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EFFECTS OF BIOCOMPATIBLE PIEZOELECTRIC MEMBRANES ON THE DEVELOPMENT OF FIBROSIS
ASSOCIATED WITH THE ORAL MUCOSAL WOUND REGENERATION
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Prevention of fibrosis during the oral mucosal wound regeneration is a pressing issue of today’s surgical dentistry. The study was aimed to perform morphological
assessment of the effects of biocompatible piezoelectric membranes on fibrous tissue formation during regeneration of the oral mucosal wounds. We assessed
cell-cell interactions of macrophages and fibroblasts, along with changes in the CD68 and TGFB1 marker expression and their effects on the development of fibrosis
under conditions of using biocompatible polymeric membranes with piezoelectric properties at various stages of the oral mucosal wound defect regeneration.
Comparative morphological assessment of the oral mucosal structures was conducted in animals having intact mucosa (n = 15), having open wound defects (n = 15),
and having wounds covered with biocompatible piezoelectric membranes (n = 15). Biomaterial was collected from the wound defect site on days 3, 7, and 12 of
the experiment; collection of biomaterial from intact animals was performed on the same days. In the group, where biocompatible membranes were used, signs of
proliferation phase at the defect site were detected as early as on day 3 of the study; the faster shift from macrophage infiltration to fibroblast infiltration, the decline
in inflammatory response were detected on day 7; restoration of the numerical density of macrophages and fibroblasts to the intact values was detected on day 12.
The expression of CD68 and TGFB1, the prognostic markers of fibrosis, was lower in the group, where no membranes were used. Reduction of the dense fibrous
connective tissue specific area was observed at the microscopic level, severe soft tissue deformation was reported at the macroscopic level. In the group with no
wound covering, extensive cell infiltration and increased CD68 and TGFB1 expression persisted throughout the experiment, which resulted in the fact that specific
area of dense fibrous connective tissue was larger, than that of loose connective tissue, on day 12 of the study, as well as in the cicatricial soft tissue deformities.

Keywords: regeneration, wound defect, fibrosis, piezoelectrics, oral mucosa, inflammation
Funding: the study was supported by the RSF (research project No. 23-25-00346)

Author contribution: Koniaeva AD, Varakuta EYu, Bolbasov EN, Stankevich KS — study concept and design; Koniaeva AD, Leiman AE, Kormashov GM,
Fedosova MV — data acquisition and processing; Koniaeva AD, Varakuta EYu — manuscript writing; Koniaeva AD, Varakuta EYu, Bolbasov EN, Stankevich KS —
manuscript editing.

Compliance with ethical standards: the study was approved by the IACUC of the Siberian State Medical University (protocol No. 11-1 dated 12 July 2022).
Rats were handled in accordance with the Directive 2010/63/EU of the European Parliament and of the Council on the protection of animals used for scientific
purposes dated 22 September 2010.

><] Correspondence should be addressed: Anastasiia D. Koniaeva
Moskovskij trakt, 2, Tomsk, 634034, Russia; asyakonya95@gmail.com

Received: 18.06.2024 Accepted: 06.08.2024 Published online: 26.08.2024
DOI: 10.24075/brsmu.2024.033

BNNAHNE BUOCOBMECTUMBbIX MbE3O3JIEKTPUHECKUX MEMBPAH HA PASBUTUE ®PUBEPO3A
MPU PEFEHEPALIW PAH CJTUSUCTON OBOJTIOYKU MNONIOCTU PTA
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[MpournakTvika pas3snTis rbposa Npu pereHepaLmin paHeBbIx AePEKTOB CAM3NCTOM 0BO0HKM MONOCTU pTa SBNSIETCS akTyanbHOM NPobremMoit B COBPEMEHHOM
XUPYPrn4eckon ctomaronornu. Liensto nccnenosanns 6b110 NMPoBECTU MOPAOIOrNHECKYHO OLEHKY BIMAHNS OVOCOBMECTUMBIX MbE303NEKTPUHECKIX MEMOPaH Ha
hopmMmpoBaHme hrbpo3HON TKaHK B MPOLIECCE PereHepauy paH CimaucTolr 060104KI1 MofoCTH pTa. Bbinn NpoaHaManpoBaHbl MEXXKIETOHHOE B3aMMOLENCTBIE
MakpoaroB 1 hrbPOBACcTOB, a TakKe M3MEHEHIS YPOBHS aKkcrpeccun Mapkepos CDB8 1 TGFB 1 1 nx BNvsiHYE Ha passiTe dhrnbposa B YCNIoBUSX MCMONb30BaHYIS
O1OCOBMECTUMBIX MOIMMEPHBIX MEMOPaH C MbE30ANEKTPUHECKVMN CBOVNCTBAMI Ha Pa3NYHbIX dTanax pereHepaLyn paHeBoro AeexTra Cn3nCTon 060M04KN
rnonoct pra. MNpoBeaeHa cpaBHUTENbHAS MOPCONOrMYeckasi OLeHKa CTPYKTYP CAM3UCTON 0BOM0YKI POTOBOW MOMOCTA Y XKUBOTHBIX C UHTAKTHOW CRM3MCTON
0601104KOM (N = 15), C OTKPbITLIM paHeBbIM AedeKToM (N = 15) 1 paHOW, NepeKpPbITON BUOCOBMECTVIMON NbE303NEKTPUHECKO MeMbpaHoi (n = 15). 3abop mMaTteprana
13 06nacTn paHeBoro AeeKTa OCYLLECTBASM Ha 3-1, 7-€ 1 12- CyTKI SKCNEPUMEHTA, B aHaUTOMH4HbIE CPOKM OTOMPaNM MaTepuaU y MHTaKTHbIX XXUBOTHbIX. B rpynne
C 1CMONb30BaHNEM B1OCOBMECTUMOM MeMOPaHbl B 061acTy AedheKTa BbIsiBNEHbI MPU3HaKV CTaaumn NponmdepaLin yxxe Ha 3-1 CTyku 1ccnenoBaHis, 6onee ObicTpas
CcMeHa MakpodaranbHoM MHUABTPaLMN Ha rbpPOBNaCTUHECKYIO, CHIDKEHME BOCMANTENBHOM peakLmin — Ha 7-e CYTK U BOCCTAHOBMEHWE YMCIIEHHON MAOTHOCTH
Makpoharos 1 PropoOAaCcToB [0 UHTAKTHbIX 3Ha4YeHUn — Ha 12-e CyTKW. BbIpakKeHHOCTb SKCMPEeccu MapkepoB, MPOrHO3MPYIOLLWX passiTne dnbposa, CDB8 n
TGFB1, 6bina HKe, YeM B rpynne 6e3 1crnonb3oBaHms MemopaHbl. Habnopamm yMeHbLLEHVE YAENBHON MoLLaamn rioTHOM BONOKHUCTON COEAVHUTENBHOM TKaHW Ha
MMKPOCKOMMHECKOM YPOBHE Y BbIPaXKEHHOCTb AecpopMaLiiv MArKVIX TKaHel Ha MakpOCKOMMHECKOM YpOoBHe. B rpynne 6e3 paHeBOro MOKPbITUS Ha BCEM MPOTSHKEHMM
AKCMEPUMEHTA COXPAHANMMCH OOLUMPHAA KIIETOHYHAA MHPMALTPALMA 1 yeuneHHas akcnpeccuns CDB8 1 TGFB1, YTo nprBoamno K npeotnafaHnio YAEsHOM nnoLLaan
MAOTHON BONOKHUCTOM COEONHUTENBHOM TKaHW Haf, PbIXJIOV COEAVMHUTENBHON TKaHbO Ha 12-e CyTKW UCCNeaoBaHvs 1 pybLoBol AedhopMaLn MArkinx TKaHei.
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Fibrosis is one option for the oral mucosal wound defect
repair [1]. However, the presence of fibrosis results in the soft
tissue volume reduction, adversely affects the damaged area
architectonics and further dental treatment [2].

A number of predictors, the analysis of the severity of
which can predict the risk of fibrosis, can be distinguished
at the early stages of wound defect regeneration. It is noted
that the fibroblast-macrophage reciprocal interactions change
depending on the wound healing stage and probability of the
risk of fibrosis [3].

The transforming growth factor — (TGFB) release by
cell populations at the wound defect site also indicates the
development of fibrosis. TGFB is released by fibroblasts,
macrophages, and other cells of the wound bed; granulation
tissue formation, collagen synthesis, and angiogenesis are
stimulated against the background of the TGFB expression
increase [4]. However, the TGFB expression levels and effects
on the development of dense fibrous connective tissue
depend heavily on microenvironment and cellular context.
TGFB either stimulates, or inhibits cell proliferation. It acts as
a chemoattractant for monocytes and fibroblasts; high TGFf
expression levels during the first phase of wound regeneration
contribute to granulation tissue development. However, the
increased TGFB expression is accompanied by severe cell
infiltration and reduced collagenolysis in the final phase of
repair [5]. CD68, the macrophage activity marker, can be also
assessed in order to predict the wound healing variant [6].

Efficacy of the use of various biocompatible materials for
wound defect closure can be assessed based on the analysis
of the above indicators.

There are no data on assessment of the efficacy of using
wound coverings with similar physical and chemical properties
for oral mucosal wound defect regeneration in the literature.

The study was aimed to perform morphological assessment
of the effects of biocompatible piezoelectric membranes on the
fibrous tissue formation during regeneration of the oral mucosal
wounds.

METHODS

The experiment represented a simple comparative study of
two approaches to treatment of the oral mucosal wound
defects (involving/not involving closure of the defect with a
biocompatible covering).

A polymeric piezoelectric membrane assessed in our
study represents the nonwoven fabric made of vinylidene
fluoride/tetrafluoroethylene copolymer by electrospinning. The
membrane consists of two layers: hydrophilic one facing the
wound defect and hydrophobic external one. The membrane
is not biodegradable: it is removed from the surface of the
healed wound defect after the end of repair. The earlier studies
have shown that the fact of piezoelectric properties in the
membranes compared to dielectric membranes contributes
to the accelerated formation of loose fibrous connective tissue
with the smaller specific area of dense fibrous connective tissue.
Coverings were also tested for biocompatibility and cytotoxicity
using the 3T3L1 fibroblasts at the laboratory of biopolymers
and biotechnology of the Tomsk State University [7].

The study involved 45 Wistar rats (4-month-old males with
the body weight of 350 + 30 g), 15 animals per group. Group 1
(n = 15) included animals with open wound defects, group 2
(n = 15) included animals with the wound defects closed with
polymeric piezoelectric membranes, group 3 (n = 15) included
animals with intact mucosa. Animals were divided into groups
by block randomization. Rats were provided by the Goldberg

Research Institute of Pharmacology and Regenerative
Medicine (Tomsk, Russia). The experiment was conducted
after the two-week acclimatization of animals. All rats were kept
under standard conditions: in the separate labeled cages, five
animals per cage, with ad libitum access to food and water
starting from day 2 of the study, at the temperature of +12 °C to
+18 °C [8].

This animal species was selected as a research object due to
a number of factors: high degree of the experimental modeling
data translation relative to humans, genetic homogeneity
(homozygosity) determining consistency of response to
the exposure to physical and chemical, physiological,
biopathogenic, and stress factors, well-known level of sensitivity
to stimuli; specificity and levels of biochemical, immunological,
functional, and morphological indicators [9].

The mucosal flap sized 7 x 4 mm was excised from the
animal’s buccal area in order to simulate the oral mucosal
wound defect. After that the membrane was secured to the
wound edges with the loop sutures in animals of group 2. All
surgical procedures were conducted after putting the animals
under anesthesia using Zoletil 100 in a dose of 10 mg/kg
(Virbac, Carros; France). The criteria for exclusion of animals
from the study with subsequent euthanasia were as follows:
general deterioration characterized by lethargy, apathy, refusal
to eat, sleep disorder or the animal’s premature death. None of
the animals was excluded from the study.

The animals were withdrawn from the study on days 3, 7,
and 12 (five animals per group) by inducing hypoxia in the CO,
chamber.

Tissue specimens for histological assessment were
collected from the wound defect site by seizing 1 mm of the
tissue from the margins. The tissues collected during autopsy
were fixed in the 10% neutral formalin solution (Biovitrum;
Russia), washed with running water, dehydrated with
ascending alcohol concentrations and isopropanol (Biovitrum;
Russia), and embedded in paraffin (Biovitrum; Russia). The
5 pm histological sections were cut using the MS-1 sliding
microtome (Orion-Medic; Russia). Sections were stained with
hematoxylin and eosin (ABRIS+; Russia) and van Gieson's
picrofuchsin (Biovitrum; Russia). Semithin sections were
toluidine blue stained.

We performed qualitative and quantitative histological
assessment of the fibrous connective tissue specific area,
macrophage and fibroblast numerical density in 1 mm? of
the section. Histological sections were examined using the
Axioskop 40 light microscope (Carl Zeiss AG; Germany) with
the 40x and 90x lenses, 10x eye lenses). A total of 50 fields
of view from the wound defect site per group were examined.

Immunohistochemical staining involved the use of the
recombinant rabbit polyclonal antibody CD68 and isotype |
IgG TGFB (Abcam; USA). The McCarthy immunohistochemical
staining intensity was graded [10]: 0 — no detectable staining,
1 — weak staining, 2 — moderate staining, 3 — strong staining,
4 — very strong staining.

Formula:

Histochemical scores = Y, P(i) x i,

where i — staining intensity graded on a scale of 0-4,

P(i) — percentage of cells stained with different intensity.

Enumeration was performed in three cohorts of 100 cells in
various fields of view (40x, 90x lens).

Images were process using the Axio Vision 4.8.2 (Carl
Zeiss AG; Germany) and ImagedJ v.1.54u (National Institutes of
Health, Maryland) tools.
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To assess the macrophage and fibroblast fine structure,
we prepared samples for electron microscopy by standard
method: fixed tissues in the 2.5% glutaraldehyde solution and
cacodylate buffer (0.2 M; 1 : 9), applied postfixation with 1%
osmium tetroxide, dehydrated and embedded in the araldite
M and epon mixture. Sections were cut with the LKB-5
ultramicrotome (BROMMA; Sweden); the uranyl acetate and
lead citrate contrast enhancement was applied to the slides.
Fine structure was assessed using the JEOL JEM -1400 CX
electron microscope (Jeol; Japan).

Statistical processing

The Statistica v. 10.0 software (StatSoft Inc.; USA) was used for
in vivo analysis. The hypothesis of trait distribution was tested
for normality using the Kolmogorov-Smirnov test. All the results
were presented as the median and quartiles, M (Q,; Q,). The
nonparametric Kruskal-Wallis test with the median test was
used to compare independent samples; the Wilcoxon test was
used for pairwise comparison. The differences were considered
significant at p < 0.05.

RESULTS

On day 3 of the study, there was granulation tissue at the wound
defect site in the experimental groups; sporadic bundles of
connective tissue fibers were found in the group with covering.
Cell infiltration represented mainly by neutrophils was visible
at the wound defect site. Furthermore, macrophages and
fibroblasts were detected, which were more often visualized in
the group with covering (Fig. 1A). Thus, the fibroblast numerical
density was significantly (1.4 times) higher in the group with
the wound covering (p = 0.035), than in the group with no
covering, and significantly (14 times) higher (p = 0.012), than
in the intact mucosa (see Table). We can say that mostly small
immature fibroblasts with the moderately developed organelles
involved in synthesis were visualized during ultra-microscopic
examination. Macrophage infiltration was also more prominent
in the group with membranes, the numerical density of this cell
population was significantly (2.3 and 10.7 times) higher, than
in the group with open wound defects and the control group,
respectively (o = 0.034, p = 0.018). At the ultra-microscopic
level, macrophages showed signs of high phagocytic and
synthetic activity, which affected the CD68 marker expression
that was significantly (2.6- and 4.2-fold) increased in the group
with no covering and the group with membranes, respectively,
compared to the values for the intact mucosa (p = 0.022,
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p =0.031). Higher expression of the TGFB1 marker was observed
in the group with open wound defects: H-score of the group was
significantly (1.4 times) higher (o = 0.045), than that of the group
with membranes, and significantly (6.3 times) higher, than that of
intact mucosa (p = 0.022) (see Table) (Fig. 1B).

On day 7 of the study, the newly-formed loose fibrous
connective tissue, between the fibers of which clusters of
macrophages and fibroblasts were found, was visualized
in the experimental groups (Fig. 1C). In this phase of wound
regeneration, macrophages and fibroblasts were most often
found in all fields of view. The macrophage numerical density
reached its maximum in the group with no covering and was
significantly (1.6 and 11.3 times) higher compared to appropriate
values reported for the group with polymeric membranes and
the control group (p = 0.019, p = 0.011) (see Table). This
correlated with the CD68 marker expression, the H-score of
which in the group with no covering was significantly (1.2 and
6.5 times) higher, than in the group with covering and the group
with intact mucosa (p = 0.048, p = 0.024). Furthermore, the
fibroblast numerical density, in contrast, reached its maximum
in the group with membranes and was significantly (1.35) higher
compared to the group with no membranes (p = 0.041) (see
Table). Immature fibroblasts still prevailed in the group with no
covering, while in the group, where membranes were used,
the differentiated mature fibroblasts showing ultrastructural
signs of increased synthetic activity were most often visualized
(Fig. 1D). No foreign body reaction at the membrane implantation
site was observed in any phase of the experiment. The TGFB1
marker expression was significantly (2.8 times) higher in
the group with open wound defects, than in the group with
membranes (p = 0.036), and 8 times higher, than in the control
group (p = 0.013).

On day 12 of the study, large foci of dense fibrous connective
tissue were found in the group with no wound covering (Fig. 1E).
Its specific area was significantly (3.9 times) higher, than in
the group with covering (p = 0.036). At the macroscopic level,
this was reflected in the buccal area deformities with soft tissue
loss; the scar, 4.5 mm in length, was determined at the wound
defect site (Fig. 1F). In the group with polymeric membranes,
the scar length reached 1.5 mm, and soft tissue deformation
was slight. In the group with membranes, the macrophage and
fibroblast numerical density reached the control values. In the
group with no wound covering, these values were significantly
(6 and 7.2 times) higher compared to the values of the intact
group (p = 0.032, p = 0.021). In the group with no wound
covering, fibroblasts still showed ultrastructural signs of high
synthetic activity, while functionally inactive fibrocytes prevailed

Table 1. Morphological indicators characterizing the degree of fibrosis in the oral mucosa during regeneration of a wound defect, M(Q1:Q3)

Numerical density of Numerical density of ) Specific area Qf dgnse
TGFg CcDe8 fibroblasts. c.u. macrophages. c.u. fibrous conrlzctwe tissue.

Control 45.0 (40.0; 48.75) 50.0 (45.0; 55.0) 380.0 (376.0; 391.7) 163.0 (158.0; 165.0) -

Day 3
Group 1 285.0 (276.25; 290.0)* 140.0 (135.0; 145.0)* 3782.0* (3721.0; 3849.5) 772.5* (750.2; 788.0) -
Group 2 200.0 (190.0; 205.0)# | 210.0 (205.0; 215.0)# | 5378.5"# (5346.2; 5465.7) 1750.0 *# (1735.2; 1785.5) -

Day 7
Group 1 367.5 (351.25; 375.0)" 325.0 (320.0; 330.0)* 4530.5" (4472.5; 4579.7) 1846.0* (1831.2; 1869.0) -
Group 2 130.0 (125.0; 135.0)"# | 280.0 (275.0; 285.0)"# | 6136.0"# (6126.0; 6145.0) 1128.0"# (1118.5; 1145.7) -

Day 12
Group 1 230.0 (225.0; 235.0)* 170.0 (165.0; 175.0)* 2746.5" (2639.0; 2906.0) 971.0* (947.0; 1138.2) 23.0 (14.3; 27.98)"
Group 2 85.0 (80.0; 90.0)"# 85.0 (80.0; 90.0)# 397.5# (395.0; 402.0) 147.54# (143.0; 149.7) 5.9 (5.5; 6.3)#

Note: * — significant differences compared to the control group (o < 0.05); # — significant differences compared to group 1 (p < 0.05).
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Fig. 1. Phases of the oral mucosal wound defect regeneration. A. Granulation tissue containing macrophages and fibroblasts at the wound defect site (day 3, group 2;
x900; stain: toluidine blue). B. TGFB1 expression by the granulation tissue cells at the wound defect site, hematoxylin staining of nuclei (day 3, group 1; 900x). C. Loose
fibrous connective tissue at the wound defect site showing extensive cell infiltration (day 7, group 1; stain: hematoxylin and eosin; x400). D. Differentiated fibroblast (day 7,
group 2; TEM, 5000x). E. Dense fibrous connective tissue showing cell infiltration (day 12, group 1; stain: hematoxylin and eosin; 400x). F. Macroscopic features after
the wound defect regeneration. Soft tissue loss. Scar, 4.5 mm in length. G. Fibrocyte showing no synthetic activity (day 12, group 2; TEM, 5000x). H. CD68 expression

by the connective tissue cells, hematoxylin staining of nuclei (day 12, group 2; 400x). FT — dense fibrous connective tissue, | — cell infiltration, EU — euchromatin,
HH — heterochromatin, RER — rough endoplasmic reticulum, M — mitochondrion, V — vesicles, MP — macrophage, FB — fibroblast; ++++ — very strong staining;
+++ — strong staining; ++ — moderate staining; + — weak staining; - — no detectable staining

in the group with covering (Fig. 1G). At the ultrastructural
level, the well-developed rough endoplasmic reticulum, Golgi
apparatus, and mitochondria were visible in macrophages,
which indicated high synthetic activity. The CD68 and
TGFB1 expression was significantly higher in the group with
open wound defects, than in the groups with coverings and
intact mucosa: 2 and 3 times higher, respectively (o = 0.019,
p = 0.025) (see Table) (Fig. 1H).

DISCUSSION

During this study we assessed the major predictors of fibrous
tissue development at the oral mucosal wound defect site. The
following scheme of pathomorphogenesis can be drawn based
on the study results and the literature review (Fig. 2).

According to the scheme, extensive cell infiltration in the
healing area was observed at the first stage of wound defect
regeneration, in the inflammatory phase. A large cluster of
macrophages, the numerical density of which was significantly
higher, than in the group with open wound defects, was revealed
in the group, where biocompatible membranes were used.
This indicator correlated with the increased macrophage CD68
marker expression in the group with polymeric membranes.
At the ultra-microscopic level, the signs of increased synthetic
activity could be noted in the group with covering. The well-
developed synthetic apparatus was essential for the release of
bioactive substances, which were also attractants for migration
of fibroblasts to the wounded area [11]. We interpreted the data
obtained as the fact of the inflammatory phase transition to the
proliferative phase, since it is macrophages that are responsible
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Fig. 2. Scheme of the oral mucosal wound defect regeneration pathomorphogenesis in cases of using/not using a polymeric piezoelectric membrane. T — slightly
increased expression; 1T — moderately increased expression; 11T — markedly increased expression; | — decreased expression. 1 — according to Morikawa M,
Derynck R, et al. [5]; 2 — according to Xu X, Gu SY, et al. [11]; 3 — according to Zhang T, Wang XF, et al. [12]

for targeted migration of fibroblasts due to the release of
vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), and TGFB, contributing to angiogenesis,
collagen production, and re-epithelization [12].

Furthermore, the numerical density of fibroblast type cells
was significantly increased in the group with covering. This also
suggested that the major processes observed in the wound
shifted from inflammatory response to connective tissue
formation in the group with wound covering.

However, to properly interpret these indicators, it was
necessary to analyze their dynamic changes, since preservation
of extensive infiltration, especially with macrophages, at the
later stages of wound regeneration could be a prerequisite for
the development of fibrosis. That is exactly what we saw
in the group with no wound covering, where the macrophage
numerical density was significantly higher, than in the group with
wound covering, on day 7 of the study and did not reach the
control values on day 12 of the study. The fibroblast numerical
density, on the contrary, was significantly lower in the group
with no covering on day 7. On day 12, the fibroblast numerical
density increased relative to the intact mucosa and the group
with covering. Such a relationship between macrophages
and fibroblasts in the group with open wounds indicated a
prolonged inflammation that contributed to further development
of fibrosis [11]. In the group, where biocompatible piezoelectric
membranes was used, the numerical density of the studied cell
populations recovered to the control values on day 12 of the
study, which was considered a positive prognostic sign.

The TGFB1 release by the cells is a primary trigger for the
wound regeneration initiation. In this regard, we observed
increased TGFB1 expression on day 3 of the study in both
experimental groups [12]. However, TGFB1 expression was
significantly higher in the group with no wound covering, than
in the group with biocompatible membranes; the expression
reached its maximum on day 7 of the study and did not return
to the control values on day 12 of the study. This marker
is released by a number of cells at the wound defect site:
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platelets, macrophages, fibroblasts, keratinocytes, etc. [4]. And
this specific marker plays a critically important role in the shift
of regeneration stages, since it has an effect on cooperation of
macrophages and fibroblasts at the wound site [5]. Furthermore,
it is reported that not only different cell types respond differently
to TGFB1, but also the same cells can show contradictory
responses depending on the experimental conditions [5].

The TGFB1 expression increase reported on day 7 of
the study mediated preservation of extensive infiltration with
the synthetically active fibroblasts and macrophages at the
wound site on day 12 of the study in the group with open
wound defects. At the same time, their numerical density in
the group with covering returned to the control values in the
final phase of wound regeneration against the background of
lower H-score values for TGFB1. Moreover, the fibroblast type
cells were represented mainly by the synthetically inactive
fibrocytes, which indicated termination of connective tissue
development at the wound defect site in the group with
polymeric membranes. In the group with open wound defects,
the synthetically active fibroblasts were mostly found at the
wound site on day 12 of the study. Proliferation, migration, and
differentiation of fibroblasts were observed under exposure
to TGFB1, while aberrant signal transmission from TGFf1
was associated with activation of the mechanism underlying
the scar tissue formation [12]. The scar tissue formation
was related to the abnormal, disturbed wound healing
process associated with chronic inflammation [13] occurring
against the background of increased TGFB1 expression,
which represented an important phase of chronic wound
regeneration [14]. Thus, the TGFB1 expression increase can
be considered an important pro-fibrotic marker [15].

That is why dense fibrous connective tissue constituting
the basis for fibrotic changes was formed in the group with
open wound defects during interaction between fibroblasts and
macrophages under exposure to TGFf1, which was indicated
by the presence of the scar, 4.5 mm in length, and soft tissue
loss at the macroscopic level.



OPUTMHAJIbHOE NCCJIEOOBAHWE | CTOMATOJIOI A

The polymeric piezoelectric membranes made of vinylidene
fluoride/tetrafluoroethylene copolymer by electrospinning
represent the most recent creation of the laboratory of hybrid
biomaterials of the Tomsk Polytechnic University. There are no
earlier studies focused on assessing the effectiveness of using
the analogues with similar physical and chemical properties for
the oral mucosal wound defect regeneration in global practice.
Based on this study we assume that piezoelectric properties
of biocompatible polymeric membranes contributed to the
TGFB1 expression decrease, which resulted in inhibition of
TGFB1 effects on the activity of fibroblasts and macrophages.
Consequently, loose fibrous connective tissue was formed,
while dense fibrous tissue formation and, as a result, scarring
was reported in the group with open wounds. This hypothesis is
confirmed by the data of the comparative study of piezoelectric
and dielectric coverings in regeneration of oral mucosal
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