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Abstract: Using a biomimetic strategy and bioinspired materials, our work proposed a new techno-
logical approach to create a hybrid transitional layer between enamel and dental biocomposite. For
this purpose, an amino acid booster conditioner based on a set of polar amino acids (lysine, arginine,
hyaluronic acid), calcium alkali, and a modified adhesive based on BisGMA and nanocrystalline
carbonate-substituted hydroxyapatite are used during dental enamel restoration. The molecular prop-
erties of the hybrid interface formed using the proposed strategy were understood using methods of
multivariate statistical analysis of spectral information collected using the technique of synchrotron
infrared microspectroscopy. The results obtained indicate the possibility of forming a bonding that
mimics the properties of natural tissue with controlled molecular properties in the hybrid layer. The
diffusion of the amino acid booster conditioner component, the calcium alkali, and the modified adhe-
sive with nanocrystalline carbonate-substituted hydroxyapatite in the hybrid interface region creates
a structure that should stabilize the reconstituted crystalline enamel layer. The developed technology
can form the basis for an individualized, personalized approach to dental enamel restorations.

Keywords: biomimetic; bioinspired materials; hybrid layer; nanocrystalline carbonate-substituted
hydroxyapatite; polar amino acids; synchrotron infrared microspectroscopy

1. Introduction

Human tooth enamel is the hardest tissue in the body and has excellent mechanical
properties due to its unique biocomposite structural organization [1,2]. A variety of ma-
terials, such as composite resins, polyacid modified composites, glass ionomer cements,
and various bioceramics have been developed to restore dental enamel [3,4]. However, a
sustainable restoration has never been achieved due to the imperfect combination between
these materials and natural enamel. Therefore, the durability of restorations is still an
open question [5]. For this reason, the main strategy of modern restorative dentistry is the
minimally invasive treatment with maximum preservation of the natural healthy tooth
tissue [6]. In this case, the quality and durability of the restoration will be determined by
the stability of the enamel to composite bond [7] as well as the state of the interface after
the direct restoration procedure, which in turn, depends on the restoration techniques and
the affinity of the materials used and the natural enamel [3,8].

Human tooth enamel is formed by a dense packing of highly mineralized hydroxyap-
atite cores conjugated with a protein matrix, but it is also permeable to certain ions and
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molecules [1,2,9]. Due to its specific chemical nature, enamel is susceptible to dissolution
in various acids [10]. This property is widely used in dentistry for enamel restoration [11].
Acid etching, and in particular phosphoric acid, is still the optimal approach for restora-
tions [3]. Moreover, for the integration of synthetic materials with enamel self-adhesive
systems, tiller and total etch techniques are widely used. The conjugation of dissimilar
materials is achieved by diffusion and adhesion of the adhesive monomers to the array
of micropores formed by etching [7,12]. For all that, the convenience and ease of use of
bonding systems does not take into account the individual characteristics of the patient,
which can lead to insufficient adhesion to the enamel [5,13].

However, the durability and quality of the restoration can be significantly improved by
the use of biocomposites and systems capable of chemically binding to calcium phosphates
and promoting the biomineralization of distended enamel [14]. The scientific basis for
this approach is the concept of the biomimetic restoration of human dental tissue. Similar
to natural biomineralization, the strategy allows hierarchical structures to be obtained—
biomimetic composites that are similar to natural dental tissue—due to the coordinated
accumulation of bioinspired inorganic and organic components [15,16]. This technological
approach combines interdisciplinary fundamental and applied tasks of creation, research,
and the application of biomaterials in dental practice.

In terms of restorative dentistry, the strategy of biomimetic tissue engineering requires
the involvement of amino acids (proteins) and minerals for tissue regeneration [17,18].
Amino acids used in the framework of the biomimetic approach can be adsorbed on the
surface of natural dental tissue due to the formation of amide or carboxyl bonds and
contribute to the formation of the required morphology [19,20]. Thus, the simultaneous
co-precipitation of amino acids with various phosphate complexes from model (buffer)
solutions is very attractive, which leads to the formation of hierarchical structures of
different ordering [21-23].

It has been shown that the required morphological features of the regenerated tissue
can be recreated by choosing specific amino acids and conditions of biomaterial forma-
tion [24]. Current breakthrough studies demonstrate that the use of buffer systems when
forming a hybrid biomimetic layer, including amino acids and alkalis, should contribute
to the improved integration of synthetic systems with the dental hard tissue [25-28]. The
introduction of amino acids and alkalinization under given conditions should increase the
hierarchical organization of the pretreated organomineral matrix of apatite [8,29-31]. Thus,
in our previous work, it was shown that the pretreatment of enamel in the alkaline solution
of Ca(OH); and an amino acid booster, and the following mineralization performed with
the use of hydroxyapatite (HAp), resulted in the formation of a mineralized layer with
homogeneous micromorphology and presumable orientation of HAp nanocrystals [32,33].
The binding of hydroxyapatite nanocrystals with an amino acid complex resulted in a con-
siderable increase (~15%) in the nanohardness value in the mineralized layer as compared
with a similar value of the intact natural enamel. Thus, a current and relevant question is
the establishment of the mechanisms of interaction of the structural components (organic
and inorganic) of biomimetic composites with natural enamel apatite [15,34]. This question
demands careful all-round study.

Molecular spectroscopy techniques, which allow for the analyzing of biological sam-
ples without irreversible external influence, may be the most convenient here [35,36]. These
techniques are well established and widely used to study various organomineral compos-
ites and hybrid nanofilled biomaterials [37,38]. Sensitivity to changes in the conformational
environment of organic molecules allows the use of molecular spectroscopy methods to
establish the formation of chemical bonds, as well as to determine the type of interaction in
multicomponent biosystems of complex composition [39-42]. The coupling of spectroscopic
methods with optical microscopy techniques and the use of synchrotron radiation sources
makes it possible to study local submicron regions in samples of biological nature, such
as bionanocomposites, as well as to determine the interaction mechanisms of individual
components in their composition [43-45].
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Thus, the goal of our work was to develop new approaches to human tooth enamel restora-
tion within the framework of the biomimetic concept, as well as to study the molecular features
of the formed hybrid biomimetic interface using synchrotron microspectroscopy techniques.

2. Materials and Methods
2.1. Sample Preparation Methodology
2.1.1. Dental Tissue Samples

In our study, intact third tooth molars were used to develop new technological ap-
proaches to enamel restoration within the framework of the biomimetic concept. The teeth
were extracted for orthodontic indications in patients (male and female) aged 18-25 years
at the dental clinic of the Burdenko Voronezh State Medical University. The dental donors
were physically healthy, had no bad habits, and did not smoke, which was confirmed by
the individual outpatient records of the patients.

Tooth molars were extracted in accordance with relevant guidelines and regulations
and data collection and handling followed the Helsinki declaration.

All donors provided their written consent for participation. The Ethics Committee
of Voronezh State University affirmed the performed examination (number of permission
003.017-2019).

After extraction, the teeth were placed in separate vials containing 0.9% saline and
0.002% sodium azide and stored at 4 °C.

2.1.2. Treatment of Dental Tissue

Initially, the occlusal upper part of the crown of the teeth was mechanically cleaned
with a stiff brush. The teeth were then rinsed with a stream of distilled water and dried
with a stream of air from an oil-free compressor.

Using an Er:YAG pulsed laser (2940 nm, duration 75-500 ps, frequency 10-50 Hz,
PMax = 8 W) a Dental laser PLUSER (Lambda S.p.A., Brendola, Italy), a cylindrical cav-
ity of ~2 mm depth and ~3 mm diameter was formed in the area of the chewing surface
of each sample tooth enamel. The resulting cavity was washed with distilled water and
dried with air flow from a compressor. To form a characteristic enamel morphology (array of
microporosities), to provide a micromechanical interaction with the adhesive, as well as in
accordance with the instructions of the manufacturer of the commercial bonding system, the
cavity walls in the enamel were selectively treated with etching gel based on 37% phosphoric
acid (Etching gel, KORMED—R, Russia) for 30 s. The cavity walls and bottom were then
rinsed with distilled water and dried with an air stream from an oil-free compressor.

The 20 samples prepared in this way were randomly divided into four equal groups
to test different approaches to forming the enamel-composite interface.

2.1.3. Forming Interfaces

To create samples (interfaces) of the first type—S;, we used a bonding system in-
cluding a conditioner, bioprimer, and a commercial universal adhesive based on BisGMA
(Polysciences, Warrington, PA, USA, code 03344) [25,46] and a dental compomer material
DyractXP (Dentsply Sirona CIS, Bensheim, Germany) [47]. At the beginning of the pro-
cedure, the walls and the bottom of the cavity formed in the enamel were treated with
conditioner (Vladmiva-Pharma Dental, Belgorod, Russia) for 30 s. Then, using microbrash-
ers, the cavity was treated with 0.1 mL of bioprimer for 20 s.

The bioprimer contains compomer components (ethylene glycol methyl ester 30-85%,
urethane dimethacrylate 1-15%, diglycidyl methacrylate hydrophilic monomer 1-15%) and
a complex of polar amino acids (histidine 0.01-0.2%, lysine 0.05-0.4%, arginine 0.2-1.6% of
the total primer weight), which support the synthesis of basic proteins. Bioprimer is used
to introduce the bonding components into the dentinal tubules and form a hybrid layer
with the prepared dentine tissue.

After treating the cavity, bioprimer was distributed on the surface of the cavity using
air flow from the oil-free compressor for 5 s. After exposure of the prepared cavity for
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20 s, a flowable universal adhesive on the basis of BisGMA was applied and distributed on
the surface of the cavity via the air stream from the oil-free compressor for 5 s. Then, the
adhesive was photopolymerized for 5 s using a light curing unite LED B Cordless (Wood-
pecker, Beijing, China), light wave: 420 nm to 480 nm, light intensity: 100 mW/cm, power
1000 mW /cm?-1700 mW /cm?. Finally, DyractXP light-curing composite was applied and
photopolymerized following the manufacturer’s instructions.

To create specimens (interfaces) of the second type—Syy, a conditioner, bioprimer, calcium
alkali, BisGMA-based adhesive, and DyractXP dental compomer material were used.

The cavity formed in the enamel using microbrushes was treated once with calcium
hydroxide for 30 s to obtain an alkaline environment (pH > 11). The cavity was then rinsed
with distilled water and dried with oil-free compressor air flow for 5 s. After that, the cavity
was treated with conditioner for 30 s. Then, using microbrashers, the walls and the bottom
of the cavity formed in the enamel were treated with bioprimer in a volume of 0.1 mL for
20 s. After treating the cavity, the bioprimer was distributed on the surface of the cavity
via air flow from the oil-free compressor for 5 s. After exposure of the prepared cavity for
20 s, a flowable universal adhesive on the basis of BisGMA was applied and distributed
on the surface of the cavity by the air stream from the oil-free compressor for 5 s. Then,
the adhesive was photopolymerized for 5 s. Finally, DyractXP light-curing composite was
applied and photopolymerized following the manufacturer’s instructions.

To create samples (interfaces) of the third type—Sy, the following were used: amino
acid booster, bioprimer, calcium alkali, modified adhesive based on BisGMA and the
DyractXP dental compomer material.

The cavity formed in the enamel was treated once for 30 s with calcium hydroxide
using microbrushes to obtain an alkaline environment (pH > 11). The cavity was then
rinsed with distilled water and blown with oil-free compressor air flow for 5 s and then
treated with an amino acid booster for 30 sec. Using microbrashers, the walls and bottom
of the cavity formed in the enamel were treated for 20 s with 0.1 mL of bioprimer. After
treating the cavity, the bioprimer was distributed on the surface of the cavity by air flow
from the oil-free compressor for 5 s. After exposure of the prepared cavity for 20 s, a
flowable modified adhesive based on BisGMA was applied and distributed on the surface
of the cavity by air flow from the oil-free compressor for 5 s. Then, the adhesive was
photopolymerized for 5 s. Finally, the DyractXP light-curing composite was applied and
photopolymerized following the manufacturer’s instructions.

An amino acid booster, bioprimer, calcium alkali, a modified BisGMA-based adhesive,
and the DyractXP dental compomer material were used to create samples (interfaces) of
the fourth type—Syy.

The cavity formed in the enamel was treated three times with calcium hydroxide
using microbrushes to obtain an alkaline environment (pH > 11). After each treatment,
the cavity was rinsed with distilled water and blown through with oil-free compressor air
flow for 5 s. Between the calcium hydroxide treatments, the cavity was treated with an
amino acid booster for 30 s. Thus, the total exposure time with calcium hydroxide was
3 x 30 =90 s, and with amino acid booster 2 x 30 = 60 s. This procedure was performed to:
completely neutralize the acidic environment formed after the action of orthophosphoric
acid; consolidate the effect of formation in the near-surface layers of the enamel alkaline
environment (pH > 11); to activate the formation of the molecular bonds of hydroxyapatite—
amino acid throughout the cavity surface.

Then, using microbrashers, the walls and the bottom of the cavity formed in the enamel
were treated for 20 s with 0.1 mL of bioprimer. After treating the cavity, the bioprimer
was distributed on the surface of the cavity by air flow from the oil-free compressor for
5s. After exposure of the prepared cavity for 20 s, a flowable modified adhesive based
on BisGMA was applied and distributed on the surface of the cavity by air flow from the
oil-free compressor for 5 s. Then, the adhesive was photopolymerized for 5 s. Finally,
the DyractXP light-curing composite was applied and photopolymerized following the
manufacturer’s instructions.
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2.1.4. Experiment Design

The design for creating interfaces is described schematically in Table 1.

Table 1. Technological operations when creating interfaces.

Amino Acids

i . HAp in
Samples  Alkali ‘Booster Conditioner Bioprimer BISGN.[A BisGMA DyractXP
in Dental Treatment Adhesive .
= Adhesive
Conditioner

St - — + + + - +
St + — + + + - +
Sm + + + + — + +
Srv ++++ + ++ + - + +

2.1.5. Sectioning

The prepared samples were divided into plane-parallel segments similar to those
investigated in [48,49]. For this purpose, we used a low-speed water-cooled diamond saw
(IsoMet 1000, Buehler, UK). The cutting wheel rotation speed was 100-rpm. The obtained
slices of hard tissue containing the restoration areas were subjected to gentle grinding and
polishing with a diamond abrasive.

2.2. Materials
All chemical components were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2.1. Conditioner

This consists of a complex of low-concentration (up to 12%) saturated and unsaturated
polyfunctional organic acids (maleic acid—6%, polyacrylic acid—5%, citric acid—7%,
distilled water). To prepare the amino acid solution, the raw components were dissolved in
the ultra-pure water (provided with Millipore Milli-Q gradient ultrapure water system)
and this mixture was subjected to ultrasound stirring (Q55 Sonica 55 W) with an amplitude
of 50% for 5 min.

2.2.2. Modified Conditioner with Amino Acids Booster

The main polar amino acids (arginine: 72%, lysine: 18%, histidine: 9%) were added
to the composition of the original conditioner. The use of an amino acid booster should
promote the formation of hierarchical structures based on phosphate complexes and amino

acids of different ordering. Amino acids were mixed with the original conditioner using an
ultrasound homogenizer, QSonica 55 W (QSonica LLC, Newtown, CT, USA).

2.2.3. Bioprimer

This contains compomer components (ethylene glycol methyl ester 30-85%, urethane
dimethacrylate 1-15%, diglycidyl methacrylate hydrophilic monomer 1-15%) and a com-
plex of polar amino acids (histidine 0.01-0.2%, lysine 0.05-0.4%, arginine 0.2-1.6% of the
total primer weight), which support the synthesis of basic proteins. Bioprimer was used to
introduce bonding components into the dentinal tubules and to form a hybrid layer with
the prepared dentine tissue.

2.2.4. Calcium Hydroxide

Pasty calcium hydroxide was obtained by mixing a commercial material Trioxident
(Vladmiva-Pharma Dental, Belgorod, Russia). Trioxident contains fine particles of calcium,
silicon, aluminium oxides) with distilled water. The following component ratio was used:
Trioxident 0.1 g + distilled water 0.25 mL. As was shown in [50], the creation of an alkaline
environment (pH > 11) activates the formation of the functional molecular bonds calcium
hydroxyapatite—amino acid across the surface of the cavity formed in the dental hard
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tissue, neutralizes the action of orthophosphoric acid, and reduces the formation of weak
phosphate phases.

2.2.5. Modified Adhesive

We added a powdered nanocrystalline carbonate-substituted hydroxyapatite HAp (1 mL
of adhesive—0.01 g nano-c-HAp) to the original BisGMA-based liquid adhesive. Modification
of the adhesive with HAp helps to increase the degree of polymerization, eliminate stresses
that can be formed during polymerization, and contributes to the hardness of the layers [51,52].
HAp and adhesive were mixed using a QSonica 55 W ultrasonic homogenizer.

2.2.6. Nanoscale Carbonate-Substituted Calcium Hydroxyapatite (HAp)

Powdered HAp was obtained using our technology from bird egg shells by liquid-
phase synthesis [53]. The morphological organization of the synthesized HAp is similar to
that of human tooth enamel apatite, as it is formed by nanocrystals with an average size
of 20 x 20 x 50 nm [54]. This characteristic is a very important feature in the formation
of a hybrid biomimetic interface capable of replenishing and integrating with natural
apatite [55,56].

2.3. Microscopy

The enamel-dental composite interfaces were examined with a scanning electron
microscope (JEOL, Tokyo, Japan) operating at 20 kV.

2.4. Synchrotron FTIR Microspectroscopy

The synchrotron FTIR experiment was performed on Infrared Microspectroscopy (IRM)
beamline at ANSTO—Australian synchrotron (Victoria, Australia), using a Bruker Vertex
80v spectrometer coupled with a Hyperion 3000 FTIR microscope and a liquid nitrogen-
cooled narrow-band mercury cadmium telluride (MCT) detector (Bruker Optik GmbH, Ettlin-
gen, Germany). All the synchrotron FTIR spectra were recorded within a spectral range of
2000-850 cm ™! using 4-cm ! spectral resolution. Blackman-Harris 3-Term apodization, Mertz
phase correction, and zero-filling factor of 2 were set as default acquisition parameters using
the OPUS 8.0 software suite (Bruker Optik GmbH, Ettlingen, Germany).

To avoid scattering artifacts commonly presented in reflectance spectra, the tooth
slices were subsequently analyzed and imaged in macro ATR-FTIR mapping mode, using
an in-house developed macro ATR-FTIR device equipped with a 250-um-diameter facet
germanium (Ge) ATR crystal (11ge = 4.0), and a 20 IR objective (NA = 0.60; Bruker Optik
GmbH, Ettlingen, Germany) [44,57].

The unique combination of the high refractive index property of the Ge ATR crystal
and the high numerical aperture (NA) objective used in this device, when coupled to the
synchrotron-IR beam, allows surface characterization of the teeth slices to be performed
without scattering artifacts and at higher spatial resolutions than those achievable in
transmission and reflectance modes.

Prior to the macro ATR-FTIR measurement, the plane-parallel tooth segments (slices)
were mounted on a flat polymer substrate using an epoxy adhesive (Moment, HENKEL,
Moscow, Russia) and then mounted on an aluminium disc using double-sided polyimide
(Kapton tape. The aluminium disc was then placed on the sample stage of the macro ATR-
FTIR unit. After that, the Ge ATR crystal was brought to the focus of the synchrotron-IR
beam, and a background spectrum was recorded in air using 256 co-added scans. The top
polished surface of the teeth sample was then brought into contact with the Ge ATR crystal,
and a low-resolution overview synchrotron macro ATR-FTIR chemical map was initially
acquired to determine the area and quality of the contact, at a 5-um step interval, using
8 co-added scans. A subsequent synchrotron macro ATR-FTIR mapping measurement was
performed on specific areas of interest found in the prior overview map where a good
contact with the Ge ATR crystal was achieved, using a smaller step interval of 1 um and
32 co-added scans.
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2.5. Multivariate Statistical Analysis

Multivariate data analysis to extract synthetic information when processing an array
of statistical variables was performed using Hierarchical Cluster Analysis (HCA) and
Principal Component Analysis (PCA).

Initially, the spectral information of the collected FTIR maps was classified using HCA.
As a result, areas of spectral FTIR maps were identified based on the spectral response. The
points on the map with minimal intra-cluster differences, i.e., belonging to one particular
cluster, have a similar spectral response. At the same time, the maximum inter-cluster
differences will be in areas with different spectral responses [58].

Initial processing of the initial spectral data during HCA was performed using the
second derivative and vector normalization in the frequency range of the IR spectrum
2000-850 cm ™!, since the main molecular vibrations of the materials under study are located
in this region. The spectra were smoothed by 17 points.

The distance between the clusters was calculated based on the Euclidean measure.
For clustering and construction of the heterogeneity dendrogram, the Ward method was
used [59]. The number of clusters was determined based on the sample treatment data and
the results of the heterogeneity dendrogram. Hierarchical Cluster Analysis (HCA) was
performed using OPUS 8.0 software (Bruker Optik GmbH, Ettlingen, Germany).

The principal component analysis method, which is currently one of the preferred
intelligent methods for processing and analyzing complex spectroscopic data [60,61], has
been used to clearly identify or confirm correlations and similarities between a FTIR spectra
of clusters. PCA reduces the dimensionality of the original spectral data set by computing
anew set of variables, known as principal components, which are obtained in descending
order of their contribution to the variance of the data. PCA was applied to a standard full
range of FTIR spectra and performed using the first derivatives of the spectra. PCA was
implemented in Matlab (R2013b, MathWorks, Boston, MA, USA). The preprocessing of the
initial spectra, including background correction and noise reduction, was performed using
a Savitzky-Golay filter.

3. Results and Discussion

The characteristic optical images obtained for the four types of prepared samples in
the area of the natural enamel-dental composite interface are shown in Figure 1 with a
magnification of 100 x. For each type of sample (see Figure 1), two layers, namely enamel
and dental composite, are clearly distinguishable.

An SEM microphotograph of the typical section of enamel-dental composite interface
for the sample Sy is presented in Figure 2. The analysis shows that irrespective of the
pretreatment technique of a sample, formation of the clearly expressed hybrid layer at the
interface is observed. It should be noted that such information can be obtained only from
the chemical imaging, since both optical [62] and electron microscopic images [63] do not
allow for the assessment of the occurrence of a chemical interaction in the interface region.

Using the FTIR optical system of the Hyperion 3000 microscope, we selected, for
further analysis, those portions of the interface within which no mechanical defects from
polishing or any other structural artifacts were visually observed.

The analysis of the chemical composition as well as the molecular features of the
samples in the enamel-biocomposite interface was performed using the FTIR technique.
In contrast to a number of other methods of molecular composition analysis (e.g., Raman
spectroscopy), when using the FTIR technique, samples of a biological nature are subjected
to weak external influences when under study. Therefore, the information obtained refers
to a system that has not undergone changes as a result of these interactions, and changes in
the interface region caused by molecular transformations can be easily identified.

Figure 3 shows the representative FTIR spectra of substances (chemical components)
present in the interface area of all samples, as well as the materials we used to create a hybrid
interface. Thus, Figure 3 shows the absorption spectra in the infrared fingerprints region
for the healthy enamel, DyractXP dental compomer material, the conditioner including
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the amino acid booster, bioprimer, calcium alkali, original and modified BisGMA-based
adhesive, and the nanocrystalline carbonate-substituted calcium hydroxyapatite (HAp).
For convenient analysis of the changes in the molecular spectrum of the conditioner and
adhesive after their modification, Figure 3b,c presents the IR spectra in the region of the
most pronounced transformations of the vibrational modes.

@Ena‘inef 2. Light-cured
{ ; composite
#250 pm
a . 500 pm
Enamel ' Light-cured

composite

#250 pm
—_—_—

500 pm

Light-cured
composite

#250 pm

500 pm

Light-cured
composite

#250 pm

500 pm

Figure 1. Optical images of the heterointerface sections of natural enamel-dental composite for the
studied samples. (a) Sample Sy; (b) Sample Syj; (¢) Sample Syyy; (d) Sample Syy.
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Enamel

Interface

5pm  x2.500

Figure 2. Typical SEM image of the enamel-dental composite heterointerface for the sample S;.
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HAp

L Il - 3 —
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1
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Figure 3. Typical FTIR spectra of the specimens studied in this work. (a)—spectra for the healthy
enamel, DyractXP dental compomer material, the conditioner including the amino acid booster,
bioprimer, calcium alkali, original and modified BisGMA-based adhesive, and the nanocrystalline
carbonate-substituted calcium hydroxyapatite; (b)—FTIR spectra in the region of the most pro-
nounced transformations of the vibrational modes for conditioner and conditioner including the
amino acid booster; (¢)—FTIR spectra in the region of the most pronounced transformations of the
vibrational modes for HAp, BisGMA-based adhesive and modified BisGMA-based adhesive.

It should be noted that the relative intensities of the main oscillations of the chemical
substances mentioned depend on the sample preparation or the individual (as in the case of
the spectrum of healthy enamel) from whom the sample was taken. Therefore, the spectra
presented in Figure 3 are averaged, typical for the material, and consistent with previously
published works [25,64—68].

Table 2 lists the frequencies of the characteristic oscillations and their belonging to
functional groups of the substances from the interface area, such as enamel, adhesive, and
dental composite, as well as the substances used for treatment.
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Table 2. Main vibrations in the infrared spectra and their belonging to the functional groups of the

materials or substances involved in the study.

Substance/

Material Spectral Area, cm~1 Functional (Molecular) Group References
1620-1700 ool mide }Iﬁng [64,69]
Amide IT
1550 C-N [64,69]
stretching and N-H deformation modes, CNH
Enamel 1535 OH™ substituted by CO52~ (type A) [70,71]
ﬁ?? PO®~ substituted by COs2~ (type B) [70,71]
1130 HPO,2- [68,72]
1030 HPO,2~ [64,70,73]
960 v POS~ Symmetric stretching [64]
1460 PO,3~ substituted by CO32~ (type B) [25,70]
1415 PO,3~ substituted by CO32~ (type B) [25,70]
HAp 1092 v3 PO43~ Antisymmetric stretching [25]
1040 v3 PO~ Antisymmetric stretching [37]
963 v PO, Symmetric stretching [25]
1718 carbonylcgjg.lp of AA [74]
1635 T [50]
Conditioner + Amino acids booster 14601445 CHa/CH, (50]
1362 N-Cax-He, CR-Cox-Hax [50]
1226 NH;* [50,75]
1185 o, NH;* [50]
1703 C=0 stretching [76]
+
1635 protein Zfr?i(r?;\lafild? e)lrginine (77,781
1454 -CH, [79]
Bioprimer 1320-1298 [v(C-0)] Zt(rcegl)‘l doublet [76]
1164 C-0O-C, §(CH) [76]
1078 v(CO) [79]
1026 v(CQ) [79]
1721 C=0 carbonyl [80]
1636 Cc=C r(rf:tg\;:gg:tzt 1groups (801
1609 phenyl C=C [80,81]
BisGMA Adhesive 1513 Aromatic C=C [80]
1452 CH, CH; [80,81]
1402 =CH, deformation [46]
1320-1290 [v(C-O)] stretch dublet [46]
1242 Aromatic C-O [46]
s g oot 2
1636 C=C stretching vibration of the methacrylate group [82,83]
1608 C=C in an aromatic ring [82,83]
1511 N-H deformation stretching of urethane dimethacrylate (UDMA) [82,83]
DyractXP commercial material 1454 C-H in constituent monomers [83]
1297 symmetric stretching of -O in monomers, Si-O stretching [83]
1233 C-O-C stretching [82]
1150 C-O-C stretching [82]
1040-1060 Si-O from SiO; -containing fillers [83,84]




Int. J. Mol. Sci. 2022, 23, 11699

11 0f 22

The simultaneous use of optical microscopy and FTIR spectroscopy allowed us to
obtain molecular information from the interface regions with high spatial (~500 nm) and
spectroscopic resolution. For this purpose, selected regions (20 1 x 50 p or 40 x 100 pixels)
were analyzed using the synchrotron micro-ATR FTIR mapping technique. Every FTIR-
spectrum was collected with a beam defining aperture providing a nominal measurement
area of 3.13 pm diameter per pixel, at 500 nm step intervals and without scattering artifacts.

To obtain the chemical information (molecular differentiation), chemical images were
processed based on the variation of spectral line intensities reflecting the distribution of the
characteristic molecular groups in the interface region. For this purpose, four important
absorption bands in FTIR spectra attributed to the molecular groups of materials that are
present in the interface region were selected [62].

The first spectral line, with a maximum at 1726-1728 cm ™", correlates with vibrations
of the ester group (-COOCH3;) of the organic matrix included in the BisGMA adhesive and
also present in the DyractXP dental material [84].

The second line in the region of 1700-1620 cm ™! corresponds to the vibrations of
the Amid I group, characteristic of the organic component of enamel (proteins) [64,69],
which fills the interprism space. In addition, the oscillations of the N-H, C=0, and COO-
molecular groups of the amino acids that make up the bioprimer and booster used in the
creation of the interface are located in the region of 1700-1620 cm ™! [84-86].

The third peak of 1430-1370 cm ! is associated with vibrations of the CH and COO-
groups [22] belonging to the amino acid booster, conditioner, and bioprimer.

The fourth spectral line, 1110-960 cm ™!, is the sum of overlapping bands active in the
FTIR spectrum of enamel apatite, which are associated with phosphate ions—PO,3~ [37,64,68].
The most intense here is the v3 PO~ Antisymmetric stretching mode, localized around
1038 cm ™!, which is characteristic of non-stoichiometric calcium hydroxyapatite. According
to [68], the shift of the main maximum of the v3 PO43~ band and the appearance of a fine
structure near it indicate a change in the chemical composition and the formation of various
calcium phosphates. Therefore, a broad spectral region, including possible variations in the
v3 V3 PO43~ position, was chosen to analyze the interface. The region chosen for mapping
(about 1110 cm~!) contains a band characteristic of apatites containing HPO4?~ ion, as well
as a line about 1090 cm ™! [70], characteristic of the PO43~ phosphate ion in nanocrystalline
carbonate-substituted hydroxyapatite [71]. Moreover, the Si-O bond oscillations of silicon
dioxide used as a filler for the composite dental material are also in the same region [86].

Finding the distribution of the integrated area value under the selected absorption
lines in the mapping area allowed us to create chemical images of the interface for each type
of investigated samples. The resulting maps are shown in Figures 4 and 5. The chemical
images constructed give us information on the spatial distribution of mineral (phosphates)
and organic (enamel proteins, amino booster and bioprimer components) components in
the interface area, as well as the adhesive and dental material for all sample types.

Preliminary analysis of the chemical images shows that each type of formed enamel-
dental composite interface represents a transition layer. The width of this layer may implicitly
indicate the occurrence of interaction between the materials used to create the interface. The
FTIR maps of samples Si—Syj clearly show a non-homogeneous distribution of the ether
(-COOCH3) band intensity, and for sample Syy, a characteristic zoning (layer-by-layer) distri-
bution of the adhesive in the interface zone is observed. One can notice from Figures 4 and 5
that the width of the transition layer depends on the type of the created interface.

As has been repeatedly noted previously, the analysis of only chemical images of
the interface showing the distribution of the dental material, and the organic and mineral
component of the enamel, often does not allow us to reveal the molecular features of
the created interface, or reveal the mechanisms of the integration processes between the
natural dental hard tissue and the biocomposite material. This is due to the inability of the
used approach to identify and take into account insignificant spectral changes associated
with the nucleation of the chemical interaction at the interface. Frequent overlapping
of spectral lines does not allow one to confidently analyze transition layers of close and

1
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gradient composition in the region of integration. In our case, the overlap of the bands
in FTIR spectra can be observed in the 1100-960 cm™! region, where several vibrations
associated with the phosphate groups of the PO4>~ mineral component of enamel as well
as the Si-O vibrations of silicon dioxide included in the dental material [83,84], or in the
1700-1200 cm ! range, which is the fingerprint for the organic structure. However, these
inconveniences can be overcome by using multidimensional methods for analyzing a large
set of spectroscopic data, allowing for the efficient processing and systematization of an
array of spectra of multicomponent materials collected as 2D FTIR maps [87-89], and
detecting and confirming the relationships and similarities between FTIR spectra in the set.
Such methods include hierarchical cluster analysis (HCA) and the principal components
method (PCA). Using multivariate statistical methods to analyze an array of spectra of
multicomponent systems is useful for identifying information that might have been missed
in a simpler analysis. This is especially important for biological samples, which by their
nature contain heterogeneous molecular compounds [90].

1700-1620cm™*

20 24 28 32
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Figure 4. Chemical images of typical surface areas and reflecting the spatial distribution in the
interface region (see Figure 1) of -COOCHj3; (a,c,e,g) ester group vibrations and Amid I vibrations
(b,d,f,h). Sample S;—(a,b); sample Sy—(c,d); sample Sy—(e,f); sample Sy—(g,h).

The results of the cluster analysis (see Figure 6, left), as well as the results of chemical
mapping (Figures 4 and 5), are presented using colour coding. All points that have a similar
spectral response within a certain region (cluster) are indicated by the same colour. Thus, the
figures show groups of areas (clusters) with a different spectral response (see Figure 6, left).
Note that the number of clusters for each type of interface was determined taking into account
the following criteria: sample data, information from the heterogeneity diagram, and a low
signal-to-noise ratio. Figure 6 (right) also shows optical images of the enamel-biocomposite
interface section. It should be noted that the change in contrast in the optical images (see
Figure 6, right) does not give a clear indication of the boundaries of specific chemical zones
(clusters). However, the HCA results clearly show that the number of clusters in the hybrid
layer, as well as their sizes, depend on the type of sample preparation.
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1430-1370 cm*

1110-980 em?

12 um

16 pm

1110980 g’

15 pm

24
X, pm

Figure 5. Chemical images of typical surface areas reflecting the spatial distribution in the interface
region (see Figure 1) of the CH and COO- group vibrations (a,c,e,g) and phosphate vibrations (b,d,f h).
Sample S;—(a,b); sample Sy;—(c,d); sample Syi—(e,f); sample S;y—(g,h).

Figure 6. Results of the cluster analysis for the studied samples (left) and optical images of x 100 sections
in the interface region (right). Sample S;—(a,b); sample Sy—(c,d); sample Sy;—(e,f); sample Sry—(g,h).
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Thus, in the hybrid interface zone (between the enamel area and the dental composite),
samples Sy and Sy have only one cluster with a width of 34 p. As the number of techno-
logical steps in the formation of the interface increases, sample Sy forms two clusters, and
sample Syy has three clusters of different thickness. The total width of the formed hybrid
layer according to the HCA results correlates with the value determined from the chemical
imaging data.

The chemical composition of each cluster was established based on the analysis of
averaged cluster spectra. The FTIR spectrum of each cluster was obtained by averaging
at least 50 individual spectra from the corresponding zones of similar samples. Before
analysis, the averaged cluster spectra were processed (smoothing, baseline correction,
vector normalization) using standard Bruker OPUS 8.0 software procedures. As a result,
the values of the clusters present were identified for each interface type, such as enamel,
hybrid layer, adhesive, and dental composite.

Figure 7 shows the averaged spectra of the clusters belonging to the transition/hybrid
layer for each type of sample studied. We do not present the spectra of the clusters
associated with the enamel and dental composite due to their uniformity but consider only
the spectra of the clusters associated with the hybrid layer. In addition, we should note the
fact that the area we are considering (Figures 4 and 5) is 20 p x 48 p, which is comparable
to the size of enamel prisms ~ 5 p [2]. Chemical and molecular analysis of the array of
enamel prisms shows that there are local imperfections and a differentiation of chemical
and phase composition already within neighboring prisms and the area between them [1].
Thus, the averaging of spectra within a single region (cluster) to smooth the variation of
the chemical composition is important when the analysis area is reduced.

2000 1800 1600 1400 1200 1000

Absorbance, a.u.

2000 1800 1600 1400 1200 1000
Wavenumber, em™

Figure 7. Averaged spectra of clusters belonging to the transition/hybrid layer for each type of
samples studied.

Analysis of the obtained results shows (see Figure 7) that there are noticeable variations
(position and relative intensity of absorption bands) in FTIR spectra of hybrid interface
clusters depending on the type of sample (interface). These variations are due to the
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structural and chemical differentiation of the layers of the interface being formed, as well
as to their interaction. Analyzing simultaneously the HCA data (Figures 6 and 7) it can be
observed that the adhesive components are present in all clusters of the studied samples,
which is detected by the presence in the spectra in the region of the 1720 cm~! band
correlated with the vibrations of the ester group (-COOCH3). At the same time, in the Cp
clusters, which border the enamel zone, the relative intensity of this vibration changes.
Analysis of the spectra shows that for the S; and Sy samples, the adhesive is an intermediate
layer between the enamel and dental composite (Figures 3 and 7). The components of
the adhesive penetrated minimally into the enamel microporosity array and also diffused
into the boundary region of the biocomposite. In sample Sy, the adhesive was present
in clusters C, and C3 in close concentrations. In the Spy sample, on the other hand, a
concentration (penetration) gradient of the modified adhesive in the direction from the
composite to the enamel was observed. In addition, components of the bioprimer and
amino acid booster are detected in intermediate clusters C3 and Cy4 of the Syy sample.

In addition to the HCA results, a multivariate spectral image (cluster) analysis using
PCA was applied. The analysis was performed in the same spectral range of 900 to
2000 cm~! to automatically distinguish the interface zone components at subnanostructural
levels. This type of analysis is performed to compare the effect of the treatment type
on interface formation by interpreting the similarities and differences between clusters
belonging to the transition layer of samples of different types by analyzing the PCA
scores and loadings. Here, PCA loadings are the combinations of FTIR spectra of the
components of the hybrid sample layer, which allow for differentiating (determining the
largest difference) the samples into classes.

The clusters formed at HCA, visualized in the chemical interface images, and cor-
related with the hybrid interface layer region, can be clearly observed in the PCA plots
(Figure 8, top). Each zone cluster in the interface region is represented by an ellipse for
a particular sample type. Figure 8 (bottom) also shows the load plots for the main com-
ponents as a function of wave number. The clusters formed at HCA, visualized in the
chemical interface images, and correlated with the hybrid interface layer region, can be
clearly observed in the PCA plots (Figure 8, top). Each zone cluster in the interface region
is represented by an ellipse for a particular sample type.
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Figure 8. Results of the PCA analysis of interface zone components (clusters) for all samples studied.
Above is the PCA scores plot (PC1 vs. PC2), and below are the PC loading plots for the PC1 and PC2.
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It is well seen that the PCA score plots demonstrate a clear separation between the
interface zones for the Syy sample. At the same time, the ellipses corresponding to the
clusters of samples Sj, Sy, and Sy are clustered and partially overlap, indicating the
closeness of the spectra (molecular properties) of these interface areas. At the same time,
most of the differences between the hybrid layer clusters in different samples can be
explained by the PC1 (65.2%) and PC2 (32.0%) components.

The load plots are shown in Figure 8 for each sample type and visualize the set of
peaks that contribute most to the observed differences between the interface zones. Table 3
displays the wave numbers of the characteristic maxima and minima that are present in the
load plots of the PCA samples and indicates the likely functional groups attributed based
on a literature search [25,37,64-68,83,84].

Table 3. Results of PC loading plots for PC1 and PC2: wave numbers of the most prominent peaks and
troughs in the PCA loading plots and their correlation with functional groups based on a literature
search (see Table 2).

Wavenumber, cm—1

PC1 961 1014 1025 1718
PC2 995 1059 1092 1149 1248 1448 1522 1538 1720
the
vy stoichio- PO*~

_ metric v3 HPO,2~ substi-

. PO, DCPD v3 apatites DCPD PO43~ stoichio-  Aromatic tuted by Aromatic s " BIS-
Assignment enamel and 3 - and . Pt - 5°NH;
PO, contain- nano-c- metric C-0 CO; Cc=C GMA
nano-c- B-TCP . B-TCP X
HA ing HAp apatites (type B)
p HPO4 2~ CH,_CHjs

on

According to the analysis of the PC1 and PC2 principal component loadings plots (see
Figure 8), the peaks associated with phosphates, adhesive components, and the amino acid
booster contributed most to the differentiation of clusters of different samples (the main
contribution to the observed differences).

Analyzing the results obtained, it should be noted that in the spectra of the hybrid
layer clusters of Sy, Sy, and Sy phosphate samples, the maximum is shifted to the region of
1050-1060 cm~!, while for natural tooth enamel apatite, it is localized around 1038 cm~!.
This fact is related to the pretreatment of enamel, namely acid etching followed by a single
treatment with calcium alkali. Exposure to acid breaks the Ca-O bonds and, consequently,
reduces the P-O bond length due to a redistribution of the electron concentration near the
bridging oxygen [91]. As a result, weak phosphates, bruchite, and TCF, whose characteristic
bands lie in the region of 1060-1070 cm ™!, are formed [37,68]. It should be noted that no
phosphate band shift is observed for the S;y sample. The repeated process of treatment
with calcium alkali and the introduction of organic acids into the interface zone minimized
the formation of stable brushite-like forms and octacalcium phosphate, whose formation
is possible only on the surface of apatite nanocrystals. Subsequent processes of the re-
deposition of HAp nanocrystals with the formation of a non-apatite environment led to
the appearance of a maximum in the spectra of the Sy sample clusters in the infrared
spectrum near 1107 cm 1. A similar result was described in [92], and this oscillation near
1090-1110 cm ™! can be attributed to the vibration of the secondary Ca-O-P phase [91,93].
Thus, the use of amino acids and an alkaline solution for pretreatment and biointerface
formation results not only in an excess of calcium in the hybrid transition layer but also
in the creation of the conditions for calcium binding to phosphate complexes (HPO4 and
POy) [94]. Moreover, the features of the FTIR spectrum of the C; cluster in the S;y sample
give a reason to state that this interface layer is a reduced enamel zone. The narrowing of
the phosphate peak as well as the absence of the carbonate group in the C; spectrum of the
Sty sample indicates the formation of highly crystalline apatite in this rather wide region of
the interface.

The results of work on the analysis of the surface layers of nanocrystalline biogenic
and synthetic apatite [94] have already demonstrated differences in the local atomic and
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molecular environment of calcium atoms, which may affect the formation of the HAp-
organic matrix bond [22]. As studies on the surface of biogenic apatite nanocrystals have
shown, the environment of calcium atoms corresponds to the Ca-ON environment [94,95].
Therefore, in the Syy interface formation process under consideration, the repeated calcium
alkali treatment process can contribute to the formation of conditions when the pretreated
enamel surface after etching has bonds characteristic of the enamel apatite complex before
treatment and contribute to the formation of bonds with amino acids in the composition of
the booster used.

In addition, the results of chemical imaging, HCA and PCA analyses show that
the hybrid interface region (clusters C, and C3) of S;-Syy samples is formed by the non-
homogeneous distribution of the adhesive as well as the materials used to create the hybrid
layer. At the same time, the effect of gradient and the layer-by-layer distribution of the
materials used in the clusters is characteristic of the Syy sample. Due to the diffusion of the
amino acid booster conditioner component and the modified HAp adhesive, a structure is
formed in the hybrid interface region, which should stabilize the reconstituted crystalline
enamel layer. At the same time, HAp nanocrystals contribute to the cohesive reinforcement
of the adhesive layer, as they are evenly distributed throughout it. This leads to increased
adhesion and improved conversion of the adhesive resin in the hybrid layer, as well as
better micromechanical bonding [52].

To summarize the work performed, it should be noted that the use of nanotechnology
for the fabrication and functionalization of biomimetic dental restorative composites is
a very promising area. Based on the information obtained in our work, not only new
biomaterials that mimic the properties of natural tissue but also innovative biomimetic
strategies that provide controlled stable mineralization and biomechanical properties of the
hybrid layer are needed to form an ideal bonding. This would ultimately lead to minimal
invasion, improved restoration quality, and a reduced incidence of secondary caries.

It should be noted that in spite of the formation of the tight bond at the interface of
the enamel-biocomposite, a rather important task is to make it stable in time, in the acidic
environment with pH < 5, as well as under cyclic impact of various temperature levels.
These studies will be the aim of our future work.

4. Conclusions

Using a biomimetic strategy and bioinspired materials, our work proposes a new
technological approach to create a hybrid transitional layer between the enamel and dental
biocomposite. For this purpose, an amino acid booster conditioner based on a set of polar
amino acids (lysine, arginine, hyaluronic acid), calcium alkali, and a modified adhesive
based on BisGMA and nanocrystalline carbonate-substituted hydroxyapatite HAp are used
at the stage of dental enamel restoration.

The molecular properties of the hybrid interface formed using the proposed strategy
were understood using methods of multivariate statistical analysis of spectral information
collected, applying the technique of synchrotron infrared microspectroscopy:.

The results obtained indicate:

- the use of amino acids and an alkaline solution for pretreatment and biointerface
formation results not only in an excess of calcium in the hybrid transition layer but
also in the creation of conditions for calcium binding to phosphate complexes (HPOy4
and POy);

- the repeated calcium alkali treatment process can contribute to the formation of
conditions where the pretreated enamel surface, after etching, has bonds characteristic
of the enamel apatite complex before treatment, and contributes to the formation of
bonds with amino acids in the composition of the booster used;

- during diffusion of the amino acid booster conditioner component and the modified
HAp adhesive, a structure is formed in the hybrid interface region, which should
stabilize the reconstituted crystalline enamel layer.
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The developed technology can become the basis for an individualized, personalized
approach to dental enamel restoration.

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

Funding: This work was supported by a grant from the Russian Science Foundation, grant number
21-15-00026.

Institutional Review Board Statement: The study was conducted according to the guidelines of
the Declaration of Helsinki and approved by the Ethics Committee of Voronezh State University
(Permission no. 001.017-2019, 21 December 2019).

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: 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.

References

1.

10.

11.

12.

13.

14.

15.

DeRocher, K.A.; Smeets, P].M.; Goodge, B.H.; Zachman, M.].; Balachandran, P.V.; Stegbauer, L.; Cohen, M.J.; Gordon, L.M.;
Rondinelli, ].M.; Kourkoutis, L.F.; et al. Chemical Gradients in Human Enamel Crystallites. Nature 2020, 583, 66-71. [CrossRef]
[PubMed]

Beniash, E; Stifler, C.A.; Sun, C.-Y.; Jung, G.S.; Qin, Z.; Buehler, M.].; Gilbert, PU.P.A. The Hidden Structure of Human Enamel.
Nat. Commun. 2019, 10, 4383. [CrossRef] [PubMed]

Sato, T.; Takagaki, T.; Hatayama, T.; Nikaido, T.; Tagami, ]. Update on Enamel Bonding Strategies. Front. Dent. Med. 2021, 2, 666379.
[CrossRef]

Raszewski, Z.; Brzakalski, D.; Jatbrzykowski, M.; Pakuta, D.; Frydrych, M.; Przekop, R.E. Novel Multifunctional Spherosilicate-
Based Coupling Agents for Improved Bond Strength and Quality in Restorative Dentistry. Materials 2022, 15, 3451. [CrossRef]
Heintze, S.D.; Loguercio, A.D.; Hanzen, T.A.; Reis, A.; Rousson, V. Clinical Efficacy of Resin-Based Direct Posterior Restorations
and Glass-lonomer Restorations—An Updated Meta-Analysis of Clinical Outcome Parameters. Dent. Mater. 2022, 38, e109—e135.
[CrossRef]

Desai, H.; Stewart, C.A.; Finer, Y. Minimally Invasive Therapies for the Management of Dental Caries—A Literature Review. Dent.
J. 2021, 9, 147. [CrossRef] [PubMed]

Perdigao, ]. Current Perspectives on Dental Adhesion: (1) Dentin Adhesion—Not There Yet. Jpn. Dent. Sci. Rev. 2020, 56, 190-207.
[CrossRef] [PubMed]

Nicholson, J.; Czarnecka, B. Materials for the Direct Restoration of Teeth; Woodhead Publishing: Sawston, UK, 2016; ISBN 978-0-08-
100494-4.

Teaford, M.F,; Smith, M.M.; Ferguson, M.W.]. Development, Function and Evolution of Teeth; Cambridge University Press: Cambridge,
UK, 2007; ISBN 978-1-139-42922-1.

Wang, L.; Tang, R.; Bonstein, T.; Orme, C.A.; Bush, PJ.; Nancollas, G.H. A New Model for Nanoscale Enamel Dissolution. J. Phys.
Chem. B 2005, 109, 999-1005. [CrossRef]

Daher, R.; Krejci, I.; Mekki, M.; Marin, C.; Di Bella, E.; Ardu, S. Effect of Multiple Enamel Surface Treatments on Micro-Shear
Bond Strength. Polymers 2021, 13, 3589. [CrossRef] [PubMed]

Vinagre, A.; Ramos, J. Adhesion in Restorative Dentistry; IntechOpen: London, UK, 2016; ISBN 978-953-51-2784-0.

Lempel, E.; Lovész, B.V,; Bihari, E.; Krajczér, K.; Jeges, S.; Toth, A.; Szalma, J. Long-Term Clinical Evaluation of Direct Resin
Composite Restorations in Vital vs. Endodontically Treated Posterior Teeth—Retrospective Study up to 13 Years. Dent. Mater.
2019, 35, 1308-1318. [CrossRef]

Usha, C.; Ramarao, S.; John, B.M.; Rajesh, P.; Swatha, S. Evaluation of the Shear Bond Strength of Composite Resin to Wet and
Dry Enamel Using Dentin Bonding Agents Containing Various Solvents. J. Clin. Diagn. Res. 2017, 11, ZC41-ZC44. [CrossRef]
[PubMed]

Goswami, S. Biomimetic Dentistry. J. Oral Res. Rev. 2018, 10, 28-32. [CrossRef]


http://doi.org/10.1038/s41586-020-2433-3
http://www.ncbi.nlm.nih.gov/pubmed/32612224
http://doi.org/10.1038/s41467-019-12185-7
http://www.ncbi.nlm.nih.gov/pubmed/31558712
http://doi.org/10.3389/fdmed.2021.666379
http://doi.org/10.3390/ma15103451
http://doi.org/10.1016/j.dental.2021.10.018
http://doi.org/10.3390/dj9120147
http://www.ncbi.nlm.nih.gov/pubmed/34940044
http://doi.org/10.1016/j.jdsr.2020.08.004
http://www.ncbi.nlm.nih.gov/pubmed/34188727
http://doi.org/10.1021/jp046451d
http://doi.org/10.3390/polym13203589
http://www.ncbi.nlm.nih.gov/pubmed/34685348
http://doi.org/10.1016/j.dental.2019.06.002
http://doi.org/10.7860/JCDR/2017/21097.9181
http://www.ncbi.nlm.nih.gov/pubmed/28274042
http://doi.org/10.4103/jorr.jorr_3_17

Int. . Mol. Sci. 2022, 23, 11699 19 of 22

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang, J.; Liu, Z.; Ren, B.; Wang, Q.; Wu, J.; Yang, N.; Sui, X,; Li, L.; Li, M.; Zhang, X.; et al. Biomimetic Mineralisation Systems for
in Situ Enamel Restoration Inspired by Amelogenesis. . Mater. Sci. Mater. Med. 2021, 32, 115. [CrossRef] [PubMed]

Chang, R.; Liu, Y.-J.; Zhang, Y.-L.; Zhang, S.-Y.; Han, B.-B.; Chen, F.; Chen, Y.-X. Phosphorylated and Phosphonated Low-
Complexity Protein Segments for Biomimetic Mineralization and Repair of Tooth Enamel. Adv. Sci. 2022, 9, 2103829. [CrossRef]
[PubMed]

Erceg, I.; Maltar-Strmecki, N.; Jurasin, D.D.; Strasser, V.; Curlin, M.; Lyons, D.M.; Radatovi¢, B.; Mlinari¢, N.M.; Kralj, D.; Sikiri¢,
M.D. Comparison of the Effect of the Amino Acids on Spontaneous Formation and Transformation of Calcium Phosphates.
Crystals 2021, 11, 792. [CrossRef]

Saranya, S.; Samuel Justin, S.]J.; Vijay Solomon, R.; Wilson, P. L-Arginine Directed and Ultrasonically Aided Growth of Nanocrys-
talline Hydroxyapatite Particles with Tunable Morphology. Colloids Surf. A Physicochem. Eng. Asp. 2018, 538, 270-279. [CrossRef]
Lee, WH.; Loo, C.Y.; Van, K.L.; Zavgorodniy, A.V.; Rohanizadeh, R. Regulating Protein Adsorption onto Hydroxyapatite: Amino
Acid Treatment. Key Eng. Mater. 2012, 493494, 666—671. [CrossRef]

Tavafoghi, M.; Cerruti, M. The Role of Amino Acids in Hydroxyapatite Mineralization. J. R. Soc. Interface 2016, 13, 20160462.
[CrossRef] [PubMed]

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] [PubMed]

Comeau, P,; Willett, T. Impact of Side Chain Polarity on Non-Stoichiometric Nano-Hydroxyapatite Surface Functionalization with
Amino Acids. Sci. Rep. 2018, 8, 12700. [CrossRef]

Zafar, M.S.; Amin, F; Fareed, M.A_; Ghabbani, H.; Riaz, S.; Khurshid, Z.; Kumar, N. Biomimetic Aspects of Restorative Dentistry
Biomaterials. Biomimetics 2020, 5, 34. [CrossRef] [PubMed]

Seredin, P.V.; Goloshchapov, D.L.; Prutskij, T.; Ippolitov, Y.A. Fabrication and Characterisation of Composites Materials Similar
Optically and in Composition to Native Dental Tissues. Results Phys. 2017, 7, 1086-1094. [CrossRef]

Lagazzo, A.; Barberis, E; Carbone, C.; Ramis, G.; Finocchio, E. Molecular Level Interactions in Brushite-Aminoacids Composites.
Mater. Sci. Eng. C Mater. Biol. Appl. 2017, 70, 721-727. [CrossRef]

Katti, K.S.; Ambre, A.H.; Peterka, N.; Katti, D.R. Use of Unnatural Amino Acids for Design of Novel Organomodified Clays as
Components of Nanocomposite Biomaterials. Philos. Trans. R. Soc. Lond. A Math. Phys. Eng. Sci. 2010, 368, 1963-1980. [CrossRef]
[PubMed]

Wang, X.; Zhao, D.; Ren, H.; Yan, Y.; Li, S. Biological Evaluation of the Modified Nano-Amorphous Phosphate Calcium Doped
with Citrate/Poly-Amino Acid Composite as a Potential Candidate for Bone Repair and Reconstruction. |. Mater. Sci. Mater. Med.
2021, 32, 16. [CrossRef] [PubMed]

de Pereira, C.N.B.; Daleprane, B.; de Miranda, G.L.P.; de MagalhaEs, C.S.; Moreira, A.N. Ultramorphology of Pre-Treated Adhesive
Interfaces between Self-Adhesive Resin Cement and Tooth Structures. Rev. Odontol. UNESP 2017, 46, 249-254. [CrossRef]
Hattar, S.; Hatamleh, M.M.; Sawair, F.; Al-Rabab’ah, M. Bond Strength of Self-Adhesive Resin Cements to Tooth Structure. Saudi
Dent. J. 2015, 27, 70-74. [CrossRef]

Seredin, P.; Goloshchapov, D.; Ippolitov, Y.; Vongsvivut, ]. Engineering of a Biomimetic Interface between a Native Dental Tissue
and Restorative Composite and Its Study Using Synchrotron FTIR Microscopic Mapping. Int. ]. Mol. Sci. 2021, 22, 6510. [CrossRef]
Seredin, P.; Goloshchapov, D.; Emelyanova, A.; Buylov, N.; Kashkarov, V.; Lukin, A.; Ippolitov, Y.; Khmelevskaia, T.; Mahdy, L A;
Mahdy, M.A. Engineering of Biomimetic Mineralized Layer Formed on the Surface of Natural Dental Enamel. Results Eng. 2022,
15,100583. [CrossRef]

Seredin, P.; Goloshchapov, D.; Kashkarov, V.; Emelyanova, A.; Buylov, N.; Barkov, K.; Ippolitov, Y.; Khmelevskaia, T.; Mahdy, L. A,;
Mahdy, M.A; et al. Biomimetic Mineralization of Tooth Enamel Using Nanocrystalline Hydroxyapatite under Various Dental
Surface Pretreatment Conditions. Biomimetics 2022, 7, 111. [CrossRef]

Zhou, Y.; Zhou, Y.; Gao, L.; Wu, C.; Chang, J. Synthesis of Artificial Dental Enamel by an Elastin-like Polypeptide Assisted
Biomimetic Approach. J. Mater. Chem. B 2018, 6, 844-853. [CrossRef] [PubMed]

Pullano, S.A.; Bianco, M.G.; Greco, M.; Mazzuca, D.; Nistico, S.P,; Fiorillo, A.S. FI-IR Saliva Analysis for the Diagnosis of Psoriasis:
A Pilot Study. Biomed. Signal Process. Control 2022, 74, 103525. [CrossRef]

Calzolari, A.; Pavan, B.; Curtarolo, S.; Buongiorno Nardelli, M.; Fornari, M. Vibrational Spectral Fingerprinting for Chemical
Recognition of Biominerals. ChemPhysChem 2020, 21, 770-778. [CrossRef]

Uskokovi¢, V. Visualizing Different Crystalline States during the Infrared Imaging of Calcium Phosphates. Vib. Spectrosc. 2020,
108, 103045. [CrossRef] [PubMed]

Bérzins, K,; Sutton, J.].; Loch, C.; Beckett, D.; Wheeler, B.J.; Drummond, B.K.; Fraser-Miller, S.J.; Gordon, K.C. Application of
Low-wavenumber Raman Spectroscopy to the Analysis of Human Teeth. J. Raman Spectrosc. 2019, 50, 1375-1387. [CrossRef]
Giiler, G.; Vorob’ev, M.M.; Vogel, V.; Mintele, W. Proteolytically-Induced Changes of Secondary Structural Protein Conformation
of Bovine Serum Albumin Monitored by Fourier Transform Infrared (FI-IR) and UV-Circular Dichroism Spectroscopy. Spectrochim.
Acta Part A Mol. Biomol. Spectrosc. 2016, 161, 8-18. [CrossRef] [PubMed]

Titus, J.; Ghimire, H.; Viennois, E.; Merlin, D.; Perera, A.G.U. Protein Secondary Structure Analysis of Dried Blood Serum Using
Infrared Spectroscopy to Identify Markers for Colitis Screening. J. Biophotonics 2018, 11, e201700057. [CrossRef] [PubMed]


http://doi.org/10.1007/s10856-021-06583-x
http://www.ncbi.nlm.nih.gov/pubmed/34455518
http://doi.org/10.1002/advs.202103829
http://www.ncbi.nlm.nih.gov/pubmed/34978158
http://doi.org/10.3390/cryst11070792
http://doi.org/10.1016/j.colsurfa.2017.11.012
http://doi.org/10.4028/www.scientific.net/KEM.493-494.666
http://doi.org/10.1098/rsif.2016.0462
http://www.ncbi.nlm.nih.gov/pubmed/27707904
http://doi.org/10.3390/biomimetics6040070
http://www.ncbi.nlm.nih.gov/pubmed/34940013
http://doi.org/10.1038/s41598-018-31058-5
http://doi.org/10.3390/biomimetics5030034
http://www.ncbi.nlm.nih.gov/pubmed/32679703
http://doi.org/10.1016/j.rinp.2017.02.025
http://doi.org/10.1016/j.msec.2016.09.030
http://doi.org/10.1098/rsta.2010.0008
http://www.ncbi.nlm.nih.gov/pubmed/20308111
http://doi.org/10.1007/s10856-020-06482-7
http://www.ncbi.nlm.nih.gov/pubmed/33491099
http://doi.org/10.1590/1807-2577.04917
http://doi.org/10.1016/j.sdentj.2014.11.006
http://doi.org/10.3390/ijms22126510
http://doi.org/10.1016/j.rineng.2022.100583
http://doi.org/10.3390/biomimetics7030111
http://doi.org/10.1039/C7TB02576A
http://www.ncbi.nlm.nih.gov/pubmed/32254272
http://doi.org/10.1016/j.bspc.2022.103525
http://doi.org/10.1002/cphc.202000016
http://doi.org/10.1016/j.vibspec.2020.103045
http://www.ncbi.nlm.nih.gov/pubmed/35360824
http://doi.org/10.1002/jrs.5648
http://doi.org/10.1016/j.saa.2016.02.013
http://www.ncbi.nlm.nih.gov/pubmed/26926394
http://doi.org/10.1002/jbio.201700057
http://www.ncbi.nlm.nih.gov/pubmed/28742273

Int. . Mol. Sci. 2022, 23, 11699 20 of 22

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Pazderka, T.; Kopecky, V. Drop Coating Deposition Raman Spectroscopy of Proteinogenic Amino Acids Compared with Their
Solution and Crystalline State. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2017, 185, 207-216. [CrossRef]

Paiva, EM.; Batista, ].C.; Régo, ES.C.; Lima, J.A.; Freire, PT.C.; Melo, EE.A.; Mendes Filho, ].; de Menezes, A.S.; Nogueira, C.E.S.
Infrared and Raman Spectroscopy and DFT Calculations of DL Amino Acids: Valine and Lysine Hydrochloride. J. Mol. Struct.
2017, 1127, 419-426. [CrossRef]

Ye, Q.; Spencer, P. Analyses of Material-Tissue Interfaces by Fourier Transform Infrared, Raman Spectroscopy, and Chemometrics.
In Material-Tissue Interfacial Phenomena; Elsevier: Amsterdam, The Netherlands, 2017; pp. 231-251. ISBN 978-0-08-100330-5.
Seredin, P.; Goloshchapov, D.; Ippolitov, Y.; Vongsvivut, J. Development of a New Approach to Diagnosis of the Early Fluorosis
Forms by Means of FTIR and Raman Microspectroscopy. Sci. Rep. 2020, 10, 20891. [CrossRef]

Desoutter, A.; Slimani, A.; Al-Obaidi, R.; Barthélemi, S.; Cuisinier, F,; Tassery, H.; Salehi, H. Cross Striation in Human Permanent
and Deciduous Enamel Measured with Confocal Raman Microscopy. J. Raman Spectrosc. 2019, 50, 548-556. [CrossRef]

Delgado, A.H.; Young, A.M. Modelling ATR-FTIR Spectra of Dental Bonding Systems to Investigate Composition and Polymeri-
sation Kinetics. Materials 2021, 14, 760. [CrossRef] [PubMed]

Tekce, N.; Tuncer, S.; Demirci, M.; Serim, M.E.; Baydemir, C. The Effect of Different Drinks on the Color Stability of Different
Restorative Materials after One Month. Restor. Dent. Endod. 2015, 40, 255-261. [CrossRef] [PubMed]

Seredin, P.; Goloshchapov, D.; Prutskij, T.; Ippolitov, Y. Phase Transformations in a Human Tooth Tissue at the Initial Stage of
Caries. PLoS ONE 2015, 10, e0124008. [CrossRef] [PubMed]

Goloshchapov, D.L.; Kashkarov, V.M.; Ippolitov, Y.A.; Prutskij, T.; Seredin, P.V. Early Screening of Dentin Caries Using the
Methods of Micro-Raman and Laser-Induced Fluorescence Spectroscopy. Results Phys. 2018, 10, 346-347. [CrossRef]
Goloshchapov, D.L.; Ippolitov, Y.A.; Seredin, P.V. Mechanism of Interaction among Nanocrystalline Carbonate-Substituted
Hydroxyapatite and Polar Amino-Acids for the Biomimetic Composite Technology: Spectroscopic and Structural Study. Results
Phys. 2020, 18, 103277. [CrossRef]

Fugolin, A.P; Sundfeld, D.; Ferracane, J.L.; Pfeifer, C.S. Toughening of Dental Composites with Thiourethane-Modified Filler
Interfaces. Sci. Rep. 2019, 9, 2286. [CrossRef]

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]

Goloshchapov, D.L.; Kashkarov, V.M.; Rumyantseva, N.A.; Seredin, P.V,; Lenshin, A.S.; Agapov, B.L.; Domashevskaya, E.P.
Synthesis of Nanocrystalline Hydroxyapatite by Precipitation Using Hen’s Eggshell. Ceram. Int. 2013, 39, 4539—4549. [CrossRef]
Goloshchapov, D.L.; Lenshin, A.S.; Savchenko, D.V,; Seredin, P.V. Importance of Defect Nanocrystalline Calcium Hydroxyapatite
Characteristics for Developing the Dental Biomimetic Composites. Results Phys. 2019, 13, 102158. [CrossRef]

Liu, Q.; Huang, S.; Matinlinna, J.P.; Chen, Z.; Pan, H. Insight into Biological Apatite: Physicochemical Properties and Preparation
Approaches. BioMed Res. Int. 2013, 2013, 929748. [CrossRef] [PubMed]

Nanci, A. Ten Cate’s Oral Histology: Development, Structure, and Function, 8th ed.; Elsevier Health Sciences: Amsterdam, The
Netherlands, 2013; ISBN 978-0-323-07846-7.

Vongsvivut, J.; Pérez-Guaita, D.; Wood, B.R.; Heraud, P.; Khambatta, K.; Hartnell, D.; Hackett, M.].; Tobin, M.]J. Synchrotron Macro
ATR-FTIR Microspectroscopy for High-Resolution Chemical Mapping of Single Cells. Analyst 2019, 144, 3226-3238. [CrossRef]
Wang, Y.; Yao, X.; Parthasarathy, R. Characterization of Interfacial Chemistry of Adhesive/Dentin Bond Using FTIR Chemical
Imaging with Univariate and Multivariate Data Processing. |. Biomed. Mater. Res. A 2009, 91, 251-262. [CrossRef] [PubMed]
Savi¢, D.; Jokovié, N.; Topisirovié¢, L. Multivariate Statistical Methods for Discrimination of Lactobacilli Based on Their FTIR
Spectra. Dairy Sci. Technol. 2008, 88, 273-290. [CrossRef]

Matwijczuk, A.; Oniszczuk, T.; Matwijczuk, A.; Chrusciel, E.; Kocira, A.; Niemczynowicz, A.; Wéjtowicz, A.; Combrzynski, M.;
Wiacek, D. Use of FTIR Spectroscopy and Chemometrics with Respect to Storage Conditions of Moldavian Dragonhead Oil.
Sustainability 2019, 11, 6414. [CrossRef]

Wang, K; Yuan, Y.; Han, S.; Yang, H. Application of Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) and
Principal Component Analysis (PCA) for Quick Identifying of the Bitumen Produced by Different Manufacturers. Road Mater.
Pavement Des. 2018, 19, 1940-1949. [CrossRef]

Spencer, P.; Wang, Y.; Katz, ].L.; Misra, A. Physicochemical Interactions at the Dentin/Adhesive Interface Using FTIR Chemical
Imaging. . Biomed. Opt. 2005, 10, 031104. [CrossRef]

Temel, U.B.; Van Ende, A.; Van Meerbeek, B.; Ermis, R.B. Bond Strength and Cement-Tooth Interfacial Characterization of
Self-Adhesive Composite Cements. Am. J. Dent. 2017, 30, 205-211.

de Lopes, C.C.A.; Limirio, PH.J.O.; Novais, V.R.; Dechichi, P. Fourier Transform Infrared Spectroscopy (FTIR) Application
Chemical Characterization of Enamel, Dentin and Bone. Appl. Spectrosc. Rev. 2018, 53, 747-769. [CrossRef]

Reyes-Gasga, J.; Martinez-Pifieiro, E.L.; Rodriguez-Alvarez, G.; Tiznado-Orozco, G.E.; Garcia-Garcia, R.; Bres, E.E. XRD and
FTIR Crystallinity Indices in Sound Human Tooth Enamel and Synthetic Hydroxyapatite. Mater. Sci. Eng. C 2013, 33, 4568—-4574.
[CrossRef]

Jegova, G.; Titorenkova, R.; Rashkova, M.; Mihailova, B. Raman and IR Reflection Micro-Spectroscopic Study of Er:YAG Laser
Treated Permanent and Deciduous Human Teeth. ]. Raman Spectrosc. 2013, 44, 1483-1490. [CrossRef]


http://doi.org/10.1016/j.saa.2017.05.043
http://doi.org/10.1016/j.molstruc.2016.07.067
http://doi.org/10.1038/s41598-020-78078-8
http://doi.org/10.1002/jrs.5555
http://doi.org/10.3390/ma14040760
http://www.ncbi.nlm.nih.gov/pubmed/33562837
http://doi.org/10.5395/rde.2015.40.4.255
http://www.ncbi.nlm.nih.gov/pubmed/26587410
http://doi.org/10.1371/journal.pone.0124008
http://www.ncbi.nlm.nih.gov/pubmed/25901743
http://doi.org/10.1016/j.rinp.2018.06.040
http://doi.org/10.1016/j.rinp.2020.103277
http://doi.org/10.1038/s41598-019-39003-w
http://doi.org/10.3390/biomimetics7020035
http://doi.org/10.1016/j.ceramint.2012.11.050
http://doi.org/10.1016/j.rinp.2019.102158
http://doi.org/10.1155/2013/929748
http://www.ncbi.nlm.nih.gov/pubmed/24078928
http://doi.org/10.1039/C8AN01543K
http://doi.org/10.1002/jbm.a.32249
http://www.ncbi.nlm.nih.gov/pubmed/18980198
http://doi.org/10.1051/dst:2008003
http://doi.org/10.3390/su11226414
http://doi.org/10.1080/14680629.2017.1352016
http://doi.org/10.1117/1.1914844
http://doi.org/10.1080/05704928.2018.1431923
http://doi.org/10.1016/j.msec.2013.07.014
http://doi.org/10.1002/jrs.4373

Int. . Mol. Sci. 2022, 23, 11699 21 of 22

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Jeon, R.J.; Hellen, A.; Matvienko, A.; Mandelis, A.; Abrams, S.H.; Amaechi, B.T. In Vitro Detection and Quantification of Enamel
and Root Caries Using Infrared Photothermal Radiometry and Modulated Luminescence. J. Biomed Opt. 2008, 13, 034025.
[CrossRef] [PubMed]

Rey, C.; Marsan, O.; Combes, C.; Drouet, C.; Grossin, D.; Sarda, S. Characterization of Calcium Phosphates Using Vibrational
Spectroscopies. In Advances in Calcium Phosphate Biomaterials; Springer Series in Biomaterials Science and Engineering; Springer:
Berlin/Heidelberg, Germany, 2014; pp. 229-266. ISBN 978-3-642-53979-4.

Lubarsky, G.V.; D’Sa, R.A ; Deb, S.; Meenan, B.J.; Lemoine, P. The Role of Enamel Proteins in Protecting Mature Human Enamel
Against Acidic Environments: A Double Layer Force Spectroscopy Study. Biointerphases 2012, 7, 14. [CrossRef] [PubMed]
Resende, N.S.; Nele, M.; Salim, V.M.M. Effects of Anion Substitution on the Acid Properties of Hydroxyapatite. Thermochim. Acta
2006, 451, 16-21. [CrossRef]

Fleet, M.E. Infrared Spectra of Carbonate Apatites: Evidence for a Connection between Bone Mineral and Body Fluids. Am.
Mineral. 2017, 102, 149-157. [CrossRef]

Spevak, L.; Flach, C.R.; Hunter, T.; Mendelsohn, R.; Boskey, A. Fourier Transform Infrared Spectroscopic Imaging Parameters
Describing Acid Phosphate Substitution in Biologic Hydroxyapatite. Calcif. Tissue Int. 2013, 92, 418-428. [CrossRef]

Han, F; Liang, R.; Xie, H. Effects of Phosphoric Acid Pre-Etching on Chemisorption between Enamel and MDP-Containing
Universal Adhesives: Chemical and Morphological Characterization, and Evaluation of Its Potential. ACS Omega 2021, 6,
13182-13191. [CrossRef] [PubMed]

Villegas, ML.E.; Garcia-Uriostegui, L.; Rodriguez, O.; Izquierdo-Barba, I.; Salinas, A.].; Toriz, G.; Vallet-Regi, M.; Delgado, E.
Lysine-Grafted MCM-41 Silica as an Antibacterial Biomaterial. Bioengineering 2017, 4, 80. [CrossRef] [PubMed]

Hernandez, B.; Pfliiger, E,; Derbel, N.; De Coninck, J.; Ghomi, M. Vibrational Analysis of Amino Acids and Short Peptides in
Hydrated Media. VI. Amino Acids with Positively Charged Side Chains: L-Lysine and L-Arginine. . Phys. Chem. B 2010, 114,
1077-1088. [CrossRef] [PubMed]

Guo, H.; Xun, Q.; Liu, S.; Wang, X. Investigation of Ethylene Glycol Monomethyl Ether Soyate as a Biofuel; SAE International:
Warrendale, PA, USA, 2015.

Gupta, B.S,; Jelle, B.P.; Gao, T. In Vitro Cell Composition Identification of Wood Decay Fungi by Fourier Transform Infrared
Spectroscopy. R. Soc. Open Sci. 2022, 9, 201935. [CrossRef] [PubMed]

Barth, A. The Infrared Absorption of Amino Acid Side Chains. Prog. Biophys. Mol. Biol. 2000, 74, 141-173. [CrossRef]

Barth, A. Infrared Spectroscopy of Proteins. Biochim. Biophys. Acta Bioenerg. 2007, 1767, 1073-1101. [CrossRef] [PubMed]
Daood, U.; Swee Heng, C.; Neo Chiew Lian, J.; Fawzy, A.S. In Vitro Analysis of Riboflavin-Modified, Experimental, Two-Step
Etch-and-Rinse Dentin Adhesive: Fourier Transform Infrared Spectroscopy and Micro-Raman Studies. Int. J. Oral Sci. 2015, 7,
110-124. [CrossRef] [PubMed]

Ye, Q.; Parthasarathy, R.; Abedin, F,; Laurence, ].S.; Misra, A.; Spencer, P. Multivariate Analysis of Attenuated Total Reflection
Fourier Transform Infrared (ATR FI-IR) Spectroscopic Data to Confirm Phase Partitioning in Methacrylate-Based Dentin Adhesive.
Appl. Spectrosc. 2013, 67, 1473-1478. [CrossRef] [PubMed]

Nayyer, M.; Zahid, S.; Hassan, S.H.; Mian, S.A.; Mehmood, S.; Khan, H.A.; Kaleem, M.; Zafar, M.S.; Khan, A.S. Comparative
Abrasive Wear Resistance and Surface Analysis of Dental Resin-Based Materials. Eur. J. Dent. 2018, 12, 057-066. [CrossRef]
Khan, A.S.; Khalid, H; Sarfraz, Z.; Khan, M.; Igbal, J.; Muhammad, N.; Fareed, M.A.; Rehman, I.U. Vibrational Spectroscopy of
Selective Dental Restorative Materials. Appl. Spectrosc. Rev. 2017, 52, 507-540. [CrossRef]

Hedzelek, W.; Marcinkowska, A.; Domka, L.; Wachowiak, R. Infrared Spectroscopic Identification of Chosen Dental Materials
and Natural Teeth. Acta Phys. Pol. A 2008, 114, 471-484. [CrossRef]

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 ]. 2018, 9,
195-203. [CrossRef] [PubMed]

Seredin, P.V.; Goloshchapov, D.L.; Gushchin, M.S.; Ippolitov, Y.A.; Prutskij, T. The Importance of the Biomimetic Composites
Components for Recreating the Optical Properties and Molecular Composition of Intact Dental Tissues. J. Phys. Conf. Ser. 2017,
917, 042019. [CrossRef]

Kobrina, Y.; Rieppo, L.; Saarakkala, S.; Pulkkinen, H.J.; Tiitu, V.; Valonen, P; Kiviranta, I.; Jurvelin, ].S.; Isaksson, H. Cluster
Analysis of Infrared Spectra Can Differentiate Intact and Repaired Articular Cartilage. Osteoarthr. Cartil. 2013, 21, 462—469.
[CrossRef] [PubMed]

Seredin, P.; Goloshchapov, D.; Kashkarov, V.; Ippolitov, Y.; Ippolitov, I.; Vongsvivut, J. To the Question on the Use of Multivariate
Analysis and 2D Visualisation of Synchrotron ATR-FTIR Chemical Imaging Spectral Data in the Diagnostics of Biomimetic Sound
Dentin/Dental Composite Interface. Diagnostics 2021, 11, 1294. [CrossRef]

Seredin, P.; Goloshchapov, D.; Kashkarov, V.; Khudyakov, Y.; Ippolitov, I.; Ippolitov, Y.; Vongsvivut, J. Biomimetic Nano-c-HAp
Hybrid Layer Engineering and Determination of Mechanisms of Its Integration with Native Hard Dental Tissue. Results Eng.
2021, 11, 100266. [CrossRef]

Ogruc Ildiz, G.; Karadag, A.; Kaygisiz, E.; Fausto, R. PLS-DA Model for the Evaluation of Attention Deficit and Hyperactivity
Disorder in Children and Adolescents through Blood Serum FTIR Spectra. Molecules 2021, 26, 3400. [CrossRef]


http://doi.org/10.1117/1.2942374
http://www.ncbi.nlm.nih.gov/pubmed/18601570
http://doi.org/10.1007/s13758-011-0014-6
http://www.ncbi.nlm.nih.gov/pubmed/22589057
http://doi.org/10.1016/j.tca.2006.08.012
http://doi.org/10.2138/am-2017-5704
http://doi.org/10.1007/s00223-013-9695-9
http://doi.org/10.1021/acsomega.1c01016
http://www.ncbi.nlm.nih.gov/pubmed/34056468
http://doi.org/10.3390/bioengineering4040080
http://www.ncbi.nlm.nih.gov/pubmed/28952559
http://doi.org/10.1021/jp909517r
http://www.ncbi.nlm.nih.gov/pubmed/20025231
http://doi.org/10.1098/rsos.201935
http://www.ncbi.nlm.nih.gov/pubmed/35127108
http://doi.org/10.1016/S0079-6107(00)00021-3
http://doi.org/10.1016/j.bbabio.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/17692815
http://doi.org/10.1038/ijos.2014.49
http://www.ncbi.nlm.nih.gov/pubmed/25257880
http://doi.org/10.1366/13-07179
http://www.ncbi.nlm.nih.gov/pubmed/24359662
http://doi.org/10.4103/ejd.ejd_380_17
http://doi.org/10.1080/05704928.2016.1244069
http://doi.org/10.12693/APhysPolA.114.471
http://doi.org/10.1007/s13167-018-0135-9
http://www.ncbi.nlm.nih.gov/pubmed/29896318
http://doi.org/10.1088/1742-6596/917/4/042019
http://doi.org/10.1016/j.joca.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23267848
http://doi.org/10.3390/diagnostics11071294
http://doi.org/10.1016/j.rineng.2021.100266
http://doi.org/10.3390/molecules26113400

Int. . Mol. Sci. 2022, 23, 11699 22 of 22

91.

92.

93.

94.

95.

Babot-Marquillas, C.; Sdnchez-Martin, M.-].; Amigo, ].M.; Yousef, I.; Valido, I.H.; Boada, R.; Valiente, M. Tooth Whitening,
Oxidation or Reduction? Study of Physicochemical Alterations in Bovine Enamel Using Synchrotron Based Micro-FTIR. Dent.
Mater. 2022, 38, 670-679. [CrossRef]

Drouet, C. Apatite Formation: Why It May Not Work as Planned, and How to Conclusively Identify Apatite Compounds. BioMed
Res. Int. 2013, 2013, 490946. [CrossRef]

Diez-Garcia, S.; Sanchez-Martin, M.-J.; Amigo, ].M.; Valiente, M. Combination of Two Synchrotron Radiation-Based Techniques
and Chemometrics to Study an Enhanced Natural Remineralization of Enamel. Anal. Chem. 2022, 94, 5359-5366. [CrossRef]
Goloshchapov, D.; Buylov, N.; Emelyanova, A.; Ippolitov, I.; Ippolitov, Y.; Kashkarov, V.; Khudyakov, Y.; Nikitkov, K.; Seredin, P.
Raman and XANES Spectroscopic Study of the Influence of Coordination Atomic and Molecular Environments in Biomimetic
Composite Materials Integrated with Dental Tissue. Nanomaterials 2021, 11, 3099. [CrossRef]

Konashuk, A.S.; Samoilenko, D.O.; Klyushin, A.Y.; Svirskiy, G.I; Sakhonenkov, S.S.; Brykalova, X.O.; Kuz'mina, M.A ; Filatova,
E.O.; Vinogradov, A.S.; Pavlychev, A.A. Thermal Changes in Young and Mature Bone Nanostructure Probed with Ca 2p
Excitations. Biomed. Phys. Eng. Express 2018, 4, 035031. [CrossRef]


http://doi.org/10.1016/j.dental.2022.02.006
http://doi.org/10.1155/2013/490946
http://doi.org/10.1021/acs.analchem.1c05498
http://doi.org/10.3390/nano11113099
http://doi.org/10.1088/2057-1976/aab92b

	Introduction 
	Materials and Methods 
	Sample Preparation Methodology 
	Dental Tissue Samples 
	Treatment of Dental Tissue 
	Forming Interfaces 
	Experiment Design 
	Sectioning 

	Materials 
	Conditioner 
	Modified Conditioner with Amino Acids Booster 
	Bioprimer 
	Calcium Hydroxide 
	Modified Adhesive 
	Nanoscale Carbonate-Substituted Calcium Hydroxyapatite (HAp) 

	Microscopy 
	Synchrotron FTIR Microspectroscopy 
	Multivariate Statistical Analysis 

	Results and Discussion 
	Conclusions 
	References

