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Abstract: (1) Objectives: This study is the first one to investigate the molecular composition of the
dental biofilm during the exogenous and endogenous prophylaxis stages (use of dentifrice/drug) of
individuals with different cariogenic conditions using molecular spectroscopy methods. (2) Materials
and Methods: The study involved 100 participants (50 males and 50 females), aged 18–25 years with
different caries conditions. Biofilm samples were collected from the teeth surface of all participants.
The molecular composition of biofilms was investigated using synchrotron infrared microspec-
troscopy. Changes in the molecular composition were studied through calculation and analysis of
ratios between organic and mineral components of biofilm samples. (3) Results: Based on the data
obtained by synchrotron FTIR, calculations of organic and mineral component ratios, and statistical
analysis of the data, we were able to assess changes occurring in the molecular composition of
the dental biofilm. Variations in the phosphate/protein/lipid, phosphate/mineral, and phospho-
lipid/lipid ratios and the presence of statistically significant intra- and inter-group differences in
these ratios indicate that the mechanisms of ion adsorption, compounds and complexes arriving
from oral fluid into dental biofilm during exo/endogenous prophylaxis, differ for patients in norm
and caries development. (4) Conclusions: The conformational environment and charge interaction
in the microbiota and the electrostatic state of the biofilm protein network in patients with different
cariogenic conditions play an important role. (5) Clinical Significance: Understanding the changes
that occur in the molecular composition of the dental biofilm in different oral homeostasis conditions
will enable successful transition to a personalised approach in dentistry and high-tech healthcare.

Keywords: dental biofilm and tissue; biomimetics; molecular properties; endo- and exogenous
prophylaxis; infrared microspectroscopy; synchrotron radiation

1. Introduction

In recent years, dental biofilm has been the subject of active research, as it is involved in
the development of caries and chronic and acute infections [1–5], and in metabolic processes
in the oral cavity [6–9]. The conditions of these physico-chemical processes depend on
the composition and properties of the dental biofilm [6,8,10–12], including various organic
substances and mineral ions, bacteria, and water [3,6,11,13,14].

The biofilm protein network carries many different ions and molecules, and binds and
contributes to their oversaturation with respect to the enamel mineral complex [6,15–17].
The biofilm protein network contacts the enamel surface, the organic matrix, the enamel
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rods, and the hydrate layer on the surface of hydroxyapatite nanocrystals, through which
all metabolic processes occur at the enamel apatite crystal boundary [6,18] and also form
on biomimetic restorative materials, such as resin-based composites with different degrees
of finishing due to their roughness [19–21]. The biofilm directly and indirectly comes into
contact with the oral fluid, which contains the ions and complexes required for enamel
remineralisation [9,17]. Introduction into the oral cavity and subsequent accumulation in
the biofilm of substances capable of forming chemically stable compounds in the enamel
surface layer are tasks included in remineralising therapy, which can be performed by
exogenous and endogenous methods [9,22–25].

It has been demonstrated in our previous studies that exogenous and endogenous
prophylaxis methods have different effects on the molecular composition and organo-
mineral balance of the oral fluid [26,27]. Endogenous prophylaxis methods result in
the long-term presence of minerals and organo-mineral groups and complexes required
for enamel remineralisation in the oral fluid, which is a prerequisite for their increased
concentration in the biofilm and thus on the enamel surface [27]. It is clear that the effective
management of hard tissue mineralisation processes requires new strategies for identifying
and controlling the molecular composition of the dental biofilm.

The most convenient and sought-after approach is Fourier transform infrared spec-
troscopy (FTIR) [28–31]. The use of FTIR in biofilm analysis has shown promising results,
particularly for the detection and identification of biofilm-forming bacteria [28,29,32,33].
Furthermore, an undeniable advantage of FTIR over genetic assays is that the latter can
provide information that is not always consistent with cellular phenotypes [28,29,32,33],
whereas FTIR allows reliable tracking of molecular biochemical changes occurring in the
analyte over time [29,33].

Unfortunately, in the vast body of data already available, there is no information
obtained by FTIR on the molecular composition of the dental biofilm of human teeth in
normal patients or in the development of carious pathologies, or on changes occurring
in the biofilm using different prophylactic agents. One plausible explanation is that the
microorganisms that make up the dental biofilm aggregate into complex microbial commu-
nities that function differently from those of planktonic cells [3,10,13,34]. Microorganisms
that make up the dental biofilm have often been studied in the planktonic state using
optical and electron microscopy methods [32,34].

Thus, the aim of our study is to investigate the molecular composition of the dental
biofilm during exogenous and endogenous prophylaxis stages in individuals with different
cariogenic conditions using synchrotron infrared molecular spectroscopy techniques.

2. Materials and Methods
2.1. Research Design

The study involved 100 participants (50 males and 50 females) who were aged 18–25 years,
Caucasian, physically healthy, without bad habits, and with different caries conditions.

Participants in the first (healthy) group (25 men and 25 women) had no clinically
detectable dental caries lesions. Participants in the second (carious) group (25 men and
25 women) had teeth with surface caries (ICDAS 1–2 [35]). There were no signs of peri-
odontitis or gingivitis in any of the participants.

For the week preceding the experiment, the patients ate mainly plant-based foods,
followed a standard water regime, did not take any medication, and did not drink alcohol.

Biofilm samples were collected from the teeth surface of all participants. The biofilm
was carefully removed from the surface of the maxillary central incisors using a sterile
scalpel, without touching the gingival sulcus.

The procedure for obtaining dental biofilm samples in our study was performed as
follows. In stage I, biofilm samples were collected from study participants on the eighth day
after the start of observation, with no change in oral hygiene conditions. Collection took
place in the morning before oral hygiene with toothpaste and meals. Thirty minutes after
mechanical brushing with a soft toothbrush for 3 min (to remove dental plaque residues
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from the tooth surface) and a preliminary rinse with clean water, biofilm was collected
from the two groups of study participants for the first time.

In stage II of the experiment (the next day), participants used a toothpaste with calcium
glycerophosphate to clean their teeth [36,37]. Thirty minutes after oral hygiene and rinsing
with clean water, biofilm was collected from the two groups of study participants for a
second time.

The next day, after a meal, participants began taking tablets containing a mineral
complex with calcium glycerophosphate [36,37]. Participants took one tablet, three times
per day. On the fourth day, in the morning before meals, 30 min after mechanical cleaning
of the teeth with a soft toothbrush for 3 min (to remove dental plaque residues from the
tooth surface) and a preliminary rinse with clean water, biofilm was collected from the
two groups of study participants for a third time (stage III).

After collection, biofilm samples were stored at 4 ◦C.

2.2. Equipment Setup and Sample Scanning

The molecular composition of biofilms was investigated using infrared microspec-
troscopy (IRM) beamline equipment (Australian synchrotron, Clayton, VIC, Australia)
using a Bruker Vertex 80v spectrometer coupled with a Hyperion 2000 FTIR microscope
and a liquid nitrogen-cooled narrow-band mercury cadmium telluride (MCT) detector
(Bruker Optik GmbH, Ettlingen, Germany). All synchrotron FTIR spectra were recorded
within a spectral range of 3800–700 cm−1 using 4 cm−1 spectral resolution. Blackman–
Harris three-term apodization, Mertz phase correction, and a zero-filling factor of 2 were set
as default acquisition parameters using the OPUS 7.2 software suite (Bruker Optik GmbH,
Ettlingen, Germany) [33,38,39].

For synchrotron measurement of FTIR transmission, small pieces of powdered sample
were transferred and pressed between a pair of diamond microcompression cell glasses
(Thermo Fisher Scientific, Scoresby, VIC, Australia), together with a small piece of KBr
powder used as a reference IR background. Spectral data were collected in transmission
mode using lens 36 (NA = 0.50; Bruker Optik GmbH, Ettlingen, Germany), a beam focus
diameter of 6.9 µm, and eight co-directional scans per spectrum [40]. Background spectra
were obtained on KBr, which was well-separated from the powdered sample inside the
diamond compression cell using 32 combined scans.

2.3. Study Design Scheme

The design of our study is shown in Figure 1.

2.4. Statistical Analysis

Statistical analysis of the results was performed using the professional SPSS software
package, ver. 19 for Windows (SPSS Inc., Chicago, IL, USA). Descriptive statistics in
the groups were obtained using a standard t-test and presented as mean ± standard
deviation. Statistical analysis of intergroup differences between participants was performed
using nonparametric ANOVA analysis of variance based on Kruskal–Wallis one-way
analysis. Duncan’s multiple comparison test was used to determine the significance
of the effect of prophylaxis type used by each group of participants in the experiment
(intragroup differences).
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Figure 1. Schematic representation of experimental design.

3. Experimental Results

Figures 2 and 3 show the infrared absorption spectra of dental biofilm samples col-
lected from two groups of participants with different cariogenic conditions at different
stages of the study. The spectra were obtained using a high-pressure diamond prism
attached to an IR microscope and synchrotron radiation [40]. Preliminary consideration
of the results indicates that at a particular stage of the experiment, the spectra for the
two groups of participants contain the same set of vibrational modes corresponding to
characteristic molecular bonds. The spectra in a particular sample differ insignificantly
from each other in intensity, due to the individual characteristics of the participants in
the experiment. As such, Figures 2 and 3 present the infrared absorption spectra of the
dental biofilm before prophylaxis (stage I), after toothpaste (stage II), and after calcium
glycerophosphate mineral complex (stage III), averaged over the groups participating in
the study.



Pharmaceutics 2022, 14, 1355 5 of 16
Pharmaceutics 2022, 14, x FOR PEER REVIEW 5 of 16 
 

 

 

Figure 2. Infrared absorption spectra of dental biofilm samples from healthy group in different 

stages of the study. 1, FTIR spectra of dental biofilm at stage I; 2, FTIR spectra of tooth paste; 3, FTIR 

spectra of dental biofilm at stage II; 4, FTIR spectra of the pill with calcium glycerophosphate min-

eral complex; 5, FTIR spectra of dental biofilm at stage III. 

Figure 2. Infrared absorption spectra of dental biofilm samples from healthy group in different stages
of the study. 1, FTIR spectra of dental biofilm at stage I; 2, FTIR spectra of tooth paste; 3, FTIR
spectra of dental biofilm at stage II; 4, FTIR spectra of the pill with calcium glycerophosphate mineral
complex; 5, FTIR spectra of dental biofilm at stage III.
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Figure 3. Infrared absorption spectra of carious dental biofilm samples in different stages of the study.
1, FTIR spectra of dental biofilm at stage I; 2, FTIR spectra of tooth paste; 3, FTIR spectra of dental
biofilm at stage II; 4, FTIR spectra of the pill with calcium glycerophosphate mineral complex; 5, FTIR
spectra of dental biofilm at stage III.
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Analysis of the obtained spectra, based on studies in which IR spectroscopy was used
to study oral biological fluids, biofilms, human dental hard tissues, and phosphates relevant
to enamel and dentin formation [26,28,29,41–47], showed that the experimental IR spectra
of biofilms have a typical set of basic vibrations.

The active vibrations in the IR spectra, their frequencies, and their molecular group
affiliation are presented in Table 1. The main absorption bands present in all IR spectra of
biofilm samples can be associated with the following molecular groups.

Table 1. Active vibrations in infrared absorption spectra of dental biofilm samples.

Molecular Group Assignment Vibration Modes Wave Numbers, cm−1 References

Proteins (α-Amylase; Albumin;
Cystatins; Mucins; Proline-rich

proteins; sIgA) -HormonesBREAK
(Cortisol; Testosterone)

O-H str of hydroxyl groups 3600–3100 [28,29,42]

functional groups dominated by fatty
acid chains, lipids (phospholipids)

C–H str (asym) of –CH3,
C–H str (asym) of > CH2, 2963–2855 [28,29,42,43,48]

Lipid ester carbonyl and
DNA strands

>C=O stretching, C=O stretching
groups and DNA characteristic of

base-paired
1740–1710 [28,29,43,48,49]

Protein, Peptide
Amide I of α-helical structures,

Amide I C=O stretching and Amide II
N–H bending

1675–1615 [28,29,41–43,45]

Proteins, tryptophan, Peptide Amide II, νN-H, νC=N stretching,
νC=C 1575–1520 [28,29,42,43]

Amino acid side chains, lipids
and proteins

Asymmetric CH2 bending Methyl
bending of 1469–1455 [28,29,41–45]

Fibrinogen/methyl bending
of amino acid side chains,

lipids and proteins

Symmetric CH3 bending, Stretching
of COO 1412–1396 [28,29,41–45]

Proteins

Amide III coupled N–H/C–H
deformations,

τ (N–H), ν (C–N), τ (C=O), ν (C–C),
ν (CH3)

1350–1200 [28,29,42,43]

Phosphodiester groups in
DNA,

Proteins (amide III, mainly
α–helix conformation)

P=O of PO2
− stretching,

Amide III Asymmetric C-N stretching 1250–1240 [28,29,42–44]

Ester; Membrane lipids
(phospholipids);
Carbohydrates

P=O of PO2, CO–O–C antisymmetric
stretching C–O, C–C stretching and

C–O–H, C–O–C deformation
1171–1160 [28,29,42–44]

Polysaccharides, Carbohydrates,
Phosphates, glycerophosphate and

phosphatase; Phospholipids
Phosphodiester groups in DNA

PO2
− stretching, CH2 OH groups,

C–O stretching and COH groups
bending, C–C,
C–O–P–O–C

1085–1050 [28,29,42–44]

Phosphodiester residue (DNA) C–O–P 975–960 [29,42–44]

Carbohydrates and (CH3)3
symmetric stretching

Membrane lipids (phospholipids)

C–O, C–C stretching, C–O–H, C–O–C
deformation

C–H stretch, 3rd overtones
929–924 [29,42]

Fingerprint region
Anomeric ring vibrations for

tryptophan, tyrosine, and
phenyloalanine

900–800 [29,42]
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The broad vibrational band at 3600–3100 cm−1 corresponds to the N–H bonds of
proteins and may also be related to the presence of O-H hydroxyl groups (i.e., water)
in the samples [28,29,42]. The group of bands localised in the range of 2950–2750 cm−1

corresponds to vibrations of C–H bonds of various fatty acids and lipids [28,29]. The
intensities of these bands in the infrared spectra of biofilms were observed for groups with
different cariogenic conditions (Figures 2 and 3).

A band of IR spectra from 1850 to 1350 cm−1 includes a band in the region of 1730 cm−1

that can be attributed to (>C=O) phospholipids, esters, fatty acids [28,29,43,48], and the
characteristic region of proteins. Protein bands include Amide I (C=O stretch) vibrations
in the region from 1675–1615 cm−1, Amide II (60% N–H bend and 40% C–N stretch) vi-
brations in the region from 1575–1520 cm−1, and Amide III (40% C–N stretch, 30% N–H
bend) vibrations in the region from 1315–1270 cm−1 [28,29,41–43,45]. For dental biofilm,
these vibrations can also be correlated with peptides [28,43]. The distinguished group of
bands in the region from 1480 to 1350 cm−1 correlate with vibrations of CH2/CH3 groups
of proteins and lipids [28,29,41,45]. The band at 1394 cm−1 represents a C=O symmetric
stretch of the COO- group and is related to biofilm lipids [28,29,41,45]. In the range from
1300–800 cm−1, a group of high-intensity vibrations associated with phosphorus deriva-
tives such as phosphates, glycerophosphates, and phospholipids is observed [28,29,44].

In addition to these molecular group vibration modes, there are bands in the IR
absorption spectra of biofilms whose appearance and intensity depend on both the cario-
genic conditions and the stage of the experiment (the type of preventive measures). Such
modes in the spectrum should include the shoulder modes in the regions of 1235 cm−1

and 1082 cm−1 associated with PO−2 asymmetric and symmetric valence vibrations of
phosphate residues and phospholipids [28,29,44]. A mode located in the region from
1065 to 1050 cm−1 represents overlapping bands of vibrations associated with organic
phosphate derivatives, glycerophosphate and phosphatase, the C–O–P–O–C complex, and
cellular carbohydrate.

The low-intensity vibrations observed in the region from 900 to 800 cm−1 represent a
cluster of bands referred to as the “fingerprint region” for protein fractions and bacteria asso-
ciated with anomeric ring vibrations for tryptophan, tyrosine, and phenyloalanine [28,29].

In Figures 2 and 3, together with the spectra of dental biofilm samples, we show
the infrared absorption spectra of the toothpaste with calcium glycerophosphate used
in the second stage of the experiment and the tablet containing the mineral complex
with calcium glycerophosphate used in the third stage of the experiment. Comparing
the spectra of the prophylactics with the spectra of the dental biofilm shows that the IR
spectra of the biofilm at the respective stages of the experiment contain specific groups
of vibrations characteristic of the IR absorption spectra of the prophylactics, due to the
presence of different organomineral complexes in the prophylactic agents whose molecular
composition is similar to that of the biofilm organomineral complex. From this, we can
draw a preliminary conclusion that the use of prophylactics at the appropriate stage of
the experiment can affect the molecular composition of biofilms [9,37], which in turn is
reflected in the spectroscopic characteristics. It is clearly observed that the effect of the
prophylactic agent depending on the cariogenic conditions is reflected in the position and
shape of the vibrational mode of Amide I (Figure 4).

Thus, for the first (healthy) group, the use of toothpaste and tablets led to a significant
(up to 14 cm−1) shift of the Amide band to the low-frequency region in relation to its
position in stage I of the experiment (without prophylactics). For the second (carious)
group, a low-frequency (up to 6 cm−1) shift for the Amide I band was recorded only in
stage II (use of toothpaste); there was no shift for stage III (use of tablet).
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In our previous studies [26,27], changes in the molecular composition of biological
fluids in the oral cavity were observed, including in the development of pathology. Mathe-
matical estimation of these changes was possible through calculation and analysis of ratios
(factors) between organic and mineral components of a biofilm sample. This can also be
achieved using the ratio of the intensities of the vibrational bands associated with specific
molecular groups. Following the logic of our previous studies [26,27], we calculated several
such ratios; we describe only those that are significant, as in our opinion they reflect the
essence of the changes occurring in the molecular composition of the dental biofilm.

The R1 mineral–organic ratio (phosphate/protein/lipid) is calculated from the ratio
of the integrated band intensity in the region from 1110 to 960 cm−1 related to mineral
component and phosphate derivatives, the total integrated intensity of the Amide I (C=O
stretching) and Amide II bands (CN stretching, NH bending) in the region from 1720 to
1458 cm−1 (proteins), and the integrated intensity of the CH2/CH3 bond vibration bands
localised at 1430–1360 cm−1 (lipids).

The R2 phosphate/mineral ratio is calculated from the ratio of the total integral
intensity of the PO−2 vibrational band, with its maximum at 1250–1240 cm−1, associated
with phosphate residues and phospholipids and glycerophosphate vibrations located near
1060–1030 cm−1, to the integral intensity of the band at 1110–960 cm−1, correlated with the
mineral component.

The R3 phospholipid/lipid ratio is calculated from the ratio of the integral intensity of
CH2 and CH3 vibrations of the phospholipid and fatty acid groups located in the range
from 2990 to 2840 cm−1 to the integral intensity of CH2 and CH3 bonds of lipids in the
range from 1490 to 1360 cm−1.

We calculated these ratios for two groups of participants in stages I, II, and III of the
study using OPUS 7.2 software (Bruker), which includes a wide range of functionalities
for processing and evaluating data obtained by infrared spectroscopy methods. The
results of R1–R3 ratio calculations and descriptive statistics data are shown in Table 2 and
Figures 5 and 6.

Table 2. Calculated R1–R3 ratios (mean ± standard deviation).

Participants in
Experiment Ratio

Stage of Experiment

I
Without Prophylaxis

II
Toothpaste

III
Tablet

Healthy group

R1 phosphate/protein/lipid 1.21 ± 0.20 2.23 ± 0.368 4.88 ± 0.68

R2 phosphate/mineral 0.06 ± 0.008 0.05 ± 0.008 0.06 ± 0.01

R3 phospholipid/lipid 0.09 ± 0.016 0.35 ± 0.048 1.31 ± 0.22



Pharmaceutics 2022, 14, 1355 9 of 16

Table 2. Cont.

Participants in
Experiment Ratio

Stage of Experiment

I
Without Prophylaxis

II
Toothpaste

III
Tablet

Caries group

R1 phosphate/protein/lipid 1.05 ± 0.14 1.20 ± 0.21 0.54 ± 0.086

R2 phosphate/mineral 0.05 ± 0.008 0.08 ± 0.011 0.13 ± 0.018

R3 phospholipid/lipid 0.06 ± 0.011 0.59 ± 0.105 0.27 ± 0.038
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To determine the effect of prophylaxis type (exo/endo) on the molecular composi-
tion of the biofilm for the participant groups (healthy/carious), significant intragroup
differences between the R1–R3 ratios were determined. We compared R1–R3 ratios using
Duncan’s multiple comparison test for each participant group relative to Stage I (without
prophylaxis) when using toothpaste and calcium glycerophosphate tablets. Statistically
significant intragroup differences at the p < 0.05 significance level are indicated in Table 3.
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Table 3. Intragroup differences for R1–R3 ratios according to prophylaxis type in relation to initial
stage (stage I). “+”, statistically significant differences at the p < 0.05 significance level; “−”, no
statistically significant differences. Significance level according to the test is shown in brackets.

Participant Group Stages of Experiment
(Stages of Prophylaxis)

Ratios

R1 R2 R3

Healthy
I (without prophylaxis)—II (toothpaste) +

[0.035] − +
[0.005]

I (without prophylaxis)—III (tablet) +
[0.01] − +

[0.007]

Carious

I (without prophylaxis)—II (toothpaste) − − +
[0.003]

I (without prophylaxis)—III (tablet) +
[0.01]

+
[0.005]

+
[0.001]

Statistically significant intergroup differences for R1–R3 ratios were determined from
analysis of variance. Using a non-parametric Kruskal–Wallis one-way analysis for each
prophylaxis type, we compared R1–R3 ratios in the healthy and carious groups in pairs.
Statistically significant differences at the p < 0.05 significance level are shown in Table 4.

Table 4. Intergroup differences in R1–R3 ratios (between healthy and carious participant groups)
depending on type of prophylaxis. “+”, statistically significant differences at the p < 0.05 significance
level; “−”, no statistically significant differences. Significance level according to the test is shown
in brackets.

Stages of Experiment (Stages of Prophylaxis)
Ratios

R1 R2 R3

II (toothpaste) +
[0.01] − −

III (tablet) +
[0.003]

+
[0.01]

+
[0.001]

4. Discussion

From the results obtained using synchrotron FTIR, calculations of the ratios between
organic and mineral components, and statistical data analysis, we were able to assess
changes in the molecular composition of the dental biofilm during the exo and endogenous
prevention stages for the two groups of study participants (healthy and carious).

Analysing the results, it is observed that the use of prophylactic agents has a different
effect on the molecular composition of the dental biofilm in patients with different cari-
ogenic conditions. Figures 3 and 4 and Table 2 show that the use of prophylactic agents
(toothpaste and tablets) in patients in the healthy (control) group led to a significant increase
in the phosphate/protein/lipid ratio in biofilm samples relative to the value for stage I of
the experiment (without prophylactics). For the carious group in the R1 study, the ratio
was virtually unchanged with the use of toothpaste, and it decreased with application of a
mineral complex containing calcium glycerophosphate.

Use of prophylaxis had no effect on the phosphate/mineral ratio for patients in the
healthy group; however, the R2 ratio increased for participants with surface caries compared
to stage I (without prophylaxis).

For the healthy group, a significant increase in the R3 ratio relative to stage I (without
prophylactics) was observed for patients using toothpaste and tablets containing a mineral
complex with calcium glycerophosphate; using tablets resulted in an almost 10-fold increase
in the ratio. For patients in the carious group, the R3 ratio also increased with prophylactics,
although not as much as for the healthy (control) group. Relative to the initial stage of
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the experiment, a greater increase in R3 was recorded with toothpaste than with tablets
containing a mineral complex with calcium glycerophosphate.

Regarding the effect of prophylaxis type (exo/endo) for each participant group
(healthy/carious), statistically significant differences at the p < 0.05 level were observed
in the following cases, as shown in Table 3. For the healthy group, the differences were
significant for the phosphate/protein/lipid ratio R1 and the phospholipid/lipid ratio R3
for both paste and tablets. For the carious group, differences at the p < 0.05 level were
observed for only the R3 ratio for toothpaste, and for all three ratios for tablets.

From the analysis of variance, statistically significant intergroup differences between
the healthy and carious groups (Table 4) were observed for the phosphate/protein/lipid
ratio R1 for both toothpaste and tablets. For the phosphate/mineral R2 and phospho-
lipid/lipid R3 ratios, significant intergroup differences between the healthy and carious
groups were only observed for tablets. No significant intergroup differences were observed
for R2 and R3 for toothpaste.

To understand the changes in the R1–R3 ratios between the organic and mineral
components, and the significance of these changes with regard to the prophylaxis stage
and the cariogenic conditions of the participants, we consider our previous study [27,40]
on the use of exogenous and endogenous prophylaxis methods to saturate the oral fluid
with ions necessary for remineralisation.

Oral hygiene with a toothpaste containing calcium glycerophosphate has been shown to
briefly saturate the oral fluid with phosphates. Use of tablets containing a mineral complex
with calcium glycerophosphate results in a long-term presence of mineral groups and com-
plexes in the oral fluid. Thus, it is clear that an increase in the R1 phosphate/protein/lipid
ratio in biofilm samples of the control (healthy) group with prophylactic agents is related to
both the saturation of the biofilm with mineral complexes and the microbiota condition. A
higher concentration of phosphate in the biofilm indicates a higher potential for preventing
acid attacks [50].

The phosphate/mineral R2 ratio does not change in patients in the healthy group
depending on the stage of prophylaxis, indicating a normal balance between different
phosphate derivatives entering the biofilm. The phosphate/mineral R2 ratio increases
significantly in the carious group when prophylactic agents are used. In our opinion, this
may be related to a decrease in the proportion of carbs present in the mouth of those with
advanced dental caries during the prophylaxis stage. In the IR-spectrum, the oscillations
of carbs–hydrates overlap with oscillations of the mineral component, which is reflected
in the reduced integral intensity in the 1110–960 cm−1 region. The increase in R2 ratio at
stage III (administration of tablets containing mineral complex with glycerophosphate)
indicates the predominance of glycerophosphates in the mineral component, a violation of
the balance of phosphorus derivatives adsorbed by the biofilm. The pattern of changes in
the phospholipid/lipid R3 ratio depending on prophylaxis stage and cariogenic conditions
is similar to that observed for the R1 ratio.

Changes in R1–R3 values and the presence of statistically significant intra- and inter-
group differences in R1–R3 indicate that the mechanisms of ion adsorption, compounds
and complexes arriving from oral fluid into the dental biofilm during exo/endogenous
prophylaxis, differ in normal patients and caries development. In our opinion, the confor-
mational environment and charge interaction in the microbiota and the electrostatic state of
the biofilm protein network play important roles.

It is known that the Amide I band is very sensitive to the secondary structure of
the protein; FTIR spectroscopy is frequently used to study protein conformation and
aggregation processes in vitro [45,51]. Based on the observed shifts in the frequency of the
secondary structure component of the Amide I band [40,41,45,52], the effect of different
factors on protein conformation processes can be established. Analysing the IR spectroscopy
data (Figure 4), the position and shape (half-width) of the high-frequency component of
the Amide I band in the region from 1700 to 1600 cm−1 depend on the prophylaxis type
and also on the cariogenic conditions of the patient. Normally (for healthy patients), the
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use of toothpaste and tablets leads to a shift in the Amide I band to the low-frequency part
of the spectrum in comparison with stage I (without prophylaxis), and to a reduction in the
half-width. The position shift and decrease in half-width of the line are significantly greater
with tablets than with toothpaste, probably due to the residence time of the prophylactic
components in the oral fluid and their interaction with the biofilm.

For the carious group in stage I of the experiment (without prophylaxis), the position
of the high-frequency component of the Amide I band is already shifted in the infrared
spectrum relative to that observed for the healthy group. With toothpaste, there is a shift
in position and a decrease in the half-width of the Amide I band, which is similar to that
observed for the healthy group (normal). However, with tablets containing a mineral
complex with calcium glycerophosphate, a shift in the Amide I band and a decrease in the
half-width of the line are not observed.

The spectroscopic data we obtained testify to the different conformational environ-
ments and secondary structure of dental biofilm proteins in patients with different cario-
genic conditions. The observed shift in the maximum high-frequency component of the
Amide I band and the decrease in the half-width are related to the redistribution of the
intensity of the components of the protein secondary structure [41,45,53], namely, α-helix
(1648–1641 cm−1) and α-helix (approximately 1660 cm−1). This is a consequence of the
difference in the microbiota in normal cases and carious pathology [2], and the exposure of
the biofilm to prophylactic agents [50].

In view of the multistage process of ion exchange, active organic–mineral agents
included in prophylactics must be retained in the oral cavity for a significant period of
time [26] to be adsorbed by the biofilm. The concentration of these components in the
biofilm must exceed their concentration in the hydrate layer of enamel to ensure an effective
process of diffusion to the enamel surface [9,17]. However, concentrations of calcium and
phosphate in biofilm, saliva, or artificial calcium-containing products that are too high
negate the effect of preventive measures [27]. High levels of phosphate and calcium lead
to rapid deposition of calcium phosphate in mineral phases on the enamel surface, which
prevents normal remineralisation [54]. A detectable increase in the concentration of phos-
phate ions in the biofilm, especially when using tablets containing a mineral complex with
glycerophosphate, can cause deposition and formation of extraneous calcium phosphates
on the enamel surface, as indicated by an increase in the phosphate–mineral ratio R2 in
patients in the carious group. This can cause limited permeability through the biofilm,
plaque build-up, increased enamel solubility, and subsequent development of caries.

From the results, existing oral preventive measures may be insufficient, and often
harmful, without considering personalised cariogenic data, probably mainly because the
microorganisms involved aggregate into complex biofilm communities with different
functioning in normality and pathology compared with the functioning of planktonic
cells [1,2,9,10]. Thus, biofilm control is fundamental to oral health and the prevention
of caries, gingivitis, and periodontitis. Understanding changes in the molecular and
phase composition of dental hard tissues, oral fluid, and dental biofilm with different
oral homeostasis conditions will allow successful transition to a personalised approach in
dentistry and high-tech healthcare, and effective caries prevention.

5. Limitations

This study has certain limitations connected with the number and age of participants
of the study, and the spatial resolution of the diagnostics methods (FTIR spectroscopy)
applied for the analysis of the features related to the molecular structure of dental biofilms.

6. Conclusions

Based on data obtained by synchrotron FTIR, calculation of organic and mineral
component ratios, and statistical analysis of the data, we were able to assess changes
occurring in the molecular composition of the dental biofilm in individuals with different
cariogenic conditions.
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Changes in the phosphate/protein/lipid, phosphate/mineral, and phospholipid/lipid
ratios as well as the presence of statistically significant intra- and inter-group differences in
these ratios indicate that the mechanisms of ion adsorption, compounds and complexes
arriving from oral fluid into dental biofilm during exo/endogenous prophylaxis, differ for
people with various cariogenic situation in oral cavity (norm/carious).

7. Recommendation of an Expert

Prophylaxis and prevention of dental caries is one of the main scientific directions
in preventive dentistry. Receptivity to caries is known to be associated with the structure
and properties of the dental tissue, the structure of dentitions and jaws, composition of the
oral fluid, the level of performed personalised prophylaxis and the condition of the whole
organism. The latest investigations show that the factors resulting in the emergence and
development of the dental caries as well as the conditions favouring formation of caries
resistance have a different nature and they require long-term and accurate examination.

However, a preconceived paradigm implies that reducing caries prevalence in the pop-
ulation can be attained due to the personalised diagnostics as well the effective prevention
of the disease. It means that remineralisation therapy is required—compulsory saturation
of the dental tissue with mineral compounds, realised with the use the agents that are
present in the oral fluid when performing exo- and endogenous preventive measures.

The conditions providing these physicochemical depend on the composition and
properties of the oral fluid interacting with the surface layer of enamel through the complex
multi-layered structure formed on enamel, i.e., biofilm. Although dental plaques cannot
be completely removed, pathogenic properties of biofilm can be reduced in a dependence
on cariogenic state of a patient by diminishing the biological load and keeping f the
corresponding bio-balance, using exo- and endogenous prevention techniques.

Activation of the studies in this area and a deeper comprehension of the dental bio-
film role in a dependence on homeostasis conditions within the oral cavity will have a
considerable impact on the clinical practice in future. It enables effective caries prevention
and makes the transfer to a personalised approach in dentistry, as well as in high-tech
public healthcare.

Author Contributions: P.S.: Conceived and designed the experiments, analyzed the data, performed
the experiments, contributed reagents/materials/analysis tools, wrote the manuscript. D.G.: Con-
tributed reagents/materials/analysis tools, analyzed the data, prepared the figures and/or tables,
wrote the manuscript, Y.I.: Contributed reagents/materials/analysis tools, wrote the manuscript,
V.K., D.N., I.I., J.V.: performed the experiments. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by the grant of Russian Science Foundation, grant number 21-15-00026.
The access to scientific equipment and methodology was provided under support of the Ministry of
Science and Higher Education of Russia, Agreement N 075-15-2021-1351.

Institutional Review Board Statement: All experiments with human dental tissue and data col-
lections were performed in accordance with relevant guidelines and regulations, including that
all human participants provided informed consent for data collection and handling followed the
Helsinki Declaration. The study was approved by the Ethics Committee of Voronezh State University
(protocol number: Pr-008.014.2021, 1 August 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: The part of this research was undertaken with The Infrared Microspectroscopy
(IRM) beamline at the Australian Synchrotron.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2022, 14, 1355 14 of 16

References
1. Sanz, M.; Beighton, D.; Curtis, M.A.; Cury, J.A.; Dige, I.; Dommisch, H.; Ellwood, R.; Giacaman, R.A.; Herrera, D.; Herzberg, M.C.;

et al. Role of Microbial Biofilms in the Maintenance of Oral Health and in the Development of Dental Caries and Periodontal
Diseases. Consensus Report of Group 1 of the Joint EFP/ORCA Workshop on the Boundaries between Caries and Periodontal
Disease. J. Clin. Periodontol. 2017, 44 (Suppl. S18), S5–S11. [CrossRef] [PubMed]

2. Kriebel, K.; Hieke, C.; Müller-Hilke, B.; Nakata, M.; Kreikemeyer, B. Oral Biofilms from Symbiotic to Pathogenic Interactions and
Associated Disease—Connection of Periodontitis and Rheumatic Arthritis by Peptidylarginine Deiminase. Front. Microbiol. 2018,
9, 53. [CrossRef] [PubMed]

3. Colombo, A.P.V.; Tanner, A.C.R. The Role of Bacterial Biofilms in Dental Caries and Periodontal and Peri-Implant Diseases: A
Historical Perspective. J. Dent. Res. 2019, 98, 373–385. [CrossRef]

4. Eick, S. (Ed.) Oral Biofilms; Monographs in Oral Science; S. Karger AG: Basel, Switzerland, 2020; Volume 29, ISBN 978-3-318-06851-1.
5. Gheorghe, D.C.; Niculescu, A.-G.; Bîrcă, A.C.; Grumezescu, A.M. Biomaterials for the Prevention of Oral Candidiasis Development.

Pharmaceutics 2021, 13, 803. [CrossRef] [PubMed]
6. García-Godoy, F.; Hicks, M.J. Maintaining the Integrity of the Enamel Surface: The Role of Dental Biofilm, Saliva and Preventive

Agents in Enamel Demineralization and Remineralization. J. Am. Dent. Assoc. 2008, 139 (Suppl. S2), 25S–34S. [CrossRef]
7. Ma, R.; Liu, J.; Jiang, Y.; Liu, Z.; Tang, Z.; Ye, D.; Zeng, J.; Huang, Z. Modeling of Diffusion Transport through Oral Biofilms with

the Inverse Problem Method. Int. J. Oral Sci. 2010, 2, 190–197. [CrossRef]
8. Leitão, T.J.; Cury, J.A.; Tenuta, L.M.A. Kinetics of Calcium Binding to Dental Biofilm Bacteria. PLoS ONE 2018, 13, e0191284.

[CrossRef]
9. Meyer, F.; Enax, J.; Epple, M.; Amaechi, B.T.; Simader, B. Cariogenic Biofilms: Development, Properties, and Biomimetic Preventive

Agents. Dent. J. 2021, 9, 88. [CrossRef]
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43. Matthäus, C.; Bird, B.; Miljković, M.; Chernenko, T.; Romeo, M.; Diem, M. Infrared and Raman Microscopy in Cell Biology.
Methods Cell Biol. 2008, 89, 275–308. [CrossRef]

44. Ren, Z.; Do, L.D.; Bechkoff, G.; Mebarek, S.; Keloglu, N.; Ahamada, S.; Meena, S.; Magne, D.; Pikula, S.; Wu, Y.; et al. Direct
Determination of Phosphatase Activity from Physiological Substrates in Cells. PLoS ONE 2015, 10, e0120087. [CrossRef]

45. Yang, S.; Zhang, Q.; Yang, H.; Shi, H.; Dong, A.; Wang, L.; Yu, S. Progress in Infrared Spectroscopy as an Efficient Tool for
Predicting Protein Secondary Structure. Int. J. Biol. Macromol. 2022, 206, 175–187. [CrossRef] [PubMed]

46. Seredin, P.; Goloshchapov, D.; Kashkarov, V.; Ippolitov, Y.; Vongsvivut, J. The Molecular and Mechanical Characteristics of
Biomimetic Composite Dental Materials Composed of Nanocrystalline Hydroxyapatite and Light-Cured Adhesive. Biomimetics
2022, 7, 35. [CrossRef] [PubMed]

47. Goloshchapov, D.; Kashkarov, V.; Nikitkov, K.; Seredin, P. Investigation of the Effect of Nanocrystalline Calcium Carbonate-
Substituted Hydroxyapatite and L-Lysine and L-Arginine Surface Interactions on the Molecular Properties of Dental Biomimetic
Composites. Biomimetics 2021, 6, 70. [CrossRef]

48. Liaqat, I. Fourier Transform Infrared Spectroscopy of Dental Unit Water Line Biofilm Bacteria. Spectroscopy 2009, 23, 175–189.
[CrossRef]

49. Seredin, P.; Goloshchapov, D.; Ippolitov, Y.; Vongsvivut, P. Pathology-Specific Molecular Profiles of Saliva in Patients with
Multiple Dental Caries—Potential Application for Predictive, Preventive and Personalised Medical Services. EPMA J. 2018, 9,
195–203. [CrossRef] [PubMed]

http://doi.org/10.15275/rusomj.2018.0106
http://doi.org/10.1080/05704928.2020.1864392
http://doi.org/10.3390/ijms21113811
http://www.ncbi.nlm.nih.gov/pubmed/32471277
http://doi.org/10.1107/S0909049513019444
http://doi.org/10.3390/diagnostics11071294
http://doi.org/10.3390/ma8063221
http://doi.org/10.3390/molecules26133890
http://doi.org/10.3390/pharmaceutics13101564
http://www.ncbi.nlm.nih.gov/pubmed/34683856
http://doi.org/10.1111/cdoe.12025
http://www.ncbi.nlm.nih.gov/pubmed/24916677
http://doi.org/10.1159/000518943
http://doi.org/10.1007/s00784-013-1140-y
http://www.ncbi.nlm.nih.gov/pubmed/24240779
http://doi.org/10.1039/C8AN01543K
http://doi.org/10.3390/ijms22126510
http://doi.org/10.1364/BOE.10.004050
http://www.ncbi.nlm.nih.gov/pubmed/31452994
http://doi.org/10.3390/molecules200712599
http://doi.org/10.1016/S0091-679X(08)00610-9
http://doi.org/10.1371/journal.pone.0120087
http://doi.org/10.1016/j.ijbiomac.2022.02.104
http://www.ncbi.nlm.nih.gov/pubmed/35217087
http://doi.org/10.3390/biomimetics7020035
http://www.ncbi.nlm.nih.gov/pubmed/35466252
http://doi.org/10.3390/biomimetics6040070
http://doi.org/10.1155/2009/892569
http://doi.org/10.1007/s13167-018-0135-9
http://www.ncbi.nlm.nih.gov/pubmed/29896318


Pharmaceutics 2022, 14, 1355 16 of 16

50. Meyer, F.; Amaechi, B.T.; Fabritius, H.-O.; Enax, J. Overview of Calcium Phosphates Used in Biomimetic Oral Care. Open Dent. J.
2018, 12, 406–423. [CrossRef]

51. Ripanti, F.; Luchetti, N.; Nucara, A.; Minicozzi, V.; Venere, A.D.; Filabozzi, A.; Carbonaro, M. Normal Mode Calculation and
Infrared Spectroscopy of Proteins in Water Solution: Relationship between Amide I Transition Dipole Strength and Secondary
Structure. Int. J. Biol. Macromol. 2021, 185, 369–376. [CrossRef]

52. Miller, L.M.; Bourassa, M.W.; Smith, R.J. FTIR Spectroscopic Imaging of Protein Aggregation in Living Cells. Biochim. Et Biophys.
Acta (BBA) Biomembr. 2013, 1828, 2339–2346. [CrossRef]

53. Seredin, P.; Goloshchapov, D.; Ippolitov, Y.; Vongsvivut, J. Comparative Analysis of Dentine and Gingival Fluid Molecular
Composition and Protein Conformations during Development of Dentine Caries: A Pilot Study. Vib. Spectrosc. 2020, 108, 103058.
[CrossRef]

54. Andrade, M.R.T.C.; Salazar, S.L.A.; de Sá, L.F.R.; Portela, M.; Ferreira-Pereira, A.; Soares, R.M.A.; Leão, A.T.T.; Primo, L.G. Role of
Saliva in the Caries Experience and Calculus Formation of Young Patients Undergoing Hemodialysis. Clin. Oral Investig. 2015, 19,
1973–1980. [CrossRef]

http://doi.org/10.2174/1874210601812010406
http://doi.org/10.1016/j.ijbiomac.2021.06.092
http://doi.org/10.1016/j.bbamem.2013.01.014
http://doi.org/10.1016/j.vibspec.2020.103058
http://doi.org/10.1007/s00784-015-1441-4

	Introduction 
	Materials and Methods 
	Research Design 
	Equipment Setup and Sample Scanning 
	Study Design Scheme 
	Statistical Analysis 

	Experimental Results 
	Discussion 
	Limitations 
	Conclusions 
	Recommendation of an Expert 
	References

