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Abstract. Introduction. Restoration of blood supply to tissues is crucial for the regeneration of wound
defects. The purpose of this research was to study the effect of piezoelectric polymers on the restoration of
microcirculation and hemodynamics in the area of oral mucosa wound defects.

Materials and methods. The study was carried out on 60 Wistar rats divided into four groups (15 rats each):
control (intact) and 3 experimental groups. In group 1, the animals had an open wound defect. In groups 3
and 2, the rats had a wound defect covered with a membrane with and without copper modification, respec-
tively. The specimens for subsequent light and electron microscopy were collected on days 3, 7, and 12. We
studied qualitative and quantitative indicators of microcirculation and hemodynamics restoration.

Results. Day 3: in all experimental groups, the arteriolo-venular relationship and the pericapillary diffusion
index significantly decreased, while the Kernogan index increased. We also observed a significant increase
in VEGF expression. Day 7: in experimental group 3, the values of the Kernogan index and the arteriolo-
venular relationship were restored, and the pericapillary diffusion index remained significantly higher than in
the control group. In the groups 1 and 2, none of the indicators reached the control values. VEGF expression
decreased in all groups. On day 12 in group 1, the arteriolo-venular relationship, the Kernogan index and
the index of pericapillary diffusion differed from the control group, in contrast to groups 2 and 3, where all
the studied parameters were restored. Expression of VEGF in group 1 was significantly less than the control
values, and in groups 2 and 3 it was significantly higher.

Conclusion. We revealed that closing of oral mucosa wound defects by a piezoelectric polymer membrane
led to the restoration of hemodynamic parameters and promoted active vascular formation.
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Pe3tome. Bseoenue. BoccTaHoBIeHUE KpOBOCHa6)KCHI/I$I TKaHEeH — HeoTheMJIeMasl YacTh pereuepanunu pa-
HCBBIX ,I[G(I)CKTOB. HGJ'ILIO HccieJ0BaHus ABJISIIOCH N3YUCHUC BIIUSHUA NUCITOJIB30BaHU HO.]'IPIMCpHOﬁ €30~
BHCKTpH‘ICCKOﬁ M€M6paHLI Ha BOCCTAHOBJICHUEC MUKPOUUPKYISANNUA U TEMOAWMHAMUKU B obnactu PaHEBbIX
I[e(beKTOB CIIU3UCTON 000JI0YKH ITOJIOCTH pTa.
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OPUTMHAJIDHBIE UICCITEJOBAHNMA

Mamepuansr u memoosi. ViccnenoBanue nposeneHo Ha 60 kppicax muHUM Bucrap, pa3aeneHHbIX Ha 4eThIpe
TPYIIIBL: KOHTPOJIbHAs (n=15) — HHTaKTHBIE )KUBOTHBIE, -5 SKcTIepIMeHTaIbHast (n=15) — JKUBOTHBIE C OTKPHI-
TBIM paHeBBIM AedekTom, 2-5 (n=15) u 3-51 (n=15) s3xcriepuMeHTaIbHbIEC — )KUBOTHBIE C PAHEBBIM JIe(heKTOM,
MIEPEKPHITEIM TOIMMEPHOH MeMOpaHOil 6e3 MOTU(HUKAIINK ¥ C MEIHBIM HambUIeHHEM. 3a00p MaTepuana
JUTS CBETOBOM M 3IEKTPOHHON MUKPOCKOIINH MTPOBOAMIIH Ha 3-H, 7-¢ u 12-e cyTku. M3y4any kaueCTBEeHHBIE
1 KOJIMYECTBEHHBIC NTOKA3aTEIN BOCCTAHOBICHHUSI MUKPOLUPKYIISAIINY 1 TEMOAMHAMUKH Ha MeCTe e(eKTa.
Pe3zynomamoi. Ha 3-n cyTKH HCCIIEI0OBaHMS BO BCEX SKCIIEPUMEHTANIBHBIX TPYMIIaxX MOKa3aTell TeMOANHA-
MHKH I0CTOBEPHO OTIMYAINCH OT KOHTPOJIBHBIX 3HAUCHUIH — apTEpPHOIIO-BEHYIIPHOE B3aMMOOTHOIICHHUE
1 MHJEKC NEPUKAMMUIApHON nud(y3nu TOCTOBEPHO yMEHbBIIANNCh, a HHAECKC KepHorana yBenuduBaics.
3HaYNMO yBEeTHUNBAIIACh dKcIpeccus. Ha 7-e cyTku B 3-if SKCTIepUMEHTaIbHOM TPyTIIie BOCCTaHABIHBAIIICE
3HauCHMA MHAeKca KepHorana u apTepHosIo-BEeHYIIPHOTO B3aMMOOTHOIIECHUS, a MHIEKC MEPUKAUIIISAP-
HOM nu¢dy3um octaBaics 3HAYMMO OOJbINE, YeM B TpyIne KoHTpossa. B 1-it u Bo 2-if rpynmax HE OOWH
13 TIOKa3aTeJeil He JOCTHUTran KOHTPOJIBHBIX 3HadeHnd. Dkcnpeccuss VEGF cHmkamack Bo Bcex rpymmax.
Ha 12-e cyTku B 1-ii TpyIie apTeprosio-BeHyIsIpHOE B3aUMOOTHOIICHNE, HHEKC KepHoraHa m WHOEKC
MIePUKANMUIIPHON UG QY3HUH B TPyIIe KOHTPOIS OTINYAINCh IMoKa3areien ot 2-it u 3-if rpymi, rae Bce
HCCIIeyeMble MoKa3aTeNny BoccTaHaBmuBanCh. Jxerpeccus VEGF B 1-if rpymme Opiia 3HAYMMO MEHBIIIE,
YeM KOHTPOJIbHBIC 3HAYCHHUS, a BO 2-1 U B 3-i 3HAYUMO OOJbIIIe.

3akntouenue. 3aKpbHITHE PaH CIM3UCTON OOONIOUKH MOJOCTH PTa MOTUMEPHON NMbE30NMEKTPUIECKONH MEM-
OpaHOI MPUBOIMIIO K BOCCTAHOBJICHHUIO MOKAa3aTeIel FeMOJMHAMUKH M CIIOCOOCTBOBAJIO aKTHBHOMY CO-
CynooOpa3oBaHUIO.

KiaoueBble cjioBa: paHeBod Ie(eKT, OJIOCTh PTa, BOCIAJIEHUE, PEreHEPALHs], MUKPOLMPKYJISALHS, HEO-
AHTHOTEHE3
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Introduction

Wound healing is a complex dynamic process that is
based on the coordinated interaction of connective tissue
cells and microvasculature, due to which damaged tissue
is effectively restored [ 1]. Wound regeneration is accom-
panied by formation of blood vessels in the granulation
tissue, which provides nutrition to the wound bed and con-
tributes to the organization of the extracellular matrix [2].
Impaired neoangiogenesis leads to delayed regeneration
and negative consequences, i.e., scar tissue deformation at
the site of injury [3, 4, 5]. To protect a wound defect from
external traumas and thus create favorable conditions for
angiogenesis, a number of wound dressings, e.g., hydro-
gels, films, plates, nanofibers, foams, plasters, sponges,
and dressings, can be applied [6]. To close wound defects
of the oral mucosa, biosynthetic substitutes for mucosal
flaps and skin are used, such as epidermal (for example,
Apligraf®), dermal (e.g., Alloderm®, Matriderm®), and
composite membranes (e.g., Integra®, Biobrane®, Der-
magraft®). However, none of them has all properties of
an ideal material for closing wound defects of the oral
mucosa [7]. Piezoelectric polymer membranes based on
vinylidene fluoride with tetrafluoroethylene have been
used to close wound defects of the oral mucosa. It con-
tributes to the restoration of the fibrous component and
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reduced inflammatory response if wound damage to the
oral mucosa has been proven [8].

Thus, the purpose of this research was to study the effect
of a piezoelectric polymer membrane based on vinylidene
fluoride with tetrafluoroethylene on the restoration of mi-
crocirculation and hemodynamics in the area of oral mu-
cosa wound defects.

Materials and methods

The study was carried out on 60 Wistar rats divided
into four groups (the control group of intact rats and three
experimental groups), each one including 15 rats. The study
was approved by the local ethics committee of the Siberian
State Medical University (No. 7693/1 from 26.8.2019). The
study was performed in compliance with the principles of
humanity set out in the Council Directive (86/609/EEC)
and the Declaration of Helsinki.

In animals of the experimental groups, we made an
excision of a lip mucous membrane flap of 7 X 4 mm. In
the animals of experimental group 1, the defect was not
covered, while in those of experimental groups 3 and 2,
the wound defect was coated with a polymer membrane
with and without copper coating, respectively. The surgi-
cal intervention technique as well as specimen processing
were described in our previous study [8].
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The animals were sacrificed on days 3, 7, and 12 of the
study by introducing them into hypoxia in a CO, cham-
ber. Then, we prepared histological slides and semi- and
ultra-thin sections for light and electron microscopy as de-
scribed in the earlier article [9]. Afterward, we examined
the samples with Karl Zeiss Observer D1 light microscope
(Karl Zeiss, Germany) and a Zeiss AxioCam ICc5 light
microscopy camera (Karl Zeiss, Germany).

To carry out an immunohistochemical study, we pre-
pared serial paraffin sections 4—6-pm thick, then deparaffi-
nized them, and stained with VEGF rabbit recombinant
polyclonal antibodies and isotype IgG (Abcam, US). We
scored the staining intensity of three cohorts of 100 cells in
different fields of view (x400) using the following formula:

Histochemical scores = Y P(i) x i, where P(i) is the
percentage of cells stained with different intensity and 7 is
the staining intensity assessed on a 5-point scale from 0 to
4, where 0—no staining, 1—weak staining, 2—moderate
staining, 3—strong staining, and 4—very strong staining.

We performed morphometric analysis using 3 param-
eters: the pericapillary diffusion index, the Kernogan in-
dex, and the arterio-venous relationship. The pericapillary
diffusion index is a tissue area supplied by one capillary,
i.e., the ratio of an average diameter of the capillary to a
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Fig. 1. The mucous membrane of the oral cavity.
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specific tissue area. The Kernogan index is an indicator of
the throughput of the microvasculature, i.e., the ratio of
vascular wall thickness to the radius of its lumen. Finally,
the arterio-venous relationship was measured using image
processing programs Axio Vision (Carl Zeiss, Germany) and
Imagel, version 1.52u (National Institute of Health, USA).

We used ultrathin sections to study the ultrastructure of
the microvasculature.

We verified the normal distribution hypothesis with the
Kolmogorov—Smirnov test. Since the distribution of the
values of all quantitative features did not correspond to
the normality tests, we used the Kruskal-Wallis one-way
analysis of variance with the median test to compare in-
dependent samples and the Wilcoxon signed-rank test for
paired comparisons. The results were considered statisti-
cally significant at p<0.05.

Results

On day 3, in all experimental groups, we visualized
arterioles, capillaries, and venules with perivascular edema
and sludge of formed elements on the wound defect periph-
ery. The vessels were surrounded by separate disorganized
bundles of collagen fibers and cells of the inflammatory
infiltrate (Fig. 1A, 3A).
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A — vessels of the microvasculature with signs of sludge surrounded by lymphohistiocytic infiltration on the wound defect
periphery. Histological picture characteristic of all experimental groups on day 3. Experimental group 1. B — newly formed
vessels of granulation tissue. Histological picture characteristic of all experimental groups on day 3. Experimental group 3.

H&E stain, x400
Ve — capillary, V — venule, A — arteriole, [ —

lymphohistiocytic infiltration, GT — granulation tissue, CT — connective tissue,

Sl —sludge, T — thrombosis, Ed — edema, Ep — epithelium, BC — cells of the epithelium basal layer, SC — cells of the epithelium

spiny layer, GT —

Puc. 1. Cnuzucras 0007104Ka OJOCTH PTa KPBICHL.

layer of superficial epithelial cells, NK — hyperkeratosis, P — papillae

A — cocynsl MUKPOLUPKYJISITOPHOTO Pyciia C SIBICHUSIMH CJIAJKa, OKPY>KEHHBIE JINM(OTHCTHOUTAPHOI NHOWIBTpaIei

Ha nepug)epur paHeBoro aedekra. [ ncroormueckas KapTHHa, XapaKTepHas! IS BCEX HKCIIEPHIMEHTABHBIX TPYIIIL.

1-51 SKCTIEpHIMEHTANIBHAS TPYMIA. 3-1 CYyTKH HCCIIeJOBaHUs. B — HOBOOOpa3oBaHHbIE COCYABI TPAHYISIIUOHHON TKAHH.
T'ucronorndeckast kapTuHa, XapakTepHast A1 BCEX SKCIEPUMEHTATIBHBIX TPYI. 3-5 SKCIIEPUMEHTAIbHAs TPyMNIa. 3-U CyTKH

uccnenosanus. Okpacka reMaTOKCUIMHOM U 303MHOM, X400

V¢ — kanmuisip, V— BeHyna, A — aprepuona, | — mumdorunctuornurapaas naunsrpanus, GT — rpaHy/IsyoHHas TKaHb,
CT — coenuHUTENbHAS TKaHB, S| — cnamk, T — Tpom603, Ed — otek, Ep — snurenuii, BC — xiteTku 6a3aibHOTO CIIOST STIATEIHS,
SC — xietku mmmosatoro ciost smutenus, GT — ot moBepXHOCTHBIX KiIeToK smutenns, HK — rumepkeparos, P — cocouxu
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Fig. I (end). C —vessels of the microvasculature with sludge and perivascular edema on day 7. Experimental group 1. D — newly formed
vessels of granulation tissue on day 7. Experimental group 2. E — vessels with sludge and perivascular edema at the site of the
wound defect on day 12. Experimental group 1. F — newly formed vessels at the site of a regenerated wound defect without
pathological changes. Histological picture characteristic of experimental groups 2 and 3 on day 12. Experimental group 2.

H&E stain, x400

Vc — capillary, V — venule, A — arteriole, I — lymphohistiocytic infiltration, GT — granulation tissue, CT — connective tissue,
S1—sludge, T — thrombosis, Ed — edema, Ep — epithelium, BC — cells of the epithelium basal layer, SC — cells of the epithelium
spiny layer, GT — layer of superficial epithelial cells, NK — hyperkeratosis, P — papillae

Puc. 1 (oxonuanue). C — cocynsl MUKPOIUPKYISTOPHOTO pycia C SIBICHUSIMH CJIAJKa U IIEPUBACKYIISIPHOTO OTEKa.
1-s1 oKCTIEpUMEHTANBHAS TPYIIA. 7-U CYTKH HCCIIeqOBaHuUsL. D — HOBOOOpa30BaHHBIE COCY/IbI TPAHYIISILIHOHHOMN TKAHH.
2-51 SKCTIepHUMEHTAIbHAS TPYMIa. 7-¢ CYyTKH HCcclieoBaHus. E — cocymbl ¢ mepuBacKyIIpHBIM OTEKOM U CIa/KEM Ha MeCTe
paneBoro nedekra. 1-s skcnepuMeHTanbHas rpynna. 12-e cyTku uccienoBanus. F — HOBooOpa3oBaHHbBIE COCYIbI
Ha MECTe PEereHeprupoBaBILIETo PaHEeBOro AedekTa Oe3 MaToIormieckux H3MeHeHni. [ ucTonornueckas KapTiHa,
XapakTepHast U1l 2-if 1 3-i SKCIIepIMEHTABHEIX TPYIIL. 2-51 SKCIIepIMEHTaNIbHAS IPyHIa. 12-¢ CyTKH HCCIIeIOBaHusL.
Oxkpacka reMaTOKCHJIHHOM H 303uHOM, X400
Ve — kanmusip, V— BeHyi1a, A — aprepuona, [ — numboructuonurapHas nHduisTpaims, GT — rpaHyIsIIIMOHHAS TKAaHb.
CT — coequuutenbHas Tkaub, Sl — cnamk, T — tpom603, Ed — otek, Ep — smurenuii, BC — kietku 6a3aabHOTO CII0S SIHUTENHS,
SC — xnerku munosatoro cios snutenus, GT — cioit noBepxHOCTHBIX KieTok snutenus, HK — runepkeparos, P — cocouxu
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Qualitative changes in the vessels were accompanied by
quantitative hemodynamic disorders and impaired micro-
circulation. We observed luminal narrowing of the arteri-
oles and lumen expansion of the venules and capillaries. In
this regard, in all experimental groups, the arterio-venous
relationship decreased 1.9 times compared to that in the
control group [p=0.035] (Table).

Pericapillary diffusion showed a 1.7-fold reduction
compared to the intact tissue in all experimental groups
(p=0.032), which indicated tissue ischemia (Table). The
Kernogan’s index increased twice in group 1, 1.8 times
in group 2, and 1.6 times in group 3 [p=0.038, p=0.032,
p=0.047, respectively] (Table). This indicates an impaired
blood flow capacity in the arterioles due to luminal nar-
rowing and wall thickening of the vessel.

We observed new thin-walled vessels in the newly
formed granulation tissue (Fig. 1B), their endothelial cells
actively expressing VEGF (Fig. 2A, Fig. 2B). At the same
time, H-score did not significantly differ between groups
2 and 3 (p=0.077), but it was 1.4 and 4.7 times higher than
in group 1 and the control group[p=0.022] (Table).

In the group without wound coating, the endothelial cells
of the newly formed vessels did not form microvilli on the
luminal side, which indicates impaired transcapillary me-
tabolism. The endothelium and basement membrane of the
granulation tissue capillaries were thin; the interendothelial
space was enlarged. Endothelial cells were poor in orga-

nelles: the endoplasmic reticulum and the Golgi complex
were expressed weakly, polysomes were rare, and mito-
chondria were edematous and increased in size (Fig. 3B).

In experimental groups 2 and 3, there was a large num-
ber of micropinocytic vesicles and microvilli in the luminal
edge of endothelial cells, which indicated active transcap-
illary metabolism. Mitochondria, granular endoplasmic
reticulum, and Golgi complex were well visualized in the
cytoplasm (Fig. 3C).

On day 7 in experimental group 1, we still observed
perivascular edema, as well as thrombosis, stasis, and
sludge of formed elements (Fig. 1C, Fig. 3D). In groups 2
and 3, we almost did not detect these pathological changes
(Fig. 1D).

In experimental group 1, on the ultrastructural level,
endothelial cells in the newly formed vessels showed signs
of functional immaturity. The granular endoplasmic reticu-
lum and the Golgi complex were practically not visualized;
polysomes were rare; in separate clusters, mitochondrial
cristae were destroyed (Fig. 3E).

In the groups with wound coating, well-pronounced
synthesis organelles and a large number of mitochondria
with structured cristaec were observed in endothelial cells.
Signs of a high transcapillary exchange were preserved.
There were multiple microvilli on the luminal surface of
endothelial cells, many micropinocytic vesicles; intercellu-
lar contacts were formed between pericytes and endothelial

Table | Tabnuya

Indicators of hemodynamics of the oral mucosa vessels depending on treatment, conventional units, M (Q1:Q3) |
IMoka3zaTesin reMOTHHAMHMKH COCYI0B CJIM3UCTOI 000/I0YKH MOJIOCTH PTa B 3aBHCHMOCTH OT METOIUKH JledeHus, yci. ea., M (Q1 : Q3)

Arteriolo-venular

Control | KoHTpomb
Day 3 | 3-u cytkn
Group 1 | 1-s rpynma
Group 2 | 2-51 rpynma
Group 3 | 3-s rpymma
Day 7 | 7-e cytku
Group 1 | 1-s rpynma
Group 2 | 2-s1 rpynma
Group 3 | 3-s1 rpymma
Day 12 | 12-e cyTku
Group 1 | 1-5 rpynma
Group 2 | 2-s1 rpynma
Group 3 | 3-s1 rpynma

relationship |

ApTepuoJio-BeHYJIsIpHOE
B3aHMOOTHOLICHHE

0.72 (0.67;0.76)

0.38 (0.37;0.39)*
0.4 (0.39;0.41)*
0.44 (0.44;0.45)*

0.45 (0.44;0.46)*
0.52 (0.51;0.53)*
0.76 (0.74;0.77)#

0.57 (0.560.59)*
0.7 (0.67;0.72)#
0.77 (0.75;0.79)#

Pericapillary diffusion

index | Unaekc

ﬂeplflKaﬂ]{lﬂﬂpHOﬁ

¢ dysun
6.04 (4.65;8.29)

3.6 (3.4:3.8)*
3.8 (3.6;4.01)*
3.6 (3.4;3.75)*

3.0 (2.8;3.1)*
43 (4.1;4.4)*4
3.6 (3.5;3.9)%#

3.8 (3.1;4.5)*
4.6 (4.2:4.9)%
4.85 (4.59;4.15)#

Kernogan index |

HNnpexc Kepaorana

0.61 (0.56:0.65)

1.22 (1.18;1.28)*
1.12 (1.1;1.14)*
1.01 (1.0;1.04)*

1.16 (1.12;1.21)*
0.83 (0.81;0.84)*#
0.56 (0.55;0.57)#

0.83 (0.82;0.85)*
0.59 (0.55;0.61)#
0.53 (0.52;0.55)#

VEGF

80.0 (75.0;85.0)

275.0 (265.0;290)*
365.0 (360.0;372.5)*#
375.0 (370.0;380.0)*#

165.0 (155.0;175.0)*
255.0 (250.0;265.0)*#
275.0 (362.5;282.5)*#

55.0 (55.0;60.0)*
130.0 (125.0;140.0)*#
120.0 (125.0;135.0)*#

* — significant differences compared to the control group (p<0.05)
# — significant differences compared to group 1 (p<0.05)

* — IOCTOBEPHBIE PA3IMIMS 110 CPABHEHHUIO ¢ KOHTPOJIBHOH Tpymmoii (p<0,05)

# — IOCTOBEPHBIC Pa3IMYHs 10 CPpaBHEHHIO ¢ 1-if rpynmoii (p<0,05)
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cells. The basement membrane of the vessels was continu-
ous and of uniform thickness (Fig. 3F).

On day 7, in the area of the wound defect, the figures of
quantitative indicators of microcirculation gradually turned
back to normal .

In experimental group 3, the arterio-venous relationship
and the Kernogan’s index returned to control values, the
latter being twice lower than in group 1 [p=0.045] (Table).

In experimental group 2, the arterio-venous relationship
did not change significantly compared to that on day 3
(p=0.065) and was 1.4 times lower than the same indica-
tor in the control group and group 3 (p=0.035). In group 2,

OPUTMHAJIBHBIE ICCJIENOBAHNMA

the Kernogan’s index was 1.4 times lower than in group 1
(p=0.035) and 1.4 times higher than in the control group
[p=0.041] (Table).

The index of pericapillary diffusion in experimental
groups 2 and 3 was 1.4 and 1.2 times higher than in group 1
(p=0.033), but still differed significantly from the control
values [p=0.039] (Table).

In the uncoated group, none of these indicators reached
the control values. The arterio-venous relationship did not
change significantly compared to the figures on day 3
(p=0.088) and was 1.6 times significantly lower than the
same indicator in the control group [p=0.032] (Table).

Fig. 2. VEGF expression in endothelial cells of granulation tissue, staining of nuclei with hematoxylin.
A — experimental group 1 on day 3. B — histological picture characteristic of experimental groups 2 and 3 on day 3. Experimental
group 3. C — histological picture characteristic of experimental groups 2 and 3 on day 7. Experimental group 2. D — experimental

group 1 on day 7. X900

++++ — very strong staining, +++ — strong staining, ++ — moderate staining, + — weak staining, — — no staining
Puc. 2. Dxcnpeccust VEGF B snorennonuTax rpaHyIsSIIHOHHONW TKaHU, JOKPANIHBAHHE S/ICP TEMATOKCIITHHOM.
A — 1-9 3KcTIepUMeHTaIbHAas TPpyNa. 3-1U CyTKH UCCIEN0BaHMs. B — rucTonornyeckas KapTuHa, XapakTepHas s 2-i
1 3-i1 SKCTIepIMEHTANIBHBIX IPYIIIL. 3-51 SKCTIepIMEHTalIbHas TPyMa. 3-1 CyTKH uccneqoBanust. C — THCTOIOTHYeCKast KapTHHA,
XapaxTepHas Ui 2-i 1 3-1 SKCIIepUMEHTAIBHBIX TPYIIL. 2-51 9KCIIEPUMEHTAIbHAs IPyINa. 7-€ CyTKU UCCIICI0BAHUS.
D — 1-1 sxcniepuMeHTanbHas Irpymnmna. 7-e CyTKu uccnenoBanus. X900
++++ — OUeHb CWIIBHOE OKpAIlINBaHue, +++ — CWIbHOE OKpalllnBaHue, ++ — yMEepeHHOE OKpallluBaHKe, + — ci1aboe

OKpalluBaHUEC, — — HET OKpalIUBaHUA
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Fig. 2 (end). E — experimental group 1 on day 12. F — histological picture characteristic of experimental groups 2 and 3 on day 12.
Experimental group 3. x900
++++ — very strong staining, +++ — strong staining, ++ — moderate staining, + — weak staining, — — no staining

Puc. 2 (oxonuanue). E — 1-s1 sxcriepuMeHTanbHas rpymmna. 12-e cyTku uccienoBanus. F — rucTonornyeckas KapTHHA, XapaKTepHas
Ui 2-11 1 3-1 SKCIIepUMEHTANIBHBIX IPYHIL. 3-51 SKCIIepUMEHTaIbHas rpymnma. 12-e cyTku uccienopanus. X900
++++ — OueHb CHJIIbHOE OKpAIIMBaHUE, +++ — CHIIBHOE OKpallliBaHue, ++ — yMEpEeHHOE OKpalliBaHue, + — ciadoe
OKpalllMBaHUE, — — HET OKPAIIUBAHHS

Fig. 3. Electron micrographs of vessels in the area of the oral mucosa wound defect.
A —narrowed postcapillary on the periphery of the wound defect with signs of perivascular edema on day 3. Experimental group
3, x5000. B — capillary with sludge in the emerging granulation tissue with thinned endothelial lining and signs of transcapillary
metabolism disorders on day 3. Experimental group 1, x20 000
V¢ — capillary, Mpn — macrophage, Pe — pericyte, EN — endothelial cells, Ed —perivascular edema, E — erythrocyte, BM —
basement membrane, RER — granular endoplasmic reticulum, Mi — mitochondria, PR — polysomes, C — intercellular contact,
MYV — microvilli, Vs — micropinocytic vesicles, G — Golgi complex, CF — collagen fibers

Puc. 3. DnexTpoHHBIE MUKPO(OTOrpadul COCYA0B MUKPOLIPKYIIATOPHOTO pyciia B 00IacTH paHeBOTo AedekTa CIM3uCToi 0007I09KN
HOJIOCTH PTa KPBICHI.
A — Cy)XCHHBIH NOCTKAMILIAP Ha Iepudepun paHeBoro JeeKra ¢ MPU3HAKAMHU [IEPUBACKYIISIPHOTO OTEKa. 3-51 SKCIEpPUMEHTANIbHASL
rpymmna. 3-1 cyTku uccnegosanus, X5000. B — kanuuusip co cnapkeM B opMHUpYIOLIEiics TpaHy ILMOHHON TKaHU C HICTOHYEHHOM
SHJIOTENNAIBHOI BBICTUIKOH M MPH3HAKAMH HapYIICHHs TPAHCKAIMILULIPHOTO oOMeHa. 1-51 SKCIiepuMeHTalIbHasl TPyMma. 3-1 CYyTKH
uccaenoanus, x20 000
Ve — kanmmrsip, Mpn — makpodar, Pe — meputut, EN — sanoremvornut, Ed — nepuBackyisipHsiii otek, E — spurponut, BM — 6azansHas
meMmOpana, RER — rpaHyisipHBIi sHIOMmIa3MaTHIecKuil peTukyTyM, Mi — mutoxonzapus, PR — nommcomsl, C — MEKKIIETOUHBII
KOHTaKT, MV — MHKPOBOPCHHKH, V'S — MUKPOITMHOIUTO3HBIE y3bIpbkH, G — komruteke [onbmkn, CF — KoJTareHoBbIC BOJIOKHA
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Fig. 3 (continuation). C — capillaries of granulation tissue with signs of activation of transcapillary exchange and synthetic processes.

Puc. 3

Histological picture characteristic of groups 2 and 3 on day 3. Experimental group 3, x20 000. D — venule in the area

of the regenerating wound defect with the sludge of formed elements and perivascular edema on day 7. Experimental group 1,
x5000. E — narrowed capillary with mitochondrial destruction and thinned basement membrane on day 7. Experimental group 1,
x5000. F — interdigitation between the capillary endothelial celle and pericyte at the site of the wound defect. Experimental
group 2, x20000

(npodondcenue). C — KaWUISAPhI TPAHYJIALUOHHOM TKaHU C MPU3HAKAMHU aKTHUBALMK TPAHCKAMIUIAPHOTO OOMEHa

U CHUHTETHYECKHX IpoIieccoB. MUKPOCKONIMUECKasi KapTHHA, XapaKTepHas Uisl 2-i 1 3-i SKCIIepUMEHTAIBHBIX IPYIIIL.

3-51 SKCIIepIMeHTaNIbHAs Tpynma. 3-u cyTkn uccnenoBanus, X20 000. D — BeHyna B 06/1acTH pereHepupyIOIETo paHeBOTO
nedekTa co cinamkeM (GOPMEHHBIX IEMEHTOB U EPUBACKYISIPHBIM OTEKOM. 1-s1 SKCIIEpUMEHTaIbHAS TPyIIIa. 7-€ CyTKU
uccnenosanus, x5000. E — cy>xeHHBIN KamuIsip ¢ AeCTPYKIMEH MUTOXOHIPUI 1 UICTOHYEHHOH 0a3aibHON MeMOpaHOM.

1-1 sxcniepuMenTanpHas rpynna. 7-e cytku uccnenosanus, x5000. F — uaTepaururanus Mexay 3HA0TEIMOLUTOM U IIEPULIUTOM
Kalusipa Ha MECTe paHeBoro JedekTa. 2-1 SKCIepuMeHTanbHas rpynmna, X20 000
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Fig. 3 (end). G — capillary in the area of the wound defect with signs of perivascular edema on day 12. Experimental group 1, x20 000.
H — capillary with signs of high transcapillary exchange at the site of the wound defect on day 12. Histological picture
characteristic of groups 2 and 3. Experimental group 3, x20 000

Puc. 3 (oxonuanue). G — xanmiuisip B 00acTH paHEeBOro AedeKTa ¢ MpU3HaAKaMu EPUBACKY/IIPHOIO OTeKa. 1-s1 IKCIIepUMEHTaIbHAS
rpymma. 12-e cytku uccnenosanus. X20 000. H — xkanmuisip ¢ mpu3HaKaMy BRICOKOTO TPAaHCKAMUIAPHOTO OOMEHa Ha MECTe
paneBoro nedexra. I'ncronornyeckas KapTuHa, XapakTepHas Uit 2-i U 3-it 5KCIIepUMEHTANBHBIX TPYIII. 3-5 SKCIEPUMEHTAJIbHAS

rpynmna. 12-e cyTku uccaegosanus, X20 000

VEGEF expression decreased in comparison with that on
day 3, being insignificantly different between experimental
groups 2 and 3 [Fig. 2C] (p=0.079). However, it was 1.7
and 3.6 times significantly higher than in group 1 (Fig. 2D)
and control group [p=0.038, p=0.035] (Table).

On day 12, in the uncoated group, we observed the nar-
rowing and plethora of the vessels, as well as perivascular
edema (Fig. 1E). The basement membrane of the capillaries
was thin. In endothelial cells, the number of microvilli and
micropinocytic vesicles was small (Fig. 3G).

In the coated groups, the newly formed vessels were
detected in the connective tissue at the site of the wound
defect, being especially developed in the area of the lamina
propria papillary layer (Fig. 1F). In mature vessels, there
were no morphological signs of hemodynamic disorders
(i.e., thrombosis, sluggishness, and stasis). The mature
vessels were surrounded by structured connective tissue
fibers; there was no perivascular edema. We visualized a
continuous basement membrane of uniform thickness. In
endothelial cells, the quantity of organelles was sufficient,
and they were of a typical structure. There was an active
transcapillary exchange, as evidenced by a large number
of micropinocytic vesicles and microvilli on the luminal
surface of endothelial cells (Fig. 3H).

In groups 2 and 3, all the discussed quantitative hemo-
dynamic parameters reached control values (Table).

In group 1, the arteri-venous relationship and the peri-
capillary diffusion index were 1.3 and 1.6 times lower
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than the control values, respectively (p=0.034, p=0.042),
and the pericapillary diffusion index was 1.6 times higher
(p=0.045) than in the control group (Table).

On day 12, in all experimental groups, VEGF expres-
sion decreased compared to that on day 7. In experimen-
tal group 1, The H-score VEGF index became 1.45 times
lower than the control values [p=0.035] (Fig. 2E). Between
groups 2 and 3 this indicator did not differ significantly
[p=0.077] (Fig. 2F), but was 1.6 and 2.4 times signifi-
cantly higher than in group 1 and control group [p=0.035,
p=0.042] (Table).

Discussion

In this study, we identified the main mechanisms of
microvasculature and the restoration of hemodynamics in
the area of the oral mucosa wound defect with and without
the use of a piezoelectric polymer membrane.

On day 3, the vascular response indicated the first phase
of wound defect regeneration, i.e., inflammation [9]. So, in
all experimental groups, on day 3, we observed expanded
venules and capillaries, as well as luminal narrowing of the
arterioles on the periphery of the wound defect. It resulted
in a changed arterio-venous relationship and contributed
to the progression of congestion and tissue ischemia in
the wound area. A decrease in the index of pericapillary
diffusion due to luminal narrowing of the capillary and an
increase in the Kernogan index due to wall thickening and
luminal narrowing of the arterioles, which occurred due
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to edema of their intima, also led to an increase in edema
and tissue ischemia. As a result, acidosis developed and
free radicals accumulated in the wound defect area, which
was a signal for the cells of the lymphohistiocytic series
migration to the inflammation focus. The cells exit from
the bloodstream into the surrounding tissues was facilitated
by the expansion of postcapillary venules and, as a result,
the thinning of their walls [10].

The VEGF signaling pathway was induced under hy-
poxia and acidosis, which was indirectly evidenced by the
studied hemodynamic parameters, i.e.,- a reduced index of
pericapillary diffusion, reflecting a decrease in the area of
tissue supplied by one capillary; an increased index of peri-
capillary diffusion, indicating a deterioration in the through-
put of arterioles; and an altered arteriolovenular relationship
indicating venous congestion [11]. In turn, an increased
concentration of VEGF also contributed to an increment
in vascular permeability and an accretion in edema [12].

At the same time, granulation tissue formed in the area
of the wound defect, where we visualized a large number
of newly formed vessels. An increase in VEGF expres-
sion indicated neoangiogenesis [13]. Simultaneously, in the
coated groups, VEGF expression was more pronounced,
indicating more active vascular formation, which was due
to the protection of the wound defect from the effects of
traumatic factors through a polymer membrane. Angiogen-
esis depended on the inflammatory response, since VEGF
was synthesized not only by endothelial cells, but also by
the cells of lymphohistiocytic infiltration, therefore, VEGF
expression was maximum in all groups on day 3, which
corresponded to the 1* phase of wound regeneration, i.e.,
the inflammation [14].

On day 7, in groups treated with a piezoelectric polymer
membrane, the values of the Kernogan index, pericapillary
diffusion index, and arteriolovenular relationship gradually
returned back to normal. In this regard, the severity of
edema and congestion decreased, which led to the normali-
zation of acid-base balance. In the uncoated group, these in-
dicators differed significantly from the control values, there
was perivascular edema and altered vessels with thrombo-
sis and sludge of formed elements in many fields of vision.
On the ultrastructural level, we observed signs of impaired
capillary exchange, which were not detected in the coated
groups. VEGF expression decreased in comparison with
that on day 3, confirming that the phase of active angiogen-
esis in the area of the wound defect turned to the stage of
maturation. A decrease in VEGF synthesis was associated
with the restoration of hemodynamics, especially in the
coated groups, since an increase in its concentration was
due to tissue hypoxia during its prolonged ischemia [15].

On day 12, hemodynamic parameters turned back to
normal values in the coated groups. We visualized altered
vessels of typical ultrastructure with sludge and throm-
bosis. Regression of granulation tissue capillaries was a
logical step in wound regeneration. It included selective
apoptosis of cells of the newly formed vessels [16]. Since
neoangiogenesis slowed down at the final stage of wound
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regeneration, VEGF expression was still higher than the
control values.

In the uncoated group, there were signs of impaired
microcirculation in the wound defect area: none of the
morphological parameters of hemodynamics reached the
control values, which indicated impaired blood supply to
the tissues. VEGF expression was lower than in the control
group, where it was secreted in small amounts by cells in
the intact mucosa, such as macrophages and fibroblasts
[17]. A decrease in VEGF activity probably led to increased
apoptosis of pericytes and endothelial cells, which resulted
in the involution of vessels in the area of the wound defect
and the formation of poorly vascularized scar tissue [18].

Conclusion

We revealed that closing oral mucosa wounds with a
piezoelectric polymer membrane led to the restoration of
hemodynamic parameters and promoted active vascular
formation, in contrast to the situation when the defect re-
mained open and continued to be subjected to traumatic
effects from aggressive environmental factors.
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HUndpopmanus 06 aBropax

Amnacracus JlenucoBHa KoHsieBa — accHCTEHT Kadepbl aHATOMHH YeII0BEKA ¢ KypcOM TOHOrpad)MyecKoil aHaTOMHH U OIIEPaTHBHON XUPYPTUH
CHOUPCKOTo rocyJapCTBEHHOTO MEIMIIMHCKOTO YHUBEPCUTETA.

Enena IOpseBHa BapakyTa — 1OKTOp MEIUIIMHCKUX HayK, 3aBeAylomas kadeapoil aHaTOMUH YeI0BeKa ¢ KypcoM TOIOrpadHueckoil aHaTOMUH
1 oIlepaTUBHOM Xupyprur CHOMPCKOro rocyAapcTBEHHOTO MEAULIMHCKOTO YHHBEPCHTETA.

Apuna EBrenbeBHa Jleiiman — cTyaeHTKa 4-10 Kypca JiedeOHoro (axyasrera CHOMPCKOro rocyJapCTBEHHOTO MEANIIMHCKOTO YHHUBEPCUTETA.

Esrennii Hukonaesud bonb0acoB — KaHAWAAT TEXHUYECKUX HAYK, CTAPIINI HAy4YHBIH COTPYIHHUK 1a00paToOpru TMOPUIHBIX OHOMATEPHUAIOB
HanuonaipHOro ucceoBareabeckoro ToMCKOro nojIuTeXHUYeCKOro yHUBEPCHTETa.

Kcenus CepreeBna CrankeBrY — MarucTpanT (aKyabTeTa XAMUU 1 Onoxumun, [ocynapcTBeHHbIi yHuBepcuTeT mrata Monrtana, CILA.
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