like sucrose, it has a sweet taste, but unlike it, it is not metabolized 
by microorganisms to organic acid [11]. This fact enables its use as a 
non-cariogenic sugar substitute. In addition, its ability to increase 
salivary flow promotes the remineralization processes, increasing its 
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buffer capacity and reducing the amount of cariogenic microorganisms 
in the dental plaque by impairing their adhesion processes [2,11]. In 
the presence of xylitol as the only source of carbohydrates, S. mutans 
is unable to grow [2]. Xylitol taken up by a bacterial cell undergoes 
phosphorylation in its interior to xylitol 5-phosphate as a result of the 
phosphoenolpyruvate-dependent phosphotransferase system (PTS). 
This product accumulates in the cell causing its vacuolization. To 
reduce its content, xylitol 5-phosphate is removed from the cell after 
prior dephosphorylation (Figure 1). Such a futile cycle deprives the cell 
of energy gain, which contributes to its growth inhibition. Nevertheless, 
the long-term exposure of S. mutans to xylitol leads to the selection of 
strains resistant to pentitol, which are characterized by low PTS activity 
[2]. 

Currently, xylitol has been approved by several dozen countries 
as a treatment to be used in caries prevention. It is used in forms of 
lozenges, chewing gums, sweeteners, syrups, toothpastes and rinses 
[11]. 

In this study, we present the low concentration of xylitol influence 
on the ability of biofilm formation exhibited by clinical strains of S. 
mutans derived from children suffering from dental caries and children 
without carious lesions.

Materials and methods
Study groups

The study protocol was approved by the Bioethics Committee of the 
Jagiellonian University on the basis of meeting the requirements of the 
Helsinki Declaration (2008) after acceptance of the prepared study plan 
(no 1072.6120.183.2017 of 26.10.2017).

The study was carried out from November 2017 to May 2018 and 
included 64 patients of the University Clinic of Pediatric Dentistry. 
Criteria for inclusion in the study were clinically diagnosed dental caries 
in children aged 2–6 years. Exclusion criteria were: age less than 2 years, 
age over 6 years, diabetes, the use of certain drugs during the previous 

3 months (i.e., antibiotics, non-steroidal anti-inflammatory drugs, 
corticosteroids, vitamins), periodontitis, other inflammatory changes 
of the oral mucosa such as candidiasis, as well as the participant’s legal 
guardian’s withdrawal from participation in the study. Bacterial strains 
were isolated from plaque samples from qualified participants of the 
study. The study group included children with advanced ECC (33 
children, average age: 4.7 ± 0.73 years) and without carious lesions (31 
children, average age: 4.71 ± 0.9 years).

The condition of children’s teeth was determined using the 
International Caries Detection and Assessment System (ICDAS). 
Children with carious lesions were classified in the study group, which 
corresponded to codes 3–6 according to the ICDAS classification [12-
14]. The control group included children with teeth not affected by 
carious lesions (code 0 according to ICDAS) and with early carious 
lesions limited to enamel in the form of its opacity, which corresponds 
to ICDAS 1 and 2 codes.

The presence and amounts of dental plaque were evaluated on the 
basis of a simplified oral hygiene index (OHI-S index) [15].

Obtaining dental plaque from study participants

Plaque was extracted from all tooth surfaces via a half-minute 
brushing with a sterile brush mounted on a sterile contra-angle 
handpiece from the dental unit. In cases of children with dentophobia 
symptoms, the doctor removed the plaque manually using a brush 
placed in the low-speed tip disconnected from the unit. The legal 
guardians of the study participants were instructed on how to prepare 
children for the examination, and the details of the study as outlined 
by the research team were passed to them before giving their consent. 
Plaque samples were collected in the morning between 9 and 10, on an 
empty stomach, preceded by rinsing mouth with deionized water and 
after evaluation of the presence and amount of plaque (OHI-S). Test 
tubes with dental plaque were sonicated in an ultrasonic homogenizer 
(Hielscher UP50H) (30 s, 25% amplitude). Subsequently, the obtained 
material was mixed to obtain a homogeneous suspension and incubated 
under microaerophilic conditions (10% CO2). The cells were collected 
in the logarithmic phase of growth and were washed thrice with 40 
mM potassium phosphate buffer (pH 7.0). A homogeneous bacterial 
suspension in a volume of 50 μL was used in a conventional culturing 
method, using a selective medium, in three 10-fold dilutions for each 
developed sample, as described in our earlier study [16]. The obtained 
material was incubated under 85% N2, 10% CO2, 5% O2 conditions at 
37°C for 24–48 h. The cut-off point for the positive samples was the 
number of bacterial colonies > 10,000 cells/mL (Figure 2). Phenotypic 
identification was based on the morphological characteristics of 
bacterial colonies cultured on blood agar and the type of hemolysis. 
Dental plaque dilutions were made sequentially and inoculated on 
HLR-S (HL Ritz) medium. After culturing, the colonies were numbered 
by CFU/mL (colony forming units/mL).

Description of isolated S. mutans species

Pure isolates of S. mutans were inoculated from the HLR-S 
selective medium to blood agar (TSA) supplemented with 5% sheep 
blood while being grown under the standard conditions specified 
Krzyściak, et al. [16]. Colonies’ morphologies, hemolysis factors and 
sensitivities to drugs that exhibited specific heterogeneity within the 
same bacterial species were assessed. Gram staining was performed 
for initial differential diagnosis, allowing the distinction between 
Gram-positive and Gram-negative bacteria species.

Figure 1. Futile xylitol cycle. The phosphoenolpyruvate-derived (PEP) phosphate group, 
which is an intermediate product of glycolysis, is transferred by cytoplasmic EI and HPr 
enzymes to a phosphoenolpyruvate-dependent phosphotransferase (PTS) system, which 
then allows xylitol transport inside the cell with simultaneous phosphorylation. The product, 
xylitol 5-phosphate, cannot be used as a source of energy and accumulates, leading to the 
vacuolization of the bacterial cell. Excess xylitol-5-phosphate after prior dephosphorylation 
can be removed from the cell, but the process requires energy
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Identification

Isolated S. mutans species were identified by mass spectrometry 
assisted with desorption/laser ionization mass with a time-of-flight 
analyzer (MALDI-TOF MS). The ribosomal protein profile was evaluated 
using a Bruker MALDI Biotyper 1.0 analyzer. SCORE ≥ 2.0 results were 
considered to be S. mutans, while <2.0 scores were considered to be 
other than S. mutans and were not taken into consideration. These 
results were compared with the updated, commercially available Bruker 
database (Figure 3).

Preparation of homogeneous S. mutans mixtures

Only a homogeneous suspension of clinical strains of S. mutans 
was used in the study. Individual S. mutans colonies were cultured 
under microaerophilic conditions (6 h, 37°C, 10% CO2) in 5 mL BHI 
broth (Broth heart infusion, Merck, Darmstadt, Germany), at a final 
concentration of 0.01% xylitol (origin: Finnish birch). S. mutans strains 
were collected during logarithmic phase growth, and washed twice with 
PBS buffer (phosphate-buffered saline, 40 mM, pH 7.0). The microbial 
growth process was determined every 5 minutes by means of flow 
cytometry (LSRII, BD Immunoassay Systems, San Jose, CA, USA). 
Cell aggregates and conglomerates were discarded using wide-spread 
(FSC) and lateral light scatter (SSC) gating. Cells from the logarithmic 
growth phase were used for the study after overnight standardization of 

bacterial cultures in 5 mL PBS to achieve a bacterial cell concentration 
of 106 CFU/mL. The density of the resulting inoculum was measured 
using a MicroSpeak densitometer and confirmed by single colony 
counting after 24-hour growth on BHI blood medium under the above-
specified conditions.

Biofilm propagation

Biofilm propagation was determined based on the commonly 
accepted microtiter plate model, in which the biofilm grows on the 
bottom and walls of the wells, or on slides located at the bottom of 
the wells of the microtiter plate [17]. Streptococcus mutans clinical 
strains were selected as the recognized etiologic agent of ECC. Biofilm 
propagation was carried out on polystyrene slides placed vertically on 
the bottom of 24-well microtiter plates in accordance with the protocol 
from our previous study [18]. The rate of bacterial growth in the biofilm 
was assessed in the presence of 0.01% xylitol (0.66 mM in medium). 
The crystal violet (CV) staining was used to determine the biomass of 
the produced/degraded biofilm [19].

Monospecies biofilm

A standardized suspension of S. mutans bacteria (with a density of 
1×106 CFU S. mutans/mL) in a volume of 100 μL was transferred to the 
wells of a microtiter plate in BHI broth enriched with 0.01% xylitol. 
Incubation of inoculated bacterial cultures was carried out under 
microaerophilic conditions (85% N2, 10% CO2, 5% O2) for 90 minutes 
at 37°C to initiate the attachment of microorganisms. Subsequently, 

Figure 2. Test protocol: from plaque collection from children to obtaining pure S. mutans 
isolates

Figure 3. Sample result of an identification of S. mutans bacteria strains isolated from 
dental plaque using laser assisted desorption/ionization—time-of-flight (MALDI-TOF) 
performed with a mass spectrometer (Bruker Daltonik, Germany) with MALDI Biotyper 
software (v 3.1) (MALDI) (Biotyper Library v 3.4; Bruker Daltonik)
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the wells were washed twice using PBS solution. In the next stage, 100 
μL fetal bovine serum (FBS) was added to initiate biofilm propagation. 
Then, the microplates were incubated for 2 hours under the conditions 
described above. Subsequently, the plates were rinsed twice using PBS 
and 100 μL of BHI broth enriched with 0.01% xylitol was added. The 
negative control was 100 μL of BHI + 0.01% xylitol without bacteria 
(medium control). Continuous biofilm growth was ensured by the 
addition of 200 μL of BHI broth with 0.01% xylitol to S. mutans wells. 
Subsequently, the bacterial plates were incubated under microaerophilic 
conditions at 37°C for 8, 24, 48 and 72 h (Figure 4).

Calculation of bacteria count in a biofilm (CFU/mL)

After washing three times with sterile R-PBS at fixed time points 
(after 8, 24, 48, 72 hours of incubation), the biofilms obtained on 
the bottom and walls of the microtiter plate were removed using an 
ultrasonic homogenizer (Hielscher UP50H, Teltow, Germany for 20 
sec. 25% amplitude). Serial dilutions were prepared from the resulting 
suspensions, and inoculated with mitis salivarius-bacitracin agar with 
MSBS sucrose in a volume of 100 μL of S. mutans. The plates were grown 
for another 48 hours in the microaerophilic conditions. The number 
of grown bacterial colonies (CFU/mL) was calculated. The experiment 
was performed in three repetitions.

Biofilm biomass—determination

CV staining was used (after 8, 24, 48 and 72-hour growth) in 
order to determine the biomass of the structure produced. The 
fixing of the resulting bacterial film structure was carried out in 99% 
methanol (Sigma-Aldrich, Poznań, Poland) over a period of 20 min. 
The supernatants were removed and the microtiter plates were dried 
in the air. The resulting dried biofilm structure was stained with 100 

μL of 0.1% crystal violet (CV) over 10 minutes. After this time, the CV 
was removed through washing the plate wells with sterile PBS three 
times. The stain bound in the biofilm structure was released using 95% 
ethanol (Sigma-Aldrich, Poznań, Poland) in a volume of 200 μL. 125 
μL of microtiter plate wells were transferred into the wells of blank 
plates. The mass of the produced biofilm was determined based on the 
measured absorbance at 540 nm. The experiment was carried out in 
duplicate at two independent time points at room temperature. The 
biofilm curves of S. mutans were plotted.

Evaluation of the biofilm formed in a scanning electron 
microscopy (SEM)

Round 13 mm diameter primary slides (Scientific Agar, Stansted, 
UK), which were placed in wells of a 24-well plate, in accordance with 
our previous findings, were used for the biofilm evaluation after 8, 24, 
48 and 72 hours [16].

Based on previously scheduled biofilm development timelines, the 
slides were conditioned in 1 mL of 2.5% glutaraldehyde for 1 h and 
dehydrated in serial dilutions (50, 70, 80, 90, 95, 100% by volume) of 
ethanol: 20 minutes for each dilution. Finally, the slides were dried in 
100% ethanol for 1 h and subsequently stored in a CO2 incubator until 
the following day. Such dried preparations were placed on copper disks 
and sprayed with gold from a golden wire AU 4N with a diameter of 
0.2 μm (160 s, 40 mA). Analysis of the samples was carried out with 
a scanning electron microscope (JEOL JSM-35CF, SEM, Jeol, Japan) 
at 20–25 kV in the Laboratory of Scanning Electron Microscopy, 
Laboratory of the Otolaryngology Clinic of the University Hospital in 
Kraków.

Statistical methods used

Statistical analysis was performed in the R environment, version 
3.5.1 (R Development Core Team, 2009). The normality of the variable 
distribution was examined using the Shapiro-Wilk test. The significance 
level of 0.05 was adopted in the analysis. Thus, all p values below 0.05 
were interpreted as indicating significant relationships. The comparison 
of values of qualitative variables in the groups was conducted using the 
chi-square test. The comparison of the values of quantitative variables 
in two groups was performed using the Student’s t-test (when the 
variable had a normal distribution in these groups) or the Mann-
Whitney test (otherwise). Correlations between quantitative variables 
(comparison of CFU (log-transformed) and biofilm biomass by optical 
density measurement, OD) were analyzed using Pearson’s (when both 
had a normal distribution) or Spearman’s correlation coefficients 
(otherwise). The relationship strength was interpreted according to 
the following scheme proposed by Hinkle, et al. [20]: |r| ≥ 0.9—very 
strong relationship, 0.7 ≤ |r| <0.9—strong relationship, 0.5 ≤ |r| <0.7—
medium-strong relationship, 0.3 ≤ |r| <0.5—weak relationship, |r| < 
0.3—very weak (negligible) relationship.

Results
Study design

Clinical S. mutans isolates derived from dental plaque of children 
(n = 64, mean age: 4.7 ± 0.81 years) affected by carious disease (with 
early carious lesions of enamel and those with cavities) and from 
healthy children.

The patients were divided into two groups, i.e., the study group, 
children with advanced caries (codes 3–6 according to the ICDAS 
classification, n = 33) and the control group consisting of children Figure 4. Flowchart of the study design
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with teeth not affected by carious lesions and children with enamel 
discolorations (codes 0, 1 and 2 according to the ICDAS classification, 
n = 31).

There were 27 girls and 37 boys across the studied groups. 33 
children (12 girls and 21 boys) were included in the study group, and a 
total of 31 children (15 girls and 16 boys) constituted a control group. 
There were no significant age-dependent differences in the studied 
groups, as illustrated in Table 1.

Description of isolated S. mutans species

S. mutans isolates formed the biofilm shown in Figure 5–1,5–2.-A-
D. The result of the identification is presented on an exemplary figure 
using a mass spectrometer (Bruker Daltonik, Germany) with MALDI 

Biotyper software (v 3.1) (MALDI Biotyper Library v 3.4, Bruker 
Daltonik) (Figure 3).

Evaluation of the biofilm formation effect after S. mutans 
treatment with 0.01% xylitol

Differences in the numbers CFU/mL of S. mutans after 8, 24, and 
48 h were statistically significant, as illustrated in Table 2 and Figures 
6–7. Under the influence of xylitol, S. mutans strains derived from 
children with dental cavity caries formed a larger biofilm (CFU/mL) 
after 24 h of culturing, whereas a statistically significant decrease in the 
biofilm formation in these strains was observed after 48 h compared to 
the strains without xylitol (Table 2, Figure 6). This trend also persisted 
after 72 hours of biofilm formation, although these differences were not 
statistically significant.

Under the influence of xylitol, S. mutans strains isolated from 
children without carious cavities formed a larger biofilm (CFU/mL) 
after 8 and 24 h of culturing, while a statistically significant reduction 
in biofilm formation was observed among these strains after 48 h 
compared to the strains without xylitol (Table 2, Figure 7).

The differences in the total biofilm biomass of S. mutans after 8, 24, 
48 and 72 h were statistically significant (Table 3), in both the study and 
control groups. The biomass (OD) of xylitol-affected biofilm was lower 
than that without xylitol at all time points, among both the isolates 
of children with cavity caries (Figure 8) and the isolates of children 
without carious cavities (Table 3, Figure 9).

The inhibitory effect of xylitol on monospecies biofilm formation 
by S. mutans is shown in Figures 6–8 and 5.G-H SEM images after a 
24-hour culturing. Photographs show quantitatively and structurally 
different bacterial cells in a monospecies biofilm, both treated and 
untreated with xylitol.

Discussion
The study showed that the effectiveness of xylitol itself varies, 

depending on the time of exposure and concentration. A prerequisite 
for the formation of tooth demineralization is the presence of cariogenic 
strains in the dental plaque, and not only cariogenic planktonic strains 
[21]. Inhibition of plaque formation and an evaluation of cariogenic S. 

Feature Cavity 
(N=33)

No cavity 
(N=31)

In total 
(N=64) p *

age
mean ± SD 4.7 ± 0.73 4.71 ± 0.9 4.7 ± 0.81 0.868

median 5 5 5 NP
quartiles 4 – 5 4 – 5 4 – 5

sex
Girls 12 (36.36%) 15 (48.39%) 27 (42.19%) 0.471
Boys 21 (63.64%) 16 (51.61%) 37 (57.81%) chi2

Table 1. Characteristics of the studied groups

* chi2 = chi-square test, NP = no normality of distribution, non-parametric analysis, 
Kruskal-Wallis test

Figure 5–1. Images from the SEM. (A-D) Monospecies biofilm after 24 (A-D) and 48 
hours (E-F) biofilm propagation. Structure of a monospecies biofilm cultured under 
microaerophilic conditions (pCO2 10%, 37°C, pH 7.0) in FBS containing all necessary 
growth factors; in and without the presence of a xylitol substrate (0.01%) (G-H). Original 
magnification: 400 ×, 2000 ×, 4000 ×, 6000 ×

Figure 5–2. Images from the SEM. (A-D) S. mutans monospecies biofilm after 48 hours 
of culture. Structure of a monospecies biofilm cultured under microaerophilic conditions 
(pCO2 10%, 37°C, pH 7.0) in FBS containing all necessary growth factors; in and without 
the presence of a xylitol substrate (0.01%) (G-H). Original magnification: 400 ×, 2000 ×
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Table 2. Xylitol effect on the ability to form biofilms by determining the amount of S. mutans bacterial colonies in the biofilm (CFU/mL)

* P = Normal distribution in the groups, ’Student’s t-test; NP = No normality of distribution in groups, Mann-Whitney test

Studied group

Log (CFU/mL) Cavity (N=33) Cavity + Xylitol (N=33) p *

8h
Mean ± SD 6.26 ± 0.04 6.27 ± 0.05 0.315

median 6.26 6.26 NP
quartiles 6.23 – 6.28 6.26 – 6.3

24h
mean ± SD 6.43 ± 0.04 6.45 ± 0.04 0.001

median 6.43 6.45 NP
quartiles 6.41 – 6.45 6.41–6.48

48h
mean ± SD 7.54 ± 0.06 7.52 ± 0.07 0.001

median 7.56 7.53 NP
quartiles 7.53 – 7.58 7.51 – 7.57

72h
mean ± SD 8.64 ± 0.04 8.63 ± 0.05 0.617

median 8.64 8.63 NP
quartiles 8.61 – 8.66 8.6 – 8.67

Control group
log(CFU/ml) No cavity (N=31) No cavity + Xylitol (N=31) p*

8h
mean ± SD 5.14 ± 0.05 5.18 ± 0.05 <0.001

median 5.15 5.2 NP
quartiles 5.13 – 5.18 5.15 – 5.22

24h
mean ± SD 5.29 ± 0.05 5.3 ± 0.05 <0.001

median 5.28 5.28 NP
quartiles 5.26 – 5.31 5.28 – 5.32

48h
mean ± SD 6.4 ± 0.04 6.39 ± 0.06 <0.001

median 6.4 6.4 NP
quartiles 6.38 – 6.43 6.36 – 6.43

72h
mean ± SD 7.54 ± 0.02 7.54 ± 0.03 <0.001

median 7.53 7.54 NP
quartiles 7.52 – 7.56 7.51 – 7.57

Figure 6. Effect of 0.01% xylitol on the ability of S. mutans isolated from children with caries to form biofilm

Figure 7. Effect of 0.01% xylitol on the ability of S. mutans isolated from children without caries to form biofilm
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Studied group

OD Cavity (N=33) Cavity + Xylitol (N=33) p*
8h mean ± SD 0.08 ± 0.006 0.078 ± 0.006 <0.001

median 0.079 0.077 NP
quartiles 0.076 – 0.084 0.074 – 0.083

24h mean ± SD 0.133 ± 0.008 0.131 ± 0.009 <0.001
median 0.135 0.133 NP

quartiles 0.129 – 0.137 0.124 – 0.136
48h mean ± SD 0.188 ± 0.005 0.186 ± 0.006 <0.001

median 0.187 0.184 NP
quartiles 0.185 – 0.194 0.182 – 0.192

72h mean ± SD 0.252 ± 0.015 0.251 ± 0.008 <0.001
median 0.254 0.249 NP

quartiles 0.248 – 0.258 0.245 – 0.255
Control group

OD No cavity (N=31) No cavity + Xylitol (N=31) p*
8h mean ± SD 0.05 ± 0.007 0.049 ± 0.007 <0.001

median 0.048 0.047 NP
quartiles 0.046 – 0.052 0.045 – 0.05

24h mean ± SD 0.093 ± 0.005 0.092 ± 0.005 <0.001
median 0.093 0.092 P

quartiles 0.091 – 0.095 0.09 – 0.094
48h mean ± SD 0.142 ± 0.009 0.14 ± 0.009 <0.001

median 0.138 0.136 NP
quartiles 0.136 – 0.147 0.134 – 0.144

72h mean ± SD 0.195 ± 0.014 0.19 ± 0.01 <0.001
median 0.195 0.19 NP

quartiles 0.186 – 0.2 0.184 – 0.198

* P = Normal distribution in the groups, Student’s t-test; NP = No normality of distribution in groups, Mann Whitney test 

Table 3. Effect of 0.01% xylitol on the ability of biofilm formation by determining the biomass of S. mutans biofilm (OD)

Figure 8. Effect of 0.01% xylitol on the ability of S. mutans isolated from children with caries to form biofilm (OD)

Figure 9. Effect of 0.01% xylitol on the ability of S. mutans isolated from healthy children to form biofilm
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mutans quantities in order to analyze the anti-biofilm activity of xylitol 
itself is a prerequisite of its application as an alternative means of anti-
caries protection in everyday practice. The collected data showed that 
the commonly available Finnish xylitol sold as a sweetener shows good 
anti-biofilm activity even at the very low concentration of 0.01%. It was 
determined in in vitro studies on the effect of low xylitol concentrations 
on streptococcal growth that a 0.01% xylitol concentration may have an 
inhibitory effect, with the indication that 0.1% and 1% concentrations 
gave more distinct effects [22,23]. In clinical studies in which xylitol 
was administered to patients mainly as chewing gums or coated tablets, 
it demonstrated the ability to reduce the count of S. mutans isolated 
from patients and to reduce dental plaque mass [24-27]. The results of 
our study confirm the legitimacy of the use of xylitol products, which 
may be particularly attractive among the youngest age groups due to 
the method of administration and its sweet taste. In fact, if inhibition 
of plaque formation depends on bacterial strains (their lower or higher 
sensitivity), the reduction of pre-formed biofilms was significantly 
supported for all strains tested, compared to xylitol non-treated strains 
where the amount of plaque was incomparably higher. The presented 
results confirm previous findings regarding the legitimacy of xylitol 
use and the possibility of its application on a larger scale in industry 
as a means of protection against caries in foodstuffs. However, there’s a 
need for more studies to determine the acceptable minimum effective 
inhibitory concentrations of xylitol in children.

There are an increasing number of studies in available databases 
attempting to determine the potential xylitol anti-biofilm mechanism, 
which means that this topic has not yet been sufficiently explored. In 
the largest number of published studies, authors explain the inhibitory 
effect of xylitol by its ability to reduce the production of an extracellular 
matrix (EPS) by pathogenic S. mutans [28]. However, to our knowledge, 
our study is one of the few studies that assess the anti-biofilm effects 
of xylitol commonly available on sale in an ex vivo model, on clinical 
strains isolated from the source of infection. Work on wild strains, not 
isolates commercially available as in the case of xylitol, is important, 
since it allows for the actual evaluation of its effect, also taking into 
account the possibility of the occurrence of the xylitol resistance 
effect described in the literature and observed in the case of xylitol 
consumers. It has been described that the biofilm formed by xylitol-
sensitive strains (XS) in the presence of xylitol achieves lower thickness 
and lower bacterial density than those formed by xylitol-resistant (XR) 
strains. Additionally, there is a difference in the coaggregation of both 
strains to streptococci which are early colonizers in the oral cavity in 
the presence of sucrose. This results from the fact that XR S. mutans do 
not form a durable biofilm and it is easier to leach out these bacteria, 
which explains why number of XR strains in this structure is smaller 
than the number of XS S. mutans, and why it appears more often in 
the saliva of habitual consumers of xylitol [21,28]. The results of our 
study are consistent with results of other studies carried out by research 
teams and confirm the anti-biofilm effects of xylitol. It should also be 
underlined that the anti-biofilm effect has also been described for other 
polyols or pentoses, such as erythritol or ribose, which have been the 
subject of many other studies [21,22,29,30].

In the literature on the subject, there are a number of studies 
assessing the effectiveness of xylitol supplementation in the prevention 
of carious disease in children. The results vary: from a lack of effect to a 
significant reduction of caries.

Milgrom et al. investigated the effectiveness of a syrup containing 
xylitol or a mixture of xylitol and sorbitol in children aged 15.0 ± 
2.7 months for 10.5 ± 2.2 months [31]. He showed that twice daily 

administration of a total 8 g xylitol dose during the eruption of milk 
teeth resulted in a 70% reduction of caries in relation to the control 
group. Similarly, Zhan et al. found that 6–35-month-old children 
cleaning teeth and gums for a year, 3 times a day using a special xylitol 
wipes (daily dose—4.2 g xylitol) in addition to the usual toothbrush 
used twice a day, showed a significant drop in the development of new 
carious lesions compared to the control group [32]. Mäkinen et al. 
evaluated the efficacy of topical xylitol administration in the form of 
cotton swabs, soaked with a 45% xylitol solution once or twice a day in 
children aged 6 to 36 months [33]. The daily dose of xylitol applied to 
tooth surfaces was about 13.5 g. A significant reduction in caries was 
found in children aged 7 years, compared to the control group: about 
2 times lower risk of caries (2.1 and 4.0, respectively). In turn, Hanno 
et al. simultaneously administered xylitol to mothers (as chewing gum) 
and children (in the form of tablets) 3 times a day for 3 months and 
did not find any differences in the level of caries in comparison to the 
control group [34].

In a study of the cariostatic efficacy of xylitol delivered to children 
aged 4–5 years in toothpaste, Chi et al., also did not find any significant 
differences in the prevalence of caries among children brushing teeth 
with 1400 ppm fluoride and 31% xylitol, and children using toothpaste 
with 1450 ppm fluoride and sorbitol [35]. Analysis of five randomized 
controlled trials conducted by Marghalani et al. showed a slight effect 
of xylitol on the reduction of caries in children [36]. Studies with higher 
doses of xylitol (more than 4 g per day) showed a moderate reduction 
in caries, and all of these studies were characterized by significant 
heterogeneity and very low evidence quality [35].

A number of these studies justify the use of xylitol as part of a 
program of primary caries prophylaxis leading to a reduction in the 
level of carious bacteria already present in the oral cavity without caries 
symptoms. However, more studies are needed to assess the effect of 
xylitol at various concentrations of fluoride in commercially available 
oral care products to determine its borderline concentrations that 
inhibit the development of dental plaque.

In contrast to our earlier observations with sucrose as a pro-
cariogenic sugar, xylitol is not fermented, so it cannot be used by S. 
mutans for energy production, but it can also be used as a nutrient 
substrate for other reactions that determine bacterial survival in a 
biofilm. Inhibition of the subsequent formation of biofilm by S. mutans 
is affected by the low concentrations of xylitol used, as is observed in 
this study [18,35,37,38].

By comparing our results with the results of other researchers, 
it can be noticed that xylitol, also when used at low concentrations, 
supports biofilm formation ability in some studies. This phenomenon 
may in turn be caused by the presence of other, alternative sweeteners 
in the composition of xylitol, which cause dental plaque growth [39,40]. 
It is suggested that some of the ingredients added to food products, 
such as corn or cellulose powder—Chinese xylitol ingredients, may be 
responsible for this effect.

The use of xylitol by Streptococcus requires further research, 
especially in mixed biofilm models that reflect the conditions prevailing 
in the oral cavity. Adaptation abilities of the cariogenic microorganisms 
seem less likely for this polyol compared to traditional food sugar 
and gives hope for expanding the list of potential anti-caries agents, 
especially for the youngest age groups.

The project of clinical strain examination presented in this study 
has a number of limitations, such as the lack of salivary effects for the 
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whole variety of oral microorganisms that interact with S. mutans and 
that may have both erosive and protective effects on the tooth enamel 
surface. In addition, for better assessment of the xylitol effect on tooth 
enamel surfaces, we plan further studies in which we will determine the 
interactions between plaque bacterial flora, xylitol and various filling 
materials widely used in dentistry.

Conclusions
Xylitol available for sale as a substitute for traditional sugar has 

confirmed good anti-biofilm properties at low concentrations, which 
demonstrated its significant potential as a means of limiting the 
influence of demineralization-promoting factors (bacterial factors 
of carious disease) and supporting the remineralization process. This 
study confirms the validity of xylitol application as an alternative means 
of caries prophylaxis.
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