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Abstract. Today, dental materials face a number of requirements related to the need to withstand to
withstand high masticatory loads, while forming, while forming a strong interface with the surrounding
biological tissues. The study of the microgeometrical properties of modern materials used to treat caries
allows us to draw a conclusion about their efficacy in imitating the tooth tissues and and forming an
interface devoid of various microdefects. In the present work, for this purpose, an ez vivo study of the
surfaces of composite and glass ionomer cement filling sections, as well as enamel after polymer infiltration
and tissues in their vicinity, was carried out using atomic force and scanning electron microscopy. The
obtained roughness parameter values for areas after dental treatment were compared with those of sound
tissues; one-way analysis of variance was used to assess statistically significant differences between the
mean values of the studied characteristics. The results of the measurements allow us to conclude that the
polymer infiltration into the tooth tissue was successful, and in the case of clinical need for filling, the
composite material is preferable to glass ionomer cement.
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Annoramus. Ha ceropusimunii 1€Hb K CTOMATOJOTMYECKUM MATEPUATIAM BBIIBUTAETCS Psifl TPEOOBAHMUIA,
CBSI3aHHBIX ¢ HEOOXOIMMOCTBIO BBIJIEPKUBATH BBICOKYIO HAMPY3KY MPH MEPEKEBLIBAHUU MMUIIH, TTPU STOM
dopMupyst MPOYHYIO TPAHUIY PA3esa C OKpPYyKaoleil Onosornaeckoil Tkaubio. VcciemoBanne MUKPO-
PEOMETPUYECKUX CBOHUCTB COBPEMEHHbBIX MATEPUAJIOB, UCIOJIb3YEMbIX JIJis JIEYCHHS KAPHUECa, MO3BOJISer
CIe7IaTh BBIBO O TOM, HACKOJIBKO OHH CITOCOOHBI 3(P(PEKTUBHO MMUTHPOBATH TKAaHb 3y0a U (POPMUPOBATH
naTEpQEiic, TUIIEHHDII PA3HOr0 Poaa MUKpoaedeKToB. B HacTosmmel padbore 11 JaHHOH TIe/TH TPOBEIEHO
ex Vivo UCCJIeIOBAaHUe TIOBEepXHOCTEH MInd 0B 1I0MO 13 KOMIIO3UTHOIO MaTepraJla i CTEeKJIOMOHOMEPHOTO
[IEMEHTA, a TaKYKe dMAJIM MOCJIe TIOJUMEPHON MHMUIBTPAIINN U TKaHe# B WX OKPECTHOCTH C UCIOJIb30Ba~
HUEM ATOMHO-CUJIOBOM U CKaHUDYIOMIEH 91K TPOHHOM MuKpockomnuu. [Tosydennpie 3HadeHus 1apaMerpos
IIEPOXOBATOCTH JJist O0JIACTEN TOC/Ie CTOMATOJIOTHYECKOr0 BMEIIATETbCTBA CPABHUBAJIUCH CO 3HAYCHUSIME
JITsT 3/TOPOBBIX TKAHEH, 7 ONEHKH CTATHCTUYECKN 3HAYMMBIX PA3TUYUI MEXKIY CPEIHUMEU 3HAYCHUSIMU
M3y9aEMbIX XaPAKTEPUCTUK MCIOIB30BAICH OTHOMAKTOPHBIHN AUCIEPCHOHHbBIN aHan3. Pe3yabraTs: n3me-
peHuil TO3BOIUIN CAEJIaTh BHIBOJ 00 YCIENTHOCTH MMPOHUKHOBEHWS TIOJIMMEPHOTO WH(MDUIBTPAHTA B TKAHU
3y0a, IpU ITOM B CJIydae KJIMHUYECKOH HEOOXOAMMOCTH ILJIOMOMPOBAHUS KOMIIO3UTHBII MaTepuas OKa-
3aJICS TPEIIIOYTHTEIbHEE, 9eM CTEKJIOMOHOMEPHDIN [TEMEHT.

KarouyeBsbie cjioBa: 5Majib, JeHTUH, KOMIIO3UTHBIN MAaTEPUAIT, CTEKJIOHOHOMEPHBIN [IEMEHT, TTOJTUMEPHbIH
nHQOUIHBTPAHT, ATOMHO-CAIOBAs MUKPOCKOIWS, MUKPOCTPYKTYPA, IEPOXOBATOCTD

Buaarogapuoctu: Vccnenosanue BBIIOJIHEHO U MOaaepKKe Poccuiickoro maydanoro ¢dbonma (mpoekT
Ne 25-29-00829, https://rscf.ru/project/25-29-00829/). Aropsr Guaropapsir C. FO. Makciokosa 3a 110-
MOIIb B IPOBEJEHUN €T Viv0 yCTAaHOBKHU IIOMO Ha 0Opas3nax. ATOMHO-CHIOBAs U CKAHUPYIOUIAs JIEK-
TPOHHAST MUKPOCKOMUS BBIMOJHEHBI HA 000pyaoBaHunu PecypcHOro meHTpa KOJJIEKTUBHOTO MOJIb30BAHUS
HOLIL «Marepuanbi» JJ0HCKOro rocyiapcrBeHHOro Texuudeckoro yuusepcurera (PIIKIT ITTY).

Huis umruposauusi: Sadyrin E. V., Nikolaev A. L., Zabiyaka I. Yu., Volkov S. S. Characterization
of properties for modern dental materials and bordering tissues. Part 2. Microgeometrical properties
[Cadvpun E. B., Huxonaes A. JI., 3abusxa H. FO., Boaxos C. C. Xapakrepusauusi CBOACTB COBpe-
MEHHBIX CTOMATOJIOTMYECKUX MATEPUATIOB U TKaHell B uX okpecTHOCTH. JacTh 2. Mukporeomerpudeckue
ceoiicrBa] // UsBectusi CaparoBckoro ynuBepcurera. HoBasi cepusi. Cepusi: Maremaruka. MexaHuKa.
Nudopmaruka. 2026. T. 26, sem. 1. C. 81-90. DOI: https://doi.org/10.18500/1816-9791-2026-26-1-81-
90, EDN: ONOUJV

Crarbs omy6sukosana Ha yciaoBusx Jjmnensuu Creative Commons Attribution 4.0 International (CC-BY 4.0)

Continuation. See the beginning: Izvestiya of Saratov University. Mathematics. Mechanics. Informatics,
2025, vol. 25, iss. 4, pp. 555-565. DOI: https://doi.org/10.18500/1816-9791-2025-25-4-555-565, EDN:
SRTEFP

82 Hayuyhbiii oTaen


https://orcid.org/0009-0000-2227-1299
https://elibrary.ru/author_profile.asp?id=770513
https://elibrary.ru/author_profile.asp?id=770513
https://orcid.org/0000-0003-3491-4575
https://elibrary.ru/author_profile.asp?id=968623
https://elibrary.ru/author_profile.asp?id=968623
https://orcid.org/0000-0001-6759-549X
https://elibrary.ru/author_profile.asp?id=922738
https://elibrary.ru/author_profile.asp?id=922738
https://orcid.org/0000-0001-7252-4522
https://elibrary.ru/author_profile.asp?id=740654
https://elibrary.ru/author_profile.asp?id=740654
https://rscf.ru/project/25-29-00829/
https://doi.org/10.18500/1816-9791-2026-26-1-\pageref *{Sad2_page1}-\pageref *{Sad2_pageN}
https://doi.org/10.18500/1816-9791-2026-26-1-\pageref *{Sad2_page1}-\pageref *{Sad2_pageN}
https://elibrary.ru/ONOUJV
https://doi.org/10.18500/1816-9791-2025-25-4-555-565
https://elibrary.ru/SRTEFP

E. V. Sadyrin et al. Part 2. Microgeometrical properties @

Introduction

The total annual national expenditure on outpatient dental care (public and private) in Russia
is estimated at 892 million US dollars (as of 2019, according to [1]). The most common disease of
the oral cavity is caries, the mechanisms of which are associated with the progressive loss of the
mineral component of hard tissues under the influence of acidogenic bacteria in the dental biofilm.
This is expressed in a decrease in mineral density, mechanical properties, and other alterations [2].
Teeth are usually in a dynamic equilibrium of alternating demineralization and remineralization,
where the former is a partial dissolution of hydroxyapatite crystallites in the presence of acid, and
the latter is a reprecipitation and crystallization of minerals in the tissues [3,4]. Caries occurs in
the case of prolonged demineralization, while its early manifestations (white spot stage, WSP),
as a rule, occur without the formation of significant enamel defects.

Long-term demineralization of dental tissues is reflected in changes in their microstructure
and microgeometrical parameters. A number of researchers [5] used optical coherence tomography
to describe changes in the microstructure of biological dental tissues affected by WSLs for early
diagnosis of the patient. Kiesow et al. [6] visualized changes in the microstructure and chemical
composition of human enamel during treatment and remineralization of artificially created carious
lesions. Besnard et al. [7] performed nano/macro-histological characterization of the hierarchical
structure of human carious enamel using various techniques, including light microscopy, scanning
electron microscopy (SEM), focused ion beam, and X-ray tomography. In [8], the structure and
mechanical properties of pathologically altered enamel and dentine were studied using both
optical microscopy and nanoindentation, and in [9], a correlation was studied between the
mechanical properties and mineral density of dentine damaged by caries at the stage of brown
spot lesion. Zuluaga—Morales et al. [10] assessed the effect of the pH cycling procedure on the
mineral composition and microstructure of dentine using SEM and backscattering spectroscopy.
Atomic force microscopy (AFM) is a common tool for assessing microgeometrical parameters
and local microstructural features of areas susceptible to caries [11].

AFM and SEM techniques allow for the qualitative and quantitative characterization of
microgeometrical parameters not only of pathologically altered tissues but also of biocompatible
materials that are intended to replace or modify these tissues. Kakaboura et al. [12] conducted
an in vitro study aimed at comparing different methods for measuring surface roughness and
topography in several types of dental composite materials. Guler and Unal [13] evaluated the
surface roughness parameters and color changes of five dental restorative materials after aging in
liquids at different pH values. In [14], the morphological and structural changes in enamel after
processing with an Er:YAG laser using AFM, SEM, and energy-dispersive X-ray spectroscopy
were evaluated.

In the present work, an ez wvivo study of the microgeometrical properties of composite and
GIC fillings, the enamel surrounding these fillings, the dentine in their vicinity (i.e., located as
close as possible to the dentine-enamel junction close to the filling, DEJ), and sound dentine
and enamel on the opposite side of the tooth was performed using AFM. A similar scheme
was used to study the mechanical and microgeometrical properties of enamel modified with an
infiltrant and the dentine in its vicinity, as well as sound tissues. This approach ensured not
only a quantitative assessment of the values of microgeometrical characteristics in areas that are
key for a dental clinician, but also a visual comparison of the results of dental intervention. For
a more detailed interpretation of the obtained experimental data, SEM images of the areas of
interest were obtained.

1. Materials and methods

The study included four human molars extracted for orthodontic reasons in the Dental
Department of the Rostov State Medical University Clinic, Rostov-on-Don, Russia. The local
independent ethics committee of the university approved the study protocol (extract 14/21
dated September 23, 2021), and the patients provided informed consent. The dental materials
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used in the samples included Vitremer glass ionomer cement (GIC) (3M ESPE, St. Paul, USA),
Estelite Flow Quick composite (Tokuyama Dental, Tokyo, Japan), and Icon infiltrant (DMG
Chemisch-Pharmazeutische, Berlin, Germany). To form thin sections of the surface of the samples
containing the areas under study, their sample preparation was performed in longitudinal section
using an Isomet 4000 precision saw (Buehler, Lake Bluff, USA), then grinding (with SiC-based
sandpaper of P800, P1200, P2000, P2500 grain size) and polishing the surface (diamond particles
with a diameter of 6 and 1 pum, final polishing was performed using a sol-gel suspension containing
aluminum oxide particles with a diameter of 0.05 pum) on a glass substrate.

The study of the microgeometrical characteristics of the sample surface was carried out on an
AFM Nanoeducator (NT-MDT, Zelenograd, Russia) equipped with a tungsten probe. Scanning
was performed in a semi-contact mode at a speed of 10.05 pm /s at a resolution of 256 x 256 pixels.
The probe was positioned using an optical USB microscope installed above the force interaction
sensor of the device. Gwyddion software (Czech Metrology Institute, Brno, Czech Republic) was
used for image processing. The microgeometrical characteristics (average surface roughness R,
and average maximum profile height R,) were measured in three directions: horizontal, vertical,
and diagonal ones. Five profiles were constructed for each of these directions, and each profile
was considered as an average of 10 adjacent profiles. Thus, the average value of 150 profiles with
a standard deviation was then obtained. The maximum roughness height R; was measured for
the entire image.

Visualization of the filling surfaces and the interfaces between the filling and the surrounding
enamel was performed using a Crossbeam 340 SEM (Carl Zeiss Microcracy Gmbh, Oberkochen,
Germany). Before the examination, the tooth samples were successively kept in baths with
acetone solutions (pure for analysis) of 25, 50 and 70% (by volume) for 5 min each, then 80,
90, 95 and 100% (by volume) for 15 min each and, finally, were successively immersed twice in
100% (by volume) acetone for 30 min, and finally in 100% (by volume) acetone for 48 hours
at 4 °C. The samples were then kept in a vacuum chamber for 1 hour at a pressure of 6 x 1072
mbar, then 1 hour at a pressure of 5 x 1072 mbar, then 24 hours at a pressure of 2 x 1072
mbar until the pressure reached 6 x 10~ mbar. SEM studies were performed using an Everhart —
Thornley secondary electron detector with an accelerating voltage of 1 kV. The aperture size was
30 pm.

The Shapiro— Wilk test was used to test whether the sets of microgeometrical characteristics
were normally distributed. The test statistic (D) provided a measure of how much the data
set distribution deviated from the normal distribution. The p value quantified this probability.
One-way analysis of variance (ANOVA) was used to identify statistically significant differences
between the means of the two study groups of R, (before and after dental treatment) for each
sample. In particular, the null hypothesis was tested: Hg : p1 = po = -+ = pg, where p is the
group mean, and k is the number of groups. The F-coefficient at a significance level of o = 0.05
was used in the calculations.

2. Results and discussion

Figures 1, 2 show AFM images demonstrating characteristic micro- and nanoscale structural
features for each region of interest of the sample over a scanning field of 8 x 8um. The micro-
geometrical roughness parameters calculated from these images are given in the Table.

Figure 3 shows the surface profiles of the pores of the composite material from Fig. 1, a
(averaging over 20 adjacent profiles) and the GIC particle (averaging over 40 adjacent profiles)
from Fig. 1c, indicated by the dotted line. The roughness parameter values according to the
profilograms for the pores of the composite material were 23.6, 106.8, 130.2 nm; for a typical
glass particle — 103.7, 323.3, 396.0 nm for R,, R,, R;, respectively.

To assess statistically significant differences in the results of microgeometrical measurements,
two sets of R, values were selected (sample size — 15 measurements for each): composite filling
and sound enamel; GIC filling and sound enamel; infiltrated enamel and sound enamel (for two
cases). In all cases, we obtained from the sample information that the test statistic F' is not in
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the 95% acceptance region, based on which a conclusion was made to reject the null hypothesis
(at a p value < 0.05), thus, at least two group mean values for each material were statistically
significantly different from each other.

912

383

nm

300

200

100

Fig. 1. Typical AFM determined topography of the surface areas: a, b shows composite

filling and sound enamel; ¢, d shows GIC filling and sound enamel; ep stands for

enamel prism, p stands for pore, sl stands for smear layer, gp stands for glass particle,

ds stands for debonding surface; the symbol * denotes relief elements for which
separate surface profilograms were constructed (color online)

Table. Microgeometrical properties of the samples studied

Treatment type Goup R,, nm + R., nm + R;, nm
Composite filling Filling 18.0 3.2 72.1 18.1 223
Sound enamel 92.8 33.6 345.5 117.9 912
GIC filling Filling 68.2 24.9 242.6 90.0 907
Sound enamel 39.5 10.4 132.4 45.2 383
Tnfiltrant (first case) Infiltrated enamel 51.0 14.6 178.7 56.6 486
Sound enamel 19.0 11.8 65.6 36.7 796
Infiltrated enamel 53.2 20.4 203.3 82.5 619
Infiltrant (second case)
Sound enamel 31.8 7.6 109.5 26.5 355

Figures 4, a, ¢ show the SEM images of the surfaces of composite and glass ionomer cement
fillings, respectively, and Fig. 4, b, d show the interfaces of the above-mentioned fillings with the
surrounding enamel.

The results of microgeometrical measurements of filling materials showed a fundamental
difference in the nature of the roughness parameters in the pairs “filling — sound enamel” for the
composite material and GIC. Thus, in the case of GIC, each value of the roughness parameter was
higher than that recorded for the sound enamel: R, by 72.7%, R, by 83.2%, R; by 2.1 times. This
is explained by the presence of large ellipsoidal glass particles on the filling surface [15] (designated
as gp in Fig. 1, ¢ and Fig. 3), which alternate with delamination surfaces [16] (designated as ds
in Fig. 1, ¢), forming a loose surface structure. The characteristic dimensions of the microscale
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glass particles in the AFM image were: length 3.23 +0.85um, width 1.174+0.27um. In the case of
the composite material, on the contrary, the values of all the studied mechanical properties were
lower for the filling compared to the sound enamel: R, by 80.6%, R, by 79.1%, R; by 75.6%.
This filling on the section showed the least developed relief among all the studied areas within
the framework of this AFM study.

Fig. 2. Typical AFM determined topography of the surface areas: a, b shows infiltrated

enamel (first case) —sound enamel; ¢, d shows infiltrated enamel (second case) —

sound enamel; ep stands for enamel prism, s/ stands for smear layer, gp stands

for glass particle, ds stands for debonding surface, esh stands for enamel sheath
(color online)

0.05 A : :
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Fig. 3. Surface profiles of pores of composite material and glass particle of GIC

However, the microstructure of the composite filling has one important feature — micropores
(marked as p in Fig. 1, a), typical diameters of which are 0.86 £+ 0.25um. At the same time,
SEM observations reveal the smallest cracks between the enamel prisms (Fig. 4, b), as well as
in the vicinity of the GIC pores (Fig. 4, ¢). We note large-scale damage to the GIC-biological
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tissue interface, clearly visible in SEM images (Fig. 4, d) with a width of more than 50 pm,
presumably caused by increased stress concentration due to the excessive difference in the
mechanical characteristics of the filling and the surrounding tissue (which can be further studied
using the approaches [17-19]).

c d
Fig. 4. Microstructure of surfaces obtained using SEM: a shows composite filling; b shows
interface of the composite filling with surrounding enamel; ¢ shows GIC filling; d shows tissue
on the interface with the GIC filling; e stands for enamel, ed stands for damaged enamel, ci
stands for inner layer of the filling, gi stands for interface between GIC and tissue, cei stands
for interface between the filling and enamel, esh stands for enamel sheath, p stands for pore,
symbol x marks the cracks in the vicinity of the pores in GIC (color online)

The results of microgeometrical measurements of the infiltrant showed a generally similar
picture for both samples: in both cases, an increase in the parameters R, and R, was recorded.
For the first sample treated with the infiltrant, these roughness parameters were 2.7 times higher
than in sound enamel. For the second sample, these parameters were 67.3% and 85.7% higher than
in the sound enamel for R, and R, respectively. Note the closeness of the absolute values of R,
and R, for both samples after infiltration. Note also that the analysis of the parameter R; taken
over the scanning field as a whole, although providing useful information about the microrelief of
the material, requires a significantly larger number of AFM images in different areas of interest
to collect statistical information and form reliable conclusions about peak heights and other
features of the elevated surface of the sample surface.

Changes in the microgeometrical characteristics of the samples after infiltration indicate
successful penetration of the polymer infiltrant into the tissue, which is consistent with the
results of Sadyrin et al. [20], while a visual similarity of the microrelief of the tissue surface
before and after treatment was noted. This observation indicates that, by modifying the enamel,
the infiltrant generally preserves the enamel structure relatively intact and close to natural tissue,
although the mechanical properties of the tissue cannot be fully restored due to the difference in
the properties of the polymer and natural hydroxyapatite.
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Conclusion

In the present work, an ez vivo study of the microgeometrical properties of composite and
GIC fillings, as well as of infiltrated enamel and tissues in their vicinity, was performed, followed
by a comparison of the results with the corresponding properties of the sound tissues. In the
case of GIC, an increase in each roughness parameter value was recorded compared to the
sound enamel, which is explained by the presence of large ellipsoid glass particles on the filling
surface, alternating with exfoliation surfaces. In the case of the composite material, on the
contrary, the values of all the studied microgeometrical properties were significantly lower for
the filling compared to sound enamel, while micropores were found on its surface. The obtained
experimental data allow us to conclude that in case of clinical need for filling, it is preferable to
use a composite material due to a smaller number of internal structure artifacts and a smaller size
of such artifacts (in addition to the proximity of the mechanical parameters of this biocompatible
material to the surrounding biological tissue).

Calculations of the roughness parameters demonstrated that, although none of the materials
examined restored the microgeometric characteristics to natural values, the infiltrant generally
preserves the enamel microstructure. The results of the study, together with the previously made
conclusions about the mineral density of enamel modified by the infiltrant [21], are encouraging
in terms of the clinical use of minimally invasive dental materials; some features of the interaction
of such materials and tooth tissues are still not fully understood. In particular, how does the
thickness of the enamel (and proximity to the DEJ) affect the process of infiltrant penetration
(e.g., which areas of the tooth are preferable for this type of treatment, and which areas should
be avoided).

Despite the statistically significant difference in the mean R, roughness values across the set
of measurements in the single sample studies, in future studies, we plan to collect statistical data
on the depth of infiltrate penetration into different areas of the tooth, including the DEJ, using a
larger number of samples. Such further studies will provide an opportunity to develop guidelines
for practicing dental clinicians on the treatment of early caries with maximum benefit for the
patient, thereby expanding on existing recommendations [22-25].
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