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Abstract. Introduction. Purulent oral wounds are associated with marked microcirculatory disturbances that
impair tissue regeneration. Therefore, wound coverings that restore the vascular component are of particular
interest. This study evaluated morphological changes in the microcirculatory network during regeneration
of purulent oral wounds treated with antibacterial piezoelectric polymer smart membranes.

Materials and methods. Sixty Wistar rats were divided into four groups (n=15 each): untreated purulent
wounds, smart membranes without an antibacterial layer, smart membranes with an antibacterial layer,
and intact controls. On days 3, 7, and 14, we assessed the Kernohan index, pericapillary diffusion index,
arteriolar-venular ratio, numerical density of altered arterioles and venules, VEGF expression, and endo-
thelial ultrastructure.

Results. Early inflammation-associated microcirculatory disturbances occurred in all wound groups.
Membrane-treated groups showed partial microcirculatory recovery by day 7. On day 14, VEGF expres-
sion in groups 2 and 3 was 2.8- and 5.8-fold higher, respectively than in the untreated group (p=0.0287 and
p=0.0001). In group 3, most parameters approached intact-control values. In the untreated group, however,
the Kernohan index remained 1.5-fold higher (p=0.0027) and the arteriolar-venular ratio 1.3-fold lower
(p=0.0035) than in intact controls, with numerous altered arterioles and venules.

Conclusion. Antibacterial piezoelectric polymer smart membranes promoted angiogenic activity and ac-
celerated restoration of the microcirculatory network in purulent oral wounds, with near-normalization of
most parameters by day 14.
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Mopdonornyeckas xapakKTepucTUKa MUKPOLUPKYIATOPHOTO pycia
IPU pereHepanyy rHOMHOM paHbl C MCIIOIb30BaHNIEM
aHTI/IGaKTepI/Ia)IbeIX MMbE30IIEKTPUICCKIUX ITOIMMEPHDBIX CMapT-MeM6paH
C.A. Cazoynnaesa’, A.JI. Konsesa', E.JO. Bapaxyma', E.H. Bonvoacoé’, ¥.B. Uepnosa’, O.B. Kykapuesa’

'®I'BOY BO Cubupckuii rocyapcTBeHHbIH MeIUIMHCKUH yHIBepcuTeT Munsapasa Poccun, Tomck, Poccust
2OrAOY BO HannoHanbHbIH HccienoBareibckuii TOMCKUH MONUTEXHUYECKUH yHIBepcuTeT, ToMmck, Poccust

Pe3rome. Bsedenue. ' HOMHBIEC paHBI POTOBOI ITOJIOCTH XapaKTEPU3YIOTCS BEIPAKCHHBIM HAPYIIEHHEM MHKPO-
LUPKYJIALIN, SBISIOIIMMCS KIFOYEBBIM 3B€HOM IIaTOT€HE3a B XOJIE pEreHeparii. AKTyallbHOCTb IPUOOpeTaeT
pa3paboTKa MOKPHITHH, OIaroNpHsATHO BIMSIONINX HA BOCCTAHOBIEHHE COCYINCTOTO KOMIIOHEHTa. L{enbio
HCCIIEIOBaHMS SIBUJIOCH IIPOBEIEHIE MOP(OIOTHIECKON OLEHKH COCTOSIHUS MUKPOLUPKYISIINA B 30HE
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pereHepanyy THOWHON paHBI CIM3UCTON 000IOUKHU MOJIOCTH PTa MPU HCIIOIB30BaHUHN aHTHOAKTEPHATBHBIX
MBE30JIEKTPHYECKHUX MOJUMEPHBIX CMapT-MeMOpaH.

Mamepuanwvt u memoouwl. ViccnenoBanne mpoBoaAmIocs Ha 60 kpbicax TnHIM Bucrap, pa3aeneHHbIX Ha TPyI-
el 1-5 (n=15) — pereneparus THOHHO paHbl 6e3 MOKPHITHS, 2-51 (n=15) — IprUMeHeHne CMapT-MeMOpPaHEBI
0e3 aHTHOaKTepUaNLHOTO HallbUICHHUS, 3-51 (n=15) — mprMeHeHue cMapT-MeMOpaHbl C aHTHOAKTEPUAIEHBIM
HarblIeHUueM, 4-s (n=15) — uHrakTHbIe K1BOTHBIE. HeKch KepHorana u nepukanmisipHoit nuddysnu,
apTepUOIIO-BEHYIIIPHOE B3aUMOOTHOIIICHNE, YHCTICHHAS INIOTHOCTh M3MEHEHHBIX apTepPHOJI ¥ BEHYI, YIbTpa-
CTPYKTYpPHBIE U3MEHEHUs dHI0TeInonnToB, dKcpeccus VEGF uccnenosanuce Ha 3-u, 7-¢ u 14-¢ cyTku
IKCTIEPUMEHTA.

Pe3zynomamsi. B panHNE CPOKHU B SKCIIEPUMEHTAIBHBIX TPYIIIaX BEIBISUINCEH BEIPA)KEHHBIE BOCTIAIUTEIBHO
ACCOLIMUPOBAaHHBIC HAPYIICHUS MUKPOIMPKYISIHUU. B rpynmax ¢ paHeBBIM MOKPHITHEM YaCTHYHOE BOC-
CTAHOBJICHHE MUKPOLUPKYIAIHNNA OTMEYANOCh YK€ Ha 7-€ CyTKH MCCIIeZIOBaHUA. 3HAYMMOE TOBBIIICHHUE
skcripeccun VEGF, orpaxkaroriee aHrnoreHe3, 0oTMedanochk Ha 14-e cyTku Bo 2-if u 3-if rpynmax u 66110
B 2,8 u 5,8 pa3za noctoBepHO BhIe, ueM B 1-i rpynme (p=0,0287; p=0,0001). OcranbHble MOKa3aTeIN
B 3-i1 rpymniie Ha 14-e cyTKM BOCCTaHABIMBAINCH 10 3HAYCHUH Y HHTAKTHBIX 0co0Oeil. B 1-if rpymme unaexc
Kepnorana 6w11 B 1,5 paza qocroBepso 6onbie (p=0,0027), a apTeprono-BeHYyISIpHOE B3aUMOOTHOIIIEHUE
B 1,3 paza 3Haunmo Hrxe (p=0,0035), uem B rpymne KOHTPOIIS, B OOJIBIIOM KOJTHYECTBE BU3YyaTU3UPOBAIIICH
M3MEHEHHBIE apTEPHOIBI U BEHYIIBI.

3akarouenue. IIpuMeHeHne aHTHOAKTEPUATTBHBIX ITbE30NIEKTPHUECKHUX IMTOJIMMEPHBIX CMapT-MeMOpaH obecrie-
YHBAaJIO BOCCTAHOBJICHHE MUKPOIIMPKYIATOPHOTO Pycia 3a CUeT HOPMATU3aI[iH SHAO0TEINATIBHON (QYHKIIH,
reMOJIMHAMUKH 1 MPOLIECCOB aHTHOTeHe3a. BhIsBIeHHbIC N3MEHEHHs CBHJIETENILCTBOBAIN O (hOpMHUPOBAHUH
(hyHKIIMOHAIIBHO 3peJIoi COCYaUCTON ceTH B Oojiee KOPOTKHE CPOKH IO CPABHEHHUIO C APYTMMHU SKCIEpH-
MEHTAJIBHBIMU TPYyTIIaMH.

KoaroueBrble ciioBa: rHoifHas paHa, CMapT-MaTepualbl, pereHepanusi, Nbe303JIeKTPUKH, MUKPOLUPKYIISLHS
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Introduction

Treating purulent wounds remains a significant chal-
lenge in surgical dentistry due to their high incidence,
tendency for chronic inflammation, and the development
of severe infectious and deformational complications [1].

Modern approaches to managing purulent wounds are
increasingly focused not only on suppressing microbial
contamination but also on creating favorable local envi-
ronment for tissue regeneration. In this context, the de-
velopment of wound dressings that combine antibacterial
properties and modulate local tissue responses is of par-
ticular interest [2].

Polymers with piezoelectric properties belong to smart
materials capable of interacting with the biological envi-
ronment when biointegrating [3]. Available data suggest
that their use is associated with diminished postoperative
scarring and may promote more effective repair of purulent
wounds that usually heal by secondary intention, where
coarse fibrous connective tissue is typically formed [4]. In
addition, several studies have investigated the influence
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of piezoelectric membranes on the healing of aseptic skin
wounds and full 3D skin reconstruction [5].

At the same time, antibacterial coatings that provide
prolonged release of antimicrobial agents directly at the
wound site allow to reduce the bacterial load and minimize
the systemic effects of antibiotic therapy, which may con-
tribute to a more favorable course of wound healing [6].

A polymer-based piezoelectric membrane was creat-
ed at the Shared Access Additive Technology Center of
the National Research Tomsk Polytechnic University and
proved to be effective in the treatment of non-purulent
wounds of the oral mucosa [7]. A distinctive feature of
the membrane is that it is able to modify its surface with
various pharmaceutical agents, including antibacterial
compounds. Therefore, the present study examines the
local effects of piezoelectric polymer smart membranes
modified with an antibacterial agent [8] in purulent wound
regeneration.

This paper focuses on the results related to the resto-
ration of the microcirculatory bed, since microcirculato-
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ry disturbances in the area of injury are considered a key
pathogenic factor that impedes adequate tissue regeneration
and contributes to persistent inflammation. In purulent in-
flammation, the structural organization of the microvascu-
lar network undergoes pronounced alterations, including
endothelial dysfunction, vascular stasis, increased vascular
permeability, and impaired angiogenesis. These changes
lead to tissue hypoxia, delayed reparative processes, and
the formation of morphologically and functionally inferior
connective tissue.

Most studies on wound dressings concentrate primarily
on clinical outcomes and the dynamics of wound heal-
ing, whereas the morphological changes occurring in the
microcirculatory bed within the regeneration zone remain
insufficiently investigated. However, the structural orga-
nization of the vascular network largely determines the
quality of the newly formed tissue and the functional out-
come of wound healing. The study of microvascular net-
work, pathological alterations, density, and the degree of
maturity of microvessels makes it possible to gain deeper
insight into the mechanisms underlying the influence of
local antibacterial therapy on reparative processes and to
substantiate the prospects for the use of modern wound
dressings as part of a pathogenetically oriented treatment
of purulent wounds [9].

Thus, the aim of this research was to perform a mor-
phological assessment of microcirculatory vessel chang-
es in healing purulent oral mucosa wounds following the
application of antibacterial piezoelectric polymer smart
membranes.

Materials and methods

We designed the experiment as a comparative explor-
atory study in order to investigate the morphological as-
pects of purulent wound regeneration of the oral mucosa
following the application of piezoelectric polymer smart
membranes with and without antibacterial properties.

Experimental wound dressing samples were designed
and fabricated at the Shared Access Additive Technology
Center of National Research Tomsk Polytechnic University
from powder of vinylidene fluoride-tetrafluoroethylene co-
polymer (VDF-TeFE, Galopolymer, Russia) using electro-
spinning technique. Two types of polymer piezoelectric
smart membranes were developed: piezoelectric polymer
membranes and piezoelectric polymer membranes contain-
ing an antibacterial agent.

We developed the smart covering membrane modified
with an antibiotic agent in order to evaluate the ability
of the piezoelectric wound dressing to provide a pro-
longed local antibacterial effect. Vancomycin served as
the model antibacterial agent because of its pronounced
activity against Gram-positive microorganisms, particu-
larly Staphylococcus aureus, a strain of which was used
to establish a model of a purulent wound. Moreover, van-
comycin possesses a well-characterized mechanism of ac-
tion, predictable antibacterial efficacy, and high chemical
stability [10].

KIIMHUYECKAA 1 SKCITEPMMEHTAJTIbHASA MOP®OJIOTNA / CLINICAL AND EXPERIMENTAL MORPHOLOGY

OPUTMHAJIDHBIE UICCITEJOBAHNMA

The study was conducted at the Siberian State Medical
University, and the experimental protocol was approved
by the local Institutional Animal Care and Use Committee
(IACUC, protocol No. 1 dated December 16, 2022). All
animal procedures were performed in accordance with
Directive 2010/63/EU of the European Parliament and of
the Council of 22 September 2010 on the protection of
animals used for scientific purposes.

The experiment included 60 three-month-old male
Wistar rats weighing 250-300 g, provided by Goldberg
Research Institute of Pharmacology and Regenerative
Medicine (Tomsk, Russia). The animals were housed un-
der standard vivarium conditions in accordance with the
sanitary and epidemiological requirements for experimen-
tal biological facilities established by 2.2.1.3218-14 “On
Sanitary and Epidemiological Requirements for the Design,
Equipment, and Maintenance of Experimental Biological
Clinics (Vivariums),” approved by the Russian Federation
Chief State Sanitary Doctor Resolution No. 51 of August
29, 2014. Prior to the experiment, all animals underwent a
two-week acclimatization period.

We randomly assigned the animals to four equal groups
using block randomization. Groups 1-3 were experimental:
group 1 included animals in which the wound defect was
not covered with a piezoelectric polymer smart membrane;
group 2, those in which it was covered with a non-modi-
fied piezoelectric polymer smart membrane; and group 3,
those in which the defect was covered with antibacterial
piezoelectric polymer smart membrane. Group 4 served
as the control group and comprised animals with intact
oral mucosa.

All surgical procedures were performed in accordance
with the Refinement principle of the 3Rs. Premedication
was administered using atropine sulfate (Dalchimpharm,
Russia) at a dose of 0.04 mg/kg subcutaneously 30 minutes
prior to induction of anesthesia with Zoletil-100 (Virbac,
France) at a dose of 10 mg/kg. Criteria for animal removal,
followed by euthanasia, included deterioration of general
condition manifested by lethargy, apathy, refusal to eat,
sleep disturbances, fever, or premature death. No animals
were excluded from the study.

The experimental model of a purulent wound was creat-
ed using the following procedure. In groups 1-3, a mucosal
flap measuring 5 x 2 mm was excised from the buccal
region using a standardized template. Subsequently, the
wound margins and bottom were mechanically crushed
with a Kocher clamp for 4 minutes and infected by apply-
ing a suspension of a 24-hour culture of Staphylococcus
aureus at a concentration of 1x10° microbial bodies per
1 mL of physiological saline to a foam pellet (Pele Tim
No. 1, d=4 mm); the total volume of the microbial sus-
pension applied was 0.4 mL. After inoculation, we tightly
sutured the wound edges with the foam pellet using PGA
4/0 suture material.

On day 3, we removed the sutures, extracted the foam
pellet, and irrigated the wound with 1 mL of physiological
saline. Following this, in groups 2 and 3, a smart membrane
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was fixed along the wound margins using simple interrupt-
ed sutures with an atraumatic needle.

Five animals from each group were euthanized on days
3,7, and 14 by exposure to CO: in a chamber (ZOONLAB,
Germany). The selection of these time points was based on
current concepts regarding the pathomorphological phases
of wound healing [11]. After euthanasia, tissue samples from
the wound area, including surrounding tissues with a 5-mm
peripheral margin, were harvested for autopsy examination.

The samples were fixed in 10% neutral buffered forma-
lin (Biovitrum, Russia), rinsed in running water, dehydrated
in graded alcohols and isopropanol (Biovitrum, Russia),
and embedded in paraffin (Biovitrum, Russia). Then, we
prepared histological sections 5 um thick using a sliding
microtome Leica SM 2010R (Leica, Germany) and stained
with hematoxylin and eosin (Abris+, Russia).

Histological specimens were examined using a bright-
field microscope (Axioskop 40, Carl Zeiss, Germany;
10%, 40%, and 90x objective lenses; 10x eyepiece). In
each group, we analyzed a total of 100 fields of view and
assessed the following parameters: numerical density of
altered arterioles and venules (with stasis, erythrocyte ag-
gregation, and thrombosis) per 1 mm? of the section; the
Kernogan index (an indicator of arteriolar conductance),
calculated as the ratio of the arterial wall thickness to the
radius of the vascular lumen; the pericapillary diffusion
index (the area of tissue supplied by a single capillary),
calculated as the ratio of the mean capillary diameter to
the specific capillary area; and the arteriolar-venular ratio.

Image processing and morphometric analysis were per-
formed using Axio Vision Viewer 4.8 (Carl Zeiss, Germany)
and ImageJ 1.52u (National Institutes of Health, USA) [12].

Specimens for electron microscopy were prepared by
fixation in 2.5% glutaraldehyde in 0.2M cacodylate buffer
(1:9), followed by postfixation in 1% OsOa at 4°C for 4
hours. After dehydration, the samples were embedded in
an epoxy resin (Epon). Semi-thin sections were stained
with Azure II, whereas ultrathin sections were contrasted
with uranyl acetate and lead citrate. The ultrastructure of
endothelial cells of the microcirculatory vessels was then
examined using a JEOL JEM-1400 CX transmission elec-
tron microscope (JEOL, Japan).

For immunohistochemical analysis, serial paraffin sec-
tions 4—-6 um thick were prepared and stained using rabbit
recombinant polyclonal IgG antibodies against vascular
endothelial growth factor A (VEGF-A; Abcam, USA). The
slides were scanned using a Pannoramic MIDI III digital
slide scanner (3DHISTECH, Hungary).

Subsequently, the number of VEGF-expressing cells per
1,000 cells was quantified using Pannoramic Diagnostic
Scanner Software 2.1 (3DHISTECH, Hungary). Ten anno-
tation areas were selected on each specimen, with a total
area of 1 mm? analyzed per slide.

Statistical analysis was performed using Statistica 10.0
software (StatSoft Inc., USA). The distribution of variables
was assessed using the Kolmogorov—Smirnov test. We an-
alyzed data with descriptive and nonparametric statistical
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methods and presented the studied parameters as the me-
dian and quartiles, M (Q1; Q3).

Comparisons between independent groups were per-
formed using the Kruskal-Wallis test with Bonferroni
correction, whereas those of related samples were carried
out using the Wilcoxon test. Differences were considered
statistically significant at p<0.05.

Results

On day 3, all experimental groups exhibited struc-
tural abnormalities within the microcirculatory network
at wound periphery, including arterioles, venules, and
capillaries. These vessels were characterized by perivas-
cular edema, vascular stasis, and erythrocyte aggregation
(Fig. 1 A, B).

Intergroup analysis revealed no significant differences
in the numerical density of altered arterioles per 1 mm?
of section, which was 11.93 (10.89; 12.95; p=0.079). For
altered venules, the numerical density per 1 mm? did not
significantly differ between groups 1 and 2, whereas it
was 2.15-fold lower in group 3 than in groups 1 and 2
(p=0.023).

Capillary numerical density was 1.2 times lower
in groups 1 and 2 than in group 3 and the control
group [p=0.036] (Table).

Reduced arteriolar conductance was observed in all
experimental groups, as evidenced by a marked elevation
of the Kernogan index. Compared with the control group,
the index was 3.5, 2.4, and 1.9 times higher in groups 1, 2,
and 3, respectively (p=0.0003, p=0.0183, p=0.0287). These
observations indicate increased vascular wall tone and ar-
teriolar lumen constriction. Furthermore, in group 3, it was
1.9-fold lower than in group 1 [p=0.035] (Table).

A three-fold reduction in the arteriolar-venular ratio was
observed across all experimental groups compared with the
control group [p=0.027] (Table), suggesting a pronounced
inflow—outflow imbalance.

Similarly, the pericapillary diffusion index was sig-
nificantly reduced across all experimental groups, falling
1.6-fold below control levels [p=0.039] (Table), indicating
ongoing shortening of the diffusion distance and functional
capillary immaturity.

Active angiogenesis was reflected by a significant in-
crease in cellular VEGF expression. The highest expression
levels were observed in groups 2 and 3, which were 17.4
and 2.4 times higher, respectively, than those in the control
group and group 1 [p=0.015 and p=0.033, respectively]
(Fig. 2 A, B; Table).

At the ultrastructural level, all experimental groups ex-
hibited characteristic endothelial layer thinning, cytoplas-
mic vacuolization of endothelial cells, and disorganization
of intercellular junctions. Micropinocytotic vesicles and
plasmalemmal protrusions, reflecting active transcapillary
exchange, were poorly expressed (Fig. 3 A).

On day 7, groups 2 and 3 demonstrated a tendency
toward restoration of microcirculation in the wound area
(Fig. 1 C).
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Fig. 1.
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Microscopic changes in the microcirculatory vessels during regeneration of an oral mucosa purulent wound.

A — pathologically changed vessels with signs of perivascular edema characteristic of all experimental groups. Day 3. B — arterial
wall thickening and the presence of erythrocyte aggregation characteristic of all experimental groups. Day 3. C — pathologically
changed microcirculatory vessels and vessels without signs of erythrocyte aggregation, stasis, and thrombosis. Group 2. Day 7.
D — arteriole with a thickened vascular wall and the presence of erythrocyte aggregation in the vascular lumen. Group 1. Day 7.
E — restored oral mucosa with vessels without pathological changes. Group 3. Day 14. F — erythrocyte aggregation in the venular
lumen. Group 1. Day 14. A, C, E — H&E stain, x400; B, D, F — Azure II staining, x1,000

A — arteriole, V — venule, Cap — capillary, EA — erythrocyte aggregation, S — stasis, T — thrombosis

MUuKpocKoInYecKre H3MEHEHHUS COCYI0B MUKPOLUPKYIISITOPHOTO Pycia IIPH pereHepanuy THOWHOH paHbl CIIM3UCTOH 000JI0UKI
MIOJIOCTH pTa.

A — TaTONOrnyYecKu N3MEHEHHbIE COCY/IbI C MPU3HAKAMHK MIEPHBACKY/IIPHOTO OTEKa, XapaKTePHbIE UL BCEX IKCIEPHMEHTAIBHBIX
rpymi. 3-1 CyTKU HCCIIEA0BaHus. B — yToMIeHHe apTepruabHON CTEHKH M HAIMYHUE C1aJpKa (JOPMEHHBIX HIIEMEHTOB, XapaKTepHOE [T
BCEX IKCIEPUMEHTAIBHBIX TPYIII. 3-1 CyTKH. C — IaTONOrHYeCKH H3MEHEHHBIE COCY/IbI MUKPOLIMPKY/IITOPHOTO PYCIIa, a TAKKE COCYBI
0e3 NPHU3HAKOB CJIaKa, CTa3a M TpoMO03a. 2-51 SKCHIepHMEHTaIbHAs TPyIIa. 7-e CyTKH. D — apTeprona ¢ yToMIeHHON COCYIUCTOM
CTEHKOH M HAIIYUEM CJIa/DKIPOBAHHBIX (DOPMEHHBIX 3JIEMEHTOB B IPOCBETE COCYAA. 1-5I SKCIepHMeHTalIbHas TPyTIa. 7-€ CyTKH.

E — BoccTaHOBIIEHHAS CIIM3HCTas 000JI0UKA TIOJIOCTH PTa C COCYaMH 0e3 MaTOJIOTHIECKUX U3MEHEHHUI. 3-51 SKCIIEpHMEHTAIIbHAS TPYTIIA.
14-e cytku. F — cnammk popMeHHBIX 37IEMEHTOB B IPOCBETE BEHYNBL. 1-51 SKCIIepUMEHTaIbHAS TPy Iia. 14-¢ CyTKH UCCICIOBAHNSL.

A, C, E — oxparmBaHue TeMaTOKCHITMHOM 1 303uHOM, x400; B, D, F — oxparmmBanue asypom II, 1000

A — aptepuona, V — Benyina, Cap — kamuisip, EA — arperauust sputponntos, S — cra3, T — Tpom603
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Fig. 2. VEGF expression in the area of purulent wound regeneration.

A — a pattern characteristic of groups 2 and 3. Day 3. B — group 1. Day 3. C — a pattern characteristic of groups 2 and 3. Day 7.
D — group 1. Day 7. E — a pattern characteristic of groups 2 and 3. Day 14. F — group 1. Day 14. x1,000

—— negative expression, + — weak expression, ++ — average expression, +++ — strong expression

Puc 2.

Okcnpeccuss VEGF B o6macTu perenepaiiy THOHHON paHBI.

A — xapTHHA, XapaKkTepHas Ui 2-i U 3-1 SKCIIepUMEHTAIBHBIX TPYHIL. 3-H CYyTKH UCCIeoBaHus. B — 1-s skcriepuMeHTanbpHas
rpynmna. 3-u cyTku uccnenoBanus. C — KapTHHA, XapakTepHast Ui 2-i U 3-1 SKCIepUMEHTAIBHBIX TPYHIL. 7-€ CYyTKH
uccnenoBanus. D — 1-1 skcriepuMeHTanbHas rpynmna. 7-e CyTKu uccienoBanus. E — kapTuHa, xapakTepHas A 2-i u 3-i
JKCIIEPUMEHTAIBHBIX IpyIl. 14-e cyTku uccienosanus. F — 1-1 sxcniepuMenTanbsHas rpynma. 14-e cytku uccienosanus. x 1000
— — OTCYTCTBHE YKCIPECCHH, + — cIadast IKCIpeccus, ++ — CpeIHss IKCIPECCHs, +++ — CHIbHAs SKCIIPECCHs

Compared with day 3, a significant decrease in the
numerical density of altered arterioles and venules was
observed across all experimental groups. In group 3, the
reduction in the parameter was substantially greater than in
group 1 (3.2- and 2-fold, respectively; p=0.034; p=0.041).

On day 3, groups 2 and 3 showed the arterio-
lar-venular ratio to be 1.7 times higher than in group
1 [p=0.0005; p=0.0004] (Fig. 1 D), indicating partial cor-
rection of inflow—outflow imbalance, and remained sig-
nificantly lower than control values [p=0.003; p=0.004]
(Table).
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Compared with day 3, a significant reduction in the
Kernogan index was observed in all experimental groups.
In group 3, it was 1.8 and 1.4 times lower than in groups 1
and 2, respectively, although control levels were not at-
tained (p=0.027).

The pericapillary diffusion index did not differ sig-
nificantly between the experimental groups (p=0.077)
but remained 1.7-fold below control values [p=0.036]
(Table).

VEGF expression in groups 2 and 3 did not change
significantly [p=0.066; p=0.059] (Fig. 2 C), whereas
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Fig. 3. Ultrastructural changes in the microcirculatory vessels in the area of purulent wound regeneration in the oral mucosa.
A — a vessel with perivascular edema, endothelial layer thinning, and signs of impaired transcapillary exchange. A pattern
characteristic of all experimental groups. Day 3. B — gradual restoration of intercellular contacts and transcapillary exchange in
the microcirculatory vessels bed in groups 2 and 3. Group 2. Day 7. C — restoration of intercellular contacts and signs of active
transcapillary exchange in microcirculatory vessels. Group 3. Day 14. D — disorganization of cellular contacts, impaired
transcapillary exchange, and irregularity of the basement membrane in microcirculatory vessels. Group 1. Day 14. 20,000
End — endothelial cells, Per — pericytes, MV — plasmalemmal protrusions, Ves — micropinocytic vesicles, BM — basement membrane,
C — intercellular contacts, Ed — perivascular edema

Puc 3. YnerpacTpyKTypHbIE H3MEHEHHS COCY0B MUKPOLMPKYIISTOPHOTO pyciia B 00JaCTH PereHepari THOHHOM paHbl CIU3UCTOM
000JI0YKH MOJIOCTH PTa.
A — cocys ¢ IeprBacKyJSIPHBIM OTEKOM U HCTOHYCHHUEM 9HJIOTEIHAIIBHOTO CJI0s1, IPU3HAKAMH HAPYIICHHUS TPAHCKATHILIPHOTO
obmeHa. KapTuna, xapakTepHasi U1 BCeX 9KCIIEPUMEHTAIBHBIX TPYIIL. 3-H CyTKH HCCIea0BaHus. B — mocreneHHoe
BOCCTaHOBJICHHE MEKKJIETOYHBIX KOHTAKTOB U TPAHCKAIMILUIAPHOTO 0OOMEHa B COCYAaX MHKPOLMPKYJIATOPHOTO pycia B Tpynnax
€O CMapT-MeMOPaHOi. 2-51 SKCIIEpUMEHTANIbHAS TPYIIA. 7-€ CyTKH uccienoBaHus. C — BOCCTAHOBICHHE MEXKIETOYHBIX
KOHTAKTOB, MPU3HAKH aKTHBHOTO TPAHCKAKULULIPHOTO 0OMEHA B COCY/IaX MUKPOLMPKYIIATOPHOTO Pyciia B TPYIIax co CMapT-
MeMOpaHO#. 3-s 9KCIIepUMEHTalIbHAs rpyIia. 14-¢ CyTKH uccienoBanus. D — ne30praHn3anyis KICTOYHBIX KOHTAKTOB,
HapylLICHUE TPAHCKAMIIIPHOTO 0OMeHa, HepaBHOMEPHOCTh 0a3aIbHOM MEMOpaHbI B COCYAaX MUKPOLUPKY/IATOPHOTO pycia.
1-1 sxcniepuMenTanpHas rpynna. 14-e cytku ucciemoBanus. x20 000
End — snnorenuoruTsl, Per — nepurutsl, MV — BBIPOCTHI I1J1a3MOJIEMMBI, Ves — MUKPOIMHOLUTO3HbIE y3bIpbki, BM — Oa3anbHas meMOpaHa,
C — MEXKKIJIETOUHBIE KOHTAKThI, Ed - HepPIBaCKyJ'Ii[pHBIﬁ OTCK
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in group 1, it demonstrated a 2.5-fold decrease [p=0.0002]
(Fig. 2 D) compared with day 3 (Table).

On day 7, in group 1, ultrastructural examination of
vessels revealed persistence of the pathological and mor-
phological changes that had been observed on day 3.

In contrast, in groups 2 and 3, we noted a gradual res-
toration of the endothelial layer of capillaries. Endothelial
cells demonstrated a more ordered orientation, and the se-
verity of cytoplasmic edema decreased. However, signs of
functional immaturity persisted, including uneven thick-
ness of the endothelial layer, partial disruption of inter-
cellular junctions, and poorly expressed micropinocytotic
vesicles and plasmalemmal protrusions (Fig. 3 B).

On day 14, morphologically mature elements of the mi-
crocirculatory bed surrounded by well-developed connective
tissue were identified in groups 2 and 3 (Fig. 1 E). At the
same time, active angiogenesis persisted, as evidenced by a
significant increase in VEGF expression, which was 2.8- and
5.8-fold higher in groups 2 and 3 compared with the control
group, respectively [p=0.0287; p=0.0001] (Fig. 2 E; Table).

In group 3, the Kernogan index, the pericapillary dif-
fusion index, and arteriolar-venular ratio reached values
comparable to those of the control group, indicating resto-
ration of microcirculation in the wound area. In addition,
a complete disappearance of altered arterioles and venules
was observed in group 3, in contrast to groups 1 and 2. In
group 2, despite an overall positive trend, altered venules
were still detected, with a numerical density of 9.6 (9.5;
9.8) per 1 mm? of the section. However, this value showed
a 1.9-fold decline compared with day 7 (p=0.029) and a
2.1-fold drop compared with group 1 [p=0.017] (Table).

Ultrastructural examination of groups 2 and 3 revealed
numerous micropinocytotic vesicles and plasmalemmal
protrusions in capillary endothelial cells, along with dense
intercellular junctions and a well-formed basement mem-
brane (Fig. 3 C).

In group 1, despite partial restoration of the pericapil-
lary diffusion index, the Kernogan index remained 1.5-fold
higher (p=0.0027), while the arteriolar-venular ratio was
1.3-fold lower (p=0.035) than in the control group. VEGF
levels returned to those observed in the control group, rep-
resenting a 2.8-times reduction compared with group 2 and
5.8-times compared with group 3 [p=0.0287 and p=0.0001,
respectively] (Fig. 2 F). Persistent alterations in vessels,
including stasis, erythrocyte aggregation, and thrombosis,
were still detectable (Fig. 1 F).

Ultrastructural analysis showed that group 1 maintained
signs of structural and functional insufficiency. We detected
areas of endothelial layer thinning, persisting perivascular
edema, partially restored intercellular junctions, and poorly
expressed micropinocytotic vesicles and plasmalemmal
protrusions (Fig. 3 D). Endothelial cells were arranged in
a less orderly manner compared with groups 2 and 3.

Discussion
The morphological changes of the microcirculatory
bed identified on day 3 of experimental modeling of a pu-
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rulent oral wound reflected typical features of the acute
inflammatory phase. This phase was accompanied by ar-
terial spasm, endothelial dysfunction, and aggregation of
blood cellular elements, which lead to making some vessels
non-functional. Morphometrically, this was manifested by
an increase in the numerical density of altered vessels [13].
More pronounced changes were observed in the group with
no wound dressing used (group 1), indicating severe he-
modynamic disturbances.

An increase in the Kernogan index in all experimental
groups reflected a decrease in the patency of arterioles and
impairment of arterial blood inflow due to lumen narrow-
ing and vascular wall thickening. All these processes were
caused by inflammatory edema, activation of smooth muscle
cells, and biological activity of inflammatory mediators [14].

Changes in the venular component of the microcircu-
lation were characterized by an increase in the numerical
density of morphologically altered venules and a decrease
in the arteriolar-venular ratio, indicating an inflow—outflow
imbalance. Due to increased permeability and lower resis-
tance to inflammatory influence, venules were the first to
be involved, which led to the development of venous stasis
and aggravation of tissue hypoxia in the affected area [15].

The formation of new microcirculatory elements was
evidenced by a significant increase in VEGF expression
in the cells surrounding the wound defect. This finding
coincided with marked cellular infiltration, indicating the
activation of angiogenic mechanisms in the presence of
inflammation [16]. In addition, a significant decrease in
the pericapillary diffusion index across all groups and
pathological ultrastructural changes indicated functional
immaturity of the capillary bed [17].

On day 7, the observed improvement in the microcircu-
latory bed organization reflected the transition of the wound
healing from the acute inflammatory to the proliferative
phase with active angiogenesis [13]. In particular, a signif-
icant decrease in the numerical density of altered arterioles
and venules per 1 mm? section in group 3 was associat-
ed with a reduction in the severity of the inflammatory
response, decreased microbial load, and stabilization of
endothelial function. Group 1 exhibited persistent marked
morphological alterations, namely thrombosis, edema, and
an increased Kernogan index, which indicated sustained
exposure to inflammatory mediators and impaired recovery
of the arterial portion of the microcirculation. A rise in the
numerical density of altered arterioles on day 7 in group 1
(29.6 versus 11.93 on day 3) is attributed to secondary
deterioration of microcirculation due to persistently high
microbial load and transition to chronic inflammation. This
is not an artifact, but rather a characteristic feature of an
open purulent process without wound dressing [18].

VEGF expression increase in groups 2 and 3 reflected
activation of angiogenesis characteristic of the proliferative
stage of wound healing; however, ultrastructural signs of
functional immaturity of newly formed vessels were still
observed. In group 1, a plunge in VEGF expression was
detected, which reflected the formation of poorly vascular-
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ized connective tissue that would later contribute to cicatrix
deformation at the wound site [16].

Complete restoration of the structural and functional
organization of the microcirculatory bed in the group 3 by
day 14 was due to the combined effect of local antimicro-
bial control and favorable conditions for reparative tissue
regeneration. Local release of the antibacterial agent from
the smart membrane reduced microbial contamination,
which led to attenuation of the inflammatory response.
This, in turn, contributed to stabilized endothelial func-
tion, reduced vascular permeability and perivascular ede-
ma, thereby promoting the restoration of hemodynamics
and vascular patency [17].

Control of the bacterial load in the wound area limited
coagulation cascade activation and reduced blood cell ad-
hesion to the endothelium. Subsequently, altered arterioles
and venules disappeared completely, and arteriolar-venular
ratio was restored. As inflammation subsided, coordinated
angiogenesis proceeded under more favorable conditions
with a more orderly spatial organization of endothelial
cells, a lower incidence of ultrastructural immature capil-
laries, and restoration of the pericapillary diffusion index.
As a result, functionally adequate angiogenesis ensured
sufficient perfusion of regenerating tissues, which acceler-
ated the transition of wound healing from the inflammatory
to proliferative and remodeling phases [18].

In addition, the presence of a wound dressing itself served
as a barrier limiting secondary microbial contamination and
mechanical trauma to the wound surface, which maintained
stable microenvironmental homeostasis in the defect area,
reduced ischemic-hypoxic stress, and contributed to a more
coordinated restoration of microvascular network [19]. Thus,
by day 14, we observed that the values of almost all inves-
tigated parameters in group 2 returned to control values.

An elevated Kernogan index and a reduced pericapillary
diffusion index in group 1 on day 14 indicated persistent
elevation of vascular tone and structural remodeling of the
vascular wall, even when capillary blood flow relatively
normalized [14].

The major limitation of our research is a relatively small
number of animals per group and time point (n=15 and
n=5, respectively). Nevertheless, statistically significant
differences were detected, suggesting a large effect size.
To increase statistical power, future studies will use larger
sample sizes.

Conclusion

Applying the antibacterial piezoelectric polymer smart
membrane promoted wound healing by controlling mi-
crobial contamination and indirectly restoring the micro-
circulatory bed through improved endothelial function,
hemodynamics, and angiogenic processes. The observed
morphological and morphometric changes indicated the
formation of a functionally mature vascular network within
a shorter timeframe compared with the groups treated with-
out any wound dressing and with the piezoelectric polymer
smart membrane without antibacterial agent.
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Mudopmanus 06 aBTopax

Co¢bst AunpeeBHa CarnyiuiaeBa — acCUCTEHT Kadepbl aHATOMHHU YeJI0BEeKa ¢ KypcoM Tonorpaguueckoil aHaTOMHU M ONIEPAaTUBHON XUPYPruu
Cu6I'MV.

Amnacracus JlenucoBHa KoHseBa — KaHIMAAT MEAUIMHCKUX HayK, JOLEHT Kad)epbl aHATOMUH YeJIoBeKa ¢ KypcoM Tororpaduueckoil aHaToMuu
u oneparuBHoi xupypruu Cu6I'MY.

Enena FOpreBna BapakyTa — JOKTOp MEAMIIMHCKIX HayK, mpodeccop, 3aBeaytoias kadepoil aHaTOMUH YeI0BEeKa C KypcoM TOmorpaduuecKoi
aHAaTOMMU U onepaTtuBHON xupypruu CudblI'MV.

Esrennit Hukonaesnu bonpbacoB — kaHIUAAT TEXHUUECKUX HayK, qupektop LlenTpa aqanTuBHBIX TexHomorui odero nocryma HA TITY.

Vnpsna Baqumosna UepHoBa — nmxkeHep MHxenepHoi mkoinel «MHTENIEKTYanpHbIe SHEpreTuueckne cucteMen» HU TITV.

Okxcana BacunseBna KykapiieBa — nmxenep LleHrpa agautuBHbIx TexHomoruit obmiero qocryna HA TITV.
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