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Abstract. Introduction. Wound healing is a process based on a complex mechanism of intercellular interac-
tion. The aim was to study changes in the oral mucosa cellular composition during wound healing with and 
without a protective piezoelectric coating.
Materials and methods. The study was carried out on 50 Wistar rats divided into four groups: one control 
group of intact rats and experimental groups 1, 2, and 3. The rats of the experimental groups were subjected 
to excision of a lip mucous membrane flap with wound formation. In the animals of experimental group 1, 
the defect was open. In group 2, we used a polymer membrane with copper modification, and in group 3, the 
membrane was without copper modification. The animals were sacrificed on days 3, 7, and 12 of the study. 
We used light and electron microscopy to study the qualitative and quantitative changes in the composition 
of cell populations at the site of the defect.
Results. On day 3, there prevailed neutrophilic infiltration in all groups. In groups 2 and 3, we observed a 
large number of macrophages and fibroblasts that indicated the transition to the next phase of wound heal-
ing. On day 7, in group 1, there persisted extensive neutrophilic and macrophage infiltration, whereas, in 
groups 2 and 3, the signs of inflammation decreased, and wound healing was active. On day 12, in group 1, 
all values   were significantly higher than in the control group and there was damage to the ultrastructure; in 
groups 2 and 3, all the studied parameters reached the control values.
Conclusion. We revealed the patterns of changes in the cellular composition of a wound during its heal-
ing. The use of the coating contributed to accelerated wound healing, which was found during the analysis 
of changes in the composition of cell populations. The closure of the oral mucosa wounds with polymer 
piezoelectric membranes was proven to have a good effect on tissue repair and was supposed to reduce the 
risk of postoperative complications.
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Введение. Заживление раневого дефекта – комплексный процесс, в основе которого лежит сложный 
механизм межклеточного взаимодействия. Целью исследования являлось изучение изменения клеточ-
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Introduction
Wound healing is a complex process that includes sev-

eral stages: inflammation, regeneration, and reorganization 
of the scar [1]. The inflammatory process during wound 
healing is more pronounced with an open wound, in con-
trast to the situation when the defect is covered by a protec-
tive membrane [2]. This is due to the fact that the wounds 
of the oral cavity are constantly exposed to aggressive ef-
fects from mechanical, physical, chemical, and microbial 
factors, from which the wound covering protects [3, 4]. At 
the same time, the presence of piezoelectric properties in 
membranes favorably affects the prognosis of the regenera-
tion process [5]. We suggested that the cellular composition 
in the wound defect area at various stages of healing differs 
depending on the method of injury management. The aim of 
this research was to study changes in the cellular composi-
tion of the oral mucosa during wound regeneration with 
and without a protective piezoelectric coating.

Materials and methods
The study was carried out on 50 Wistar rats divided 

into four groups: the control group of intact rats (n=5) 
and three experimental groups 1, 2, and 3, each group 

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 carried out 
in compliance with the principles of humanity set out in 
the Council Directive (86/609/EEC) and the Declaration 
of Helsinki. The rats from the experimental groups were 
subjected to excision of a lip mucous membrane flap with 
the formation of a wound being 7×4 mm. In the animals 
of experimental group 1, the defect was open, which cor-
responded to the traditional method of treating wound 
surfaces in the oral cavity. In animals of experimental 
groups 2 and 3, the wound defect was coated with a poly-
mer membrane, fixed along the edges of the wound with 
simple interrupted sutures (Fig. 1). In the rats of experi-
mental group 3, we used a polymer membrane modified 
with copper the side with sputtering being on the wound. 
Surgical intervention was performed under intramuscular 
sedation with “Zoletil.”

The animals were sacrificed on days 3, 7, and 12 of the 
study by introducing them into hypoxia in a CO2 chamber. 
We carried out a visual assessment and a photo protocol 
of the wound with a macroscope. Then, soft tissues were 
excised from the area of the formed defect to manufacture 

ного состава слизистой оболочки полости рта в ходе регенерации раневого дефекта при использовании 
защитного пьезоэлектрического покрытия и без него.
Материалы и методы. Исследование было проведено на 50 крысах линии Вистар, разделенных на 
четыре группы: контрольная – интактные животные, 1-я экспериментальная – животные с открытым 
раневым дефектом, 2-я и 3-я экспериментальные – животные с раневым дефектом, перекрытым по-
лимерной мембраной без модификации и с медным напылением, соответственно. Забор материала 
для световой и электронной микроскопии проводили на 3-и, 7-е и 12-е сутки исследования. Изучали 
качественные и количественные изменения состава клеточных популяций на месте дефекта.
Результаты. На 3-и сутки исследования во всех группах преобладала нейтрофильная инфильтрация. 
Во 2-й и 3-й экспериментальных группах наблюдалось большое количество макрофагов и фиброблас-
тов, свидетельствующих о переходе на следующую стадию регенерации раны. На 7-е сутки в 1-й 
группе сохранялись обширная нейтрофильная и макрофагальная инфильтрация, во 2-й и 3-й группах 
признаки воспаления снижались, активно происходила регенерация раны. На 12-е сутки во 2-й и 3-й 
экспериментальных группах все исследуемые показатели достигали контрольных значений, в 1-й 
группе все значения были достоверно выше контрольных, имелись нарушения ультраструктурного 
строения клеток.
Заключение. В ходе исследования выявлены закономерности изменения клеточного состава раневого 
дефекта при его регенерации. Использование покрытия способствовало ускоренному заживлению 
раны, что было выяснено в ходе анализа изменения состава клеточных популяций. Доказано, что 
закрытие ран слизистой оболочки полости рта полимерными пьезоэлектрическими мембранами 
благоприятно влияло на восстановление целостности тканей и, предположительно, снижало риск 
возникновения послеоперационных осложнений.
Ключевые слова: раневой дефект, слизистая оболочка, полость рта, пьезоэлектрики, воспаление, 
регенерация, скаффолды, стоматология
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histological specimens. Material for semi- and ultra-thin 
sections was taken from the distal part of the wound relative 
to the central incisors. After that, the material was placed 
on blocks and marked to define the topography of histo-
logical materials.

The materials were placed in a 2.5% glutaraldehyde 
solution in 0.2 M cacodylate buffer (1:9) for fixation and 
postfixed in a 1% OsO4 solution for 4 hours in a refrigera-
tor. Dehydration was carried out in ethanol with ascending 
concentration: the specimens were held in 70% ethanol 
overnight, then brought to 96% ethanol, and kept twice in 
acetone for 15 minutes. After dehydration, the specimens 
were poured into a mixture of epon and araldite M.

Semi- and ultra-thin sections were prepared on an  
LKB-4 ultratome (LKB Vertriebs GmbH, Sweden). The 
former were colored with toluidine blue and examined 
under an optical microscope; the latter sections were con-
trasted with uranyl acetate and lead citrate and studied us-
ing a JEM-1400 electron microscope (JEOL, Japan).

We performed qualitative and quantitative histologi-
cal assessments and determined the number density (ND) 
of macrophages (MPs), neutrophils (NPs), fibroblasts 
(FBs), lymphocytes (LC), plasma cells (PCs), mast cells 
(MCs), and eosinophils (EPs) per 1 mm2 of section. For 
each histological specimen, we analyzed 50 fields of view 
(×900). The indicators were calculated using the Image J 
program. We verified the normal distribution hypothesis 
using the Kolmogorov–Smirnov test. Since the distribution 
of the values of all quantitative traits 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, we visualized wound defects in all experi-

mental groups with a macroscope. In experimental group 
1, the defects were 21.3±2.3 mm2 large. Visual examination 
showed asymmetry of the face with buccal region edema 
on the side of the wound. The surface of the wound was 
covered with a loose yellowish plaque. After debridement of 
the wound with a cotton swab moistened with a 0.05% solu-
tion of chlorhexidine, we observed bleeding and exposure 
of the wound surface. The mucous membrane surrounding 
the wound defect was hyperemic and edematous (Fig. 2A).

In rats of experimental groups 2 and 3, facial asym-
metry was not expressed and swelling of the buccal re-
gion was not visualized. When we removed the membrane 
from the wound, we observed defects of 17.8±3.1 mm2 and 
16.2±2.2 mm2 in the animals of groups 2 and 3, respec-
tively. In both groups, there was a fibrinous plaque in the 
center of the wound and a smooth glossy bright pink tissue 
along the periphery. The plaque was easily removed from 
the surface of the wound after debridement with a cotton 
swab moistened with 0.05% chlorhexidine solution; there 
was no bleeding. Hyperemia and swelling were less pro-
nounced than in group 1 (Fig. 2B).

Histologically, we observed extensive cellular infiltra-
tion in the defect areas in all experimental groups on day 
3. It was represented by NP (1), MP (2), FB (3), MC (4), 
PC (5), LC (6), and EP (7). At wound edges, we determined 
necrotic debris containing fiber fragments and cells (CF) of 
connective tissue, rod-shaped and spherical bacterial cells 
(BCs) [Fig. 3A, Fig. 4A, Fig. 4B].

In experimental group 1, ND of NPs reached 2911.5 
(2865.0; 2956.0) per 1 mm2 of the section, which was 1.65 
and 2.15 times significantly more than in experimental 
groups 2 and 3 (p=0.047), respectively, and 242 times sig-
nificantly more than in the control group (p=0.045) (Table).

In the wound area, mature NPs predominated, which 
is evidenced by a clearly segmented nucleus (N) with pe-
ripherally condensed heterochromatin (HH); nucleoli were 
absent. Mature NPs were surrounded by fiber and cell frag-
ments (CFs) of connective tissue and bacterial cells (BCs). 
The NP ultrastructure indicated their high phagocytic activ-
ity: multiple granules (Gr), glycogen clumps (Gl), phago-
lysosomes, and residual bodies (RB) were visualized in the 
cytoplasm, the cell membrane formed outgrowths (*). At 
the same time, such organelles as the Golgi complex, rough 
endoplasmic reticulum, mitochondria (M) were expressed 
weakly and almost not visualized (Fig. 4B).

In experimental group 1, the ND of MPs was 772.5 
(750.2; 788.0) per 1 mm2 of the section, which was 
4.7 times higher than in the control group and 1.65 and 
2.3 times lower than in experimental groups 2 and 3, re-
spectively (р=0.039) (Table).

On ultramicroscopic examination, MP, as well as NP 
(Fig. 4C) showed signs of high phagocytic activity: mul-
tiple outgrowths (*) formed by the cell membrane, a large 
number of lysosomes (L), phagolysosomes, and residual 
bodies (RBs) were visualized in the cytoplasm. We ob-

Fig. 1.  Surgical intervention: excision of the lip mucous 
membrane and subsequent coating of the wound with 
a polymer membrane

Рис. 1.  Оперативное вмешательство – иссечение слизистой 
оболочки губы с закрытием раневого дефекта 
полимерной мембраной
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Fig. 2.  Macrophotographs of the wound defect. A – the wound defect in the buccal area with a hyperemic mucous membrane along the 
periphery and a fibrinous plaque in the center. Experimental group 1. Day 3. B – the wound defect in the cheek area with a fibrinous 
plaque in the center. Macroscopic appearance, typical for groups with wound coverage. Experimental group 2. Day 3. C – the wound 
defect in the buccal area with hyperemic mucous membrane along the periphery and fibrinous plaque in the center. Experimental 
group 1. Day 7. D – the wound defect in the buccal area with a fibrinous coating in the center. Macroscopic appearance, typical 
of groups with wound coverage. Experimental group 3. Day 7. E – the scar at the site of a wound defect in the buccal mucosa. 
Decreased soft tissue volume. Experimental group 1. Day 12. F – the regenerated buccal mucosa at the site of a wound defect.  
Slight cicatricial deformity, unexpressed decrease in soft tissue volume. Macroscopic appearance, typical of groups with wound 
coverage. Experimental group 3. Day 12

Рис. 2.  Макрофотографии раневого дефекта.  А – раневой дефект в области щеки крысы с гиперемированной слизистой оболочкой 
по периферии и фибринозным налетом в центре. 1-я экспериментальная группа. 3-и сутки исследования. B – раневой 
дефект в области щеки крысы с фибринозным налетом в центре. Макроскопическая картина, характерная для групп 
с раневым покрытием. 2-я экспериментальная группа. 3-и сутки исследования. С – раневой дефект в области щеки крысы 
с гиперемированной слизистой оболочкой по периферии и фибринозным налетом в центре. 1-я экспериментальная группа. 
7-е сутки исследования. D – раневой дефект в области щеки крысы с фибринозным налетом в центре. Макроскопическая 
картина, характерная для групп с раневым покрытием. 3-я экспериментальная группа. 7-е сутки исследования. E – рубец 
на месте раневого дефекта слизистой оболочки щеки крысы. Снижение объема мягких тканей. 1-я экспериментальная группа. 
12-е сутки исследования. F – регенерировавшая слизистая оболочка щеки крысы на месте раневого дефекта. Незначительная 
рубцовая деформация, невыраженное снижение объема мягких тканей. Макроскопическая картина, характерная для групп 
с раневым покрытием. 3-я экспериментальная группа. 12-е сутки исследования

А B

C D

E F
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Fig. 3.  The mucous membrane of a rat lip during healing of a wound 
defect. A – predominance of inflammatory cells in the wound 
defect area on day 3. Histological picture characteristic of 
all experimental groups. Experimental group 1. B – cells of 
the inflammatory infiltrate and actively degranulating mast 
cells surrounded by separate connective tissue fibers on 
day 7. Experimental group 1. C – formed connective tissue 
with a predominance of fibroblasts on day 7. Histological 
picture characteristic of the groups with wound dressing. 
Experimental group 3. D – area of the wound defect on 
day 12 in the group without wound dressing with formed 
connective tissue, persistent inflammatory infiltration 
and degranulation of mast cells. Experimental group 1. 
E – formed connective tissue with single fibroblasts and 
macrophages on day 12. Histological picture characteristic 
of the groups with wound dressing. Experimental group 2. 
Toluidine blue, ×900. 1 – neutrophils (NP), 2 – macrophages 
(MP), 3 – fibroblasts (FB), 4 – mast cells (MC), 5 – plasma 
cells (PC), 6 – lymphocytes (LC), 7 – eosinophils (EP)

Рис. 3.  Слизистая оболочка губы крысы в ходе заживления раневого дефекта. А – преобладание клеток воспалительного 
инфильтрата в области раневого дефекта на 3-и сутки исследования. Гистологическая картина, характерная для 
всех экспериментальных групп. 1-я экспериментальная группа. B – клетки воспалительного инфильтрата и активно 
дегранулирующие тучные клетки в окружении отдельных соединительнотканных волокон на 7-е сутки исследования.  
1-я экспериментальная группа. С – сформированная соединительная ткань с преобладанием клеток фибробластического 
ряда на 7-е сутки. Гистологическая картина, характерная для 2-й и 3-й экспериментальных групп. 3-я экспериментальная 
группа. D – область раневого дефекта на 12-е сутки исследования со сформированной соединительной тканью, 
сохраняющейся воспалительной инфильтрацией и дегрануляцией тучных клеток. 1-я экспериментальная группа. 
Е – сформированная соединительная ткань с единичными фибробластами и макрофагами на 12-е сутки исследования. 
Гистологическая картина, характерная для 2-ой и 3-ей экспериментальных групп. 3-я экспериментальная группа. 
Толуидиновый синий, ×900 1 – НФ, 2 – МФ, 3 – ФБ, 4 – ТК, 5 – ПЦ, 6 – ЛЦ, 7 – ЭФ

А B

C D

E



КЛИНИЧЕСКАЯ И ЭКСПЕРИМЕНТАЛЬНАЯ МОРФОЛОГИЯ / CLINICAL AND EXPERIMENTAL MORPHOLOGY       Том 11  № 1  2022 55

Оригинальные исследОвания

served a large number of mitochondria (M) with clearly 
structured crypts, as well as an extensive rough endoplas-
mic reticulum (RER) and the Golgi complex (GC). 

In experimental group 1, the ND of granular MCs de-
creased to 17.0 (16.0; 19.0) per 1 mm2 of section, which 
did not differ from that in experimental groups 2 and 3 
(p=0.065) (Table).

ND of EPs did not significantly differ between the ex-
perimental groups (р=0.089) and reached 75.0 (73.0; 77.7) 
per 1 mm2 of section for group 1, which was 7.5 times 
greater than in the control group (р=0.029) (Table).

In all experimental groups, ND of PCs did not signifi-
cantly differ from that in the control group being 176.0 
(173.2; 178.7) per 1 mm2 of section (р=0.087) (Table).

In experimental group 1, ND of LCs was 161.0 (159.0; 
164.0) per 1 mm2 of section and did not differ significantly 
from that in other experimental groups (р=0.085) but it was 
13.4 times higher than in the control group (р=0.036) (Table).

In experimental group 3, ND of FBs reached 5378.5 
(5346.2; 5465.7) per 1 mm2 of section which was 1.4 times 
higher than in groups 1 and 2, and 14 times higher than in 
the control group (р=0.041) (Table).

In all groups, there prevailed young fusiform FBs with 
moderately developed synthesis organelles: rough endo-
plasmic reticulum (RER) and the Golgi complex (GC). In 
the nuclei with small invaginations, HH condensed along 
the periphery as osmiophilic lumps, and decondensed chro-
matin was distributed in the central part of the nuclei. Large 
mitochondria (M) with complexly structured crypts were 
visualized inside the cytoplasm. Vesicles (V) with suspected 
procollagen molecules were observed near the cell mem-
brane (PM). On the periphery of the FBs, there were signs 
of extracellular edema and collagen protofibrils (Fig. 4D).

In animals of group 1, on day 7, there was no facial 
asymmetry and swelling of the buccal region on the side 
of the surgical intervention. The wound was 8.2±2.1 mm2, 

Table | Таблица
The number density of cellular components in the wound defect area of the oral mucosa (per 1 mm2 of section) | 

Численная плотность клеточных элементов в области раневого дефекта слизистой оболочки полости рта (в 1 мм2 среза)

ND of NP |
ЧП НФ

ND of MP |
ЧП МФ

ND of FB |
ЧП ФБ

ND of MC |
ЧП ТК

ND of PC |
ЧП ПЦ

ND of LC |
ЧП ЛЦ

ND of EP |
ЧП ЭО

Control |
Контроль

12.0
(10.0; 17.7)

163.0 (158.0; 
165.0)

380.0
(376.0; 391.7)

45.00
(43.0; 46.0)

176.0
(173.2; 17.7)

12.0
(0; 14.0)

10.0
(0; 20.0)

Day 3 | 3-и сутки
Group 1 |
1-я группа

2911.5*
(2865.0; 2956.0)

772.5*
(750.2; 788.0)

3782.0*
(3721.0; 3849.5)

12.0*
(12.0; 13.0)

197.0
(9.0; 10.7)

161.0*
(159.0; 164.0)

75.0 *
(73.0; 77.7)

Group 2 |
2-я группа

1765.0*#
(1745.7; 1793.7)

1274.0*#
(1251.7; 1294.0)

4464.0*
(4418.5; 4505.5)

17.0*
(16.0; 19.0)

192.0
(89.0; 94.0)

147.5*
(144.0; 149.7)

55.0*
(52.0; 56.0)

Group 3 |
3-я группа

1355.5*#
(1294.0; 1366.5)

1750.0 *#
(1735.2; 1785.5)

5378.5*#
(5346.2; 5465.7)

17.0*
(16.0; 20.0)

192.0
(88.0; 94.0)

149.0*
(145.0; 152.7)

47.0*
(45.0; 50.0)

Day 7 | 7-е сутки
Group 1 |
1-я группа

1148.0*
(1128.5; 1171.2)

1846.0*
(1831.2; 1869.0)

4530.5*
(4472.5; 4579.7)

 127.0*
(125.0; 131.0)

73.5*
(71.2; 77.7)

323.0*
(319.0; 327.0)

71.0*
(67.2; 72.7)

Group 2 |
2-я группа

855.5*
(791.7; 919.7)

 1470.5*
(1435.2; 1488.7)

5436.0*
(5372.7; 5512.2)

224.5*#
(220.2; 321.0)

98.0*#
(95.2; 102.1)

548.0*#
(544.5; 563.0)

42.0*#
(38.0; 44.7)

Group 3 |
3-я группа

581.0*#
(569.7; 585.7)

1128.0*#
(1118.5; 1145.7)

6136.0*#
(6126.0; 6145.0)

321.0*#
(319.0; 327.0)

127.0#
(122.0; 131.0)

629.0*#
(627.2; 635.0)

29.0*#
(25.2; 32.0)

Day 12 | 12-е сутки
Group 1 |
1-я группа

457.0*
(452.0; 465.0)

971.0*
(947.0; 1138.2)

2746.5*
(2639.0; 2906.0)

130.0*
(125.2; 132.0)

100.0*
(95.0; 102.0)

226.0*
(223.0; 229.0)

18.0*
(16.0; 19.0)

Group 2 |
2-я группа

99.5*#
(95.0; 102.0)

159.0#
(157.2;163.7)

397.0#
(392.2; 400.7)

45.0#
(43.2; 46.0)

151.0#
(145.2; 155.0)

109.0*#
(108.0; 113. 5)

10#
(0; 10.0)

Group 3 |
3-я группа

12#
(12.0; 13.0)

147,5#
(143.0; 149.7)

397.5#
(395.0; 402.0)

45.0#
(43.0; 46.0)

175.0#
(173.0; 177.0)

935*#
(91.0; 95.0)

10#
(10.0; 17.0)

* – significant differences compared to the control group (p<0.05); # – significant differences compared to group 1 (p<0.05)
ND – numeric density, NP – neutrophils, MP – macrophages, FB – fibroblasts, MC – mast cells, PC – plasma cells, LC – lymphocytes, 
EP – eosinophils
* – достоверные различия по сравнению с контрольной группой (p<0,05); # – достоверные различия по сравнению с 1-й группой 
(p<0,05)
ЧП – численная плотность, НФ – нейтрофилы, МФ – макрофаги, ФБ – фибробласты, ТК – тучные клетки, ПЦ – плазмациты, 
ЛЦ – лимфоциты, ЭФ – эозинофилы
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Fig. 4.  Electron micrographs of cells from the wound defect area. 
 A – accumulation of inflammatory cells with predominance of polymorphonuclear leukocytes on day 3, ×5000. B – neutrophil 

from the wound defect area with outgrowths of plasma membrane and phagolysosomes indicating high phagocytic activity 
on day 3, ×20000. C – macrophage with multiple pronounced synthesis organelles, outgrowths of plasma membrane, 
phagolysosomes and residual bodies inside the cell on day 3, ×20000. D – young fibroblast with signs of increasing synthetic 
activity: a large number of mitochondria and pronounced rough endoplasmatic reticulum, cytoplasmic outgrowths on day 3, 
×20000. E – degranulating mast cell with low synthetic activity on day 7, ×20000. F – mature fibroblasts with signs of high 
synthetic activity surrounded by formed collagen networks in groups with wound covering on day 7, ×20000.  
G – formed connective tissue with fibrinoid areas at the wound defect site with cells of the fibroblastic and macrophage series 
on day 12, ×5000. 

 N – nucleus, HH – heterochromatin, EU – euchromatin, RER – rough endoplasmic reticulum, GC – Golgi complex, M – mitochondria,  
R – ribosome, PM – plasma membrane, NM – nuclear membrane, L – lysosome, RB – residual bodies, V – vacuole, Vez – vesicle, Gr – granule. 
Gl – glycogen, FF – fragments of fibers, CF – fragments of cells, FC – fibers of collagen, , FIB – fibrinoid, BC – basal cell of epithelium,  
* – outgrowths of the cytoplasm

Рис. 4.  Электронные микрофотографии клеток из области раневого дефекта. 
 А – скопление клеток воспалительного инфильтрата с преобладанием полиморфноядерных лейкоцитов на 3-и сутки 

исследования, ×5000. B – нейтрофил из области раневого дефекта на 3-и сутки исследования с выростами 
плазматической мембраны и фаголизосомами, свидетельствующими о высокой фагоцитарной активности, ×20 000. 
С – макрофаг с множественными выраженными органеллами синтеза, выростами плазматической мембраны, 
фаголизосомами и резидуальными тельцами внутри клетки на 3-и сутки исследования, ×20 000. D – юный фибробласт 
с признаками нарастающей синтетической активности – большим количеством митохондрий и выраженной гЭПР, 
выростами цитоплазмы на 3-и сутки исследования, ×20 000. E – дегранулирующая тучная клетка с низкой синтетической 
активностью на 7-е сутки исследования, ×20 000. F – зрелые фибробласты с признаками высокой синтетической 
активности в окружении сформированных коллагеновых волокон во 2-й и 3-й экспериментальных группах на 7-е сутки 
исследования, ×20 000. G – сформированная соединительная ткань с участками фибриноида на месте раневого дефекта 
с клетками фибробластического и макрофагального ряда на 12-е сутки исследования, ×5000

 N – ядро, HH – гетерохроматин, EU – эухроматин, RER – гранулярный эндоплазматический ретикулум, GC – комплекс Гольджи,  
М – митохондрия, R – рибосома, PM – плазматическая мембрана, NM – ядерная мембрана, L – лизосома, RB – резидуальные тельца,  
V – вакуоль, Vez – везикула, Gr – гранула. Gl – гликоген, FF – обломки волокон, FC – обломки клеток, FC – коллагеновые волокна,  
Fib– фибриноид, BC – базальная клетка, * – выросты цитоплазмы

in the center of which there was a loose fibrinous plaque, 
which was easily removed after the wound was debrided 
with a cotton swab moistened with 0.05% chlorhexidine 
solution. Bleeding from the wound was insignificant. Along 
the edge of the regenerating surface, we observed a rough 
matte pink tissue, sharply limited from the normal mu-
cous membrane, which, in turn, was slightly hyperemic 
and edematous along the edges of the defect. There was a 
decrease in the soft tissue volume in the wound area which 

is supposed to follow a consequence of cicatricial deformity 
of the wound (Fig. 2C).

In groups 2 and 3, there was no facial asymmetry; the 
wound under the membrane was clean and without plaque. 
The size of the defect was 4.8±2.1 mm2, which is not sig-
nificantly different (p=0.065). The mucous membrane 
around the wound defect was pale pink and nonedematous. 
Regeneration occurred with sufficient restoration of soft 
tissue volume (Fig. 2D).

А B
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C

E

D

F

G
Fig. 4. (end)
 N – nucleus, HH – heterochromatin, EU – euchromatin, 

RER – rough endoplasmic reticulum, GC – Golgi complex, 
M – mitochondria, R – ribosome, PM – plasma membrane, 
NM – nuclear membrane, L – lysosome, RB – residual bodies, 
V – vacuole, Vez – vesicle, Gr – granule. Gl – glycogen,  
FF – fragments of fibers, CF – fragments of cells, FC – fibers 
of collagen, , FIB – fibrinoid, BC – basal cell of epithelium,  
* – outgrowths of the cytoplasm

Рис. 4. (окончание)
 N – ядро, HH – гетерохроматин, EU – эухроматин,  

RER – гранулярный эндоплазматический ретикулум,  
GC – комплекс Гольджи, М – митохондрия, R – рибосома, 
PM – плазматическая мембрана, NM – ядерная мембрана,  
L – лизосома, RB – резидуальные тельца, V – вакуоль,  
Vez – везикула, Gr – гранула. Gl – гликоген, FF – обломки 
волокон, FC – обломки клеток, FC – коллагеновые волокна,  
Fib– фибриноид, BC – базальная клетка, * – выросты 
цитоплазмы
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On day 7, there preserved cellular composition of the 
infiltrate (Fig. 3B, C), while the ND of cell populations 
changed.

We studied ND of NPs in all groups and compared the 
data to those of day 3. We detected a 2.3-fold decrease in 
groups 1 and 3 and a 2-fold decrease in group 2 (р=0.042).

In groups 1 and 2, the ND of MPs did not differ signifi-
cantly and increased 2.4 and 1.3 times, respectively, com-
pared to the figures of day 3 (р=0.033). In group 3 and the 
control group, this indicator was 1.6 and 11.1 times lower, 
respectively, than in groups 1 and 2 (р=0.035) (Table).

ND of PCs and LCs changed as well. ND of PCs de-
creased by 2.7, 1.9, and 1.5 times in experimental groups 
1, 2, and 3, respectively (p=0.043). It was 2.4 times lower 
in group 1 and 1.8 times lower in groups 2 and 3 than in 
the control group (р=0.034). On the contrary, ND of LCs 
increased significantly 2, 3.7, and 4.2 times in experimental 
groups 1, 2, and 3, respectively (р=0.04). It was 27 times 
higher in group 1 and 52 times greater in groups 2 and 3 
than in the control group (р=0.04) (Table).

ND of EPs decreased significantly only in experimental 
group 3 and was 29.0 (25.2; 32.0) per 1 mm2 of section, 
which was 1.6 times lower compared to that on day 3, but 
2.9 times higher than that in the control group (р=0.029) 
(Table). In experimental groups 1 and 2, there were no 
significant differences in comparison with day 3 (р=0.079).

ND of granulated MCs increased 10.6, 13.2, and 18.4 
times in groups 1, 2, and 3, respectively, compared to that 
on day 3 (р=0.022). It was 2.7, 5, and 7.1 times higher in 
experimental groups 1, 2, and 3, respectively, than in the 
control group (р=0.033) (Table).

MCs were located mainly near the vessels. Inside the 
cells, we observed numerous granules of different electron 
densities, which were partially released into the surround-
ing tissue by exocytosis. In the cytoplasm, we detected 
only RER and well visualized mitochondria (M). The nu-
clei (N) were with a moderate amount of heterochromatin 
(HC) (Fig. 4E).

ND of FBs was 1.2 times higher compared to that in all 
experimental groups (р=0.045) on day 3. We observed a 
12-fold, 14-fold, and 16-fold increase in FBs in groups 1, 
2, and 3, respectively, compared to that in the control group 
(р=0.047) (Table). At the same time, this indicator in group 
3 was 1.35 times higher (р=0.039), whereas the indicator 
in group 2 did not differ from the group without wound 
dressing.

In the groups with coating, the branched FBs had a 
high synthetic activity: euchromatin (Eu) occupied almost 
the entire area of the nucleus (N). In the cytoplasm, there 
visualized well-developed RER with dilated cisterns and 
homogeneous content of average electron density, free pol-
ysomes (P) and hypertrophied GC. Micropinocytic vesicles 
(Vez) migrated from RER and GC, which contained mol-
ecules procollagen. The plasma membrane (PM) formed 
numerous outgrowths (*) for exocytosis. In the surrounding 
tissues, we found clearly structured collagen fibers (CF) 
located in different planes (Fig. 4F). In the uncoated group, 

young fibroblasts still predominated; their ultrastructure 
remained practically unchanged in comparison with that 
on day 3.

On day 12, there was no facial asymmetry in all experi-
mental groups. At the site of the wound defect, we observed 
a scar 4.5±0.3 mm long in group 1 and 1.5±0.2 mm and 
1.4±0.2 mm long in groups 2 and 3, respectively. The mu-
cous membrane around the scar was pale pink and noned-
ematous. In group 1, there was a decrease in the soft tissue 
volume at the site of the wound defect. In groups 2 and 
3, we visualized regeneration with full restoration of soft 
tissues (Fig. 3E, Fig. 3F).

On day 12, ND of MCs in groups 2 and 3 did not dif-
fer significantly from that in the control group and was 
2.9 times higher than in group 1 (р=0.025). ND of FBs in 
the same groups reached control values and was 6.9 times 
greater than in the uncoated group (р=0.021) (Table). In 
groups 2 and 3, the cells were elongated and narrow. Het-
erochromatin (HH) was detected in the nuclei, indicating a 
decrease in the functional activity of cells. The organelles 
were well defined; the cisterns of the GC and RER were 
not dilated. We did not detect extracellular edema around 
the cells, but observed clearly organized collagen fibers, 
among which there were complexes of myelin-free nerve 
fibers united by Schwann cells (A) (Fig. 4F).

On day 12, neutrophilic infiltration was still preserved 
in experimental group 1 (Fig. 3E). Their ND was 4.6 times 
higher than in group 2 and 38 times higher than in group 
3 and the control group (р=0.012). In groups 2 and 3, this 
indicator reached the control values (Table).

In groups 2 and 3, ND of MPs reached the control group 
values of 159.0 (157.2; 163.7) and 147.5 (143.0; 49.7), 
respectively, which was 6 times lower than in group 1 
(р=0.022) (Table).

In the uncoated group, we detected macrophages (MPs) 
with signs of dysfunction: the nuclei contained fragmented 
heterochromatin (HH); organelles inside the cells were 
not expressed; GC and RER lay as separate cisterns; and 
there was a large number of phagolysosomes and residual 
bodies in the cytoplasm. MPs were located near clusters 
of fibrinoid (Fib) and surrounded by osmiphilic granules 
(presumably by mast cells and neutrophils) and in the 
lamina propria near the basal layer (BC) of the epithelium 
(Fig. 3G). The fibrinoid formed a coach for the migration 
of epithelial cells during re-epithelialization of the wound, 
which would subsequently undergo phagocytosis by mac-
rophages. At the same time, their phagocytic activity de-
creased: invaginations and outgrowths of the cytoplasm 
decreased in size and there were practically no digestive 
vacuoles inside the cells. 

ND of PCs in the coated groups did not significantly 
differ from that in the control group but was 1.75 times 
higher than in group 1 (р=0.038). Compared to the data 
obtained on day 7, ND of LCs decreased by 1.42 times 
in group 1, 5 times in group 2, and 6.7 times in group 3, 
respectively (р=0.045). However ND of LCs did not reach 
the control values (Table). 
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In groups 2 and 3, ND of EPs reached the control values 
and was 1.8 times greater than in group 1 (р=0.038) (Table).

Thus, on day 12, almost all the studied parameters 
reached the control values in groups with wound dress-
ing, except for ND of NPs and LCs for group 2 and ND of 
LCs for group 3. In the group with no wound dressing, no 
indicators reached the control values.

Discussion
During the regeneration of the oral mucosa wound de-

fect, there occured a complex of intercellular interactions, 
the mechanism of which is still to be fully understood. 
These interactions aim at restoring the integrity of the tis-
sue and protecting it from aggressive influence [6]. The 
defect restoration was carried out as a result of the coor-
dinated activity of FBs, MPs, MCs, agranulocytes, and 
granulocytes [7].

The 1st stage of wound healing proceeded with a pre-
dominance of the inflammatory reaction for the first three 
days. It was aimed at limiting the defect containing ne-
crotic tissues, microorganisms and elements of primary 
contamination from healthy tissues by removal of these 
pathological products and elimination of the consequences 
of damage [8].

Primarily, the main role in inflammation belonged to 
NPs, the ND of which increased significantly in all experi-
mental groups. They alomost did not occur in the intact 
mucous membrane. NPs cleaned the wound defect from 
tissue dendrite and microorganisms and secreted biologi-
cally active substances necessary for the migration of other 
cellular elements into the wound [6]. Electron microscopy 
showed an increase in their phagocytic activity. 

According to modern concepts of the inflammatory pro-
cess, neutrophilic infiltration was replaced by macrophage 
for the implementation of phagocytosis [6]. Releasing bio-
logically active substances, MPs influenced the prolifera-
tion of FBs. In addition, they synthesized the extracellular 
matrix independently [9, 10].

When using a polymer membrane, especially in the 
group with copper spraying membrane, we observed a more 
active change from neutrophilic to macrophage infiltration, 
which can indicate a more rapid abatement of the inflamma-
tion phase. In addition to the active phagocytic processes, 
MPs had the ultrastructure signs indicating a high level 
of synthetic processes associated with the formation of 
biologically active substances determining inflammatory 
and regenerative processes [11].

A decrease in ND of MCs occurred as a result of their 
degranulation, during which biologically active substances 
were released to regulate the vascular wall tone and the 
migration of other cells to the inflammation focus [12, 13]. 
MPs were predominantly located near the lumen of the 
vessels with interstitial edema.

In all experimental groups, an increase in the NDs of 
PCs, LCs, and EPs was due to tissue metabolism and acid-
base balance was disturbed as a result of edema, which led 
to the activation of these cell populations in the wound. 

They participated in the destruction of microorganisms 
and due to the release of biologically active substances at-
tracted cells of the inflammatory infiltrate into the wound. 
The role of EPs is not fully understood, but they are sup-
posed to play a role in the anti-infectious protection of the 
wound [14–16].

Simultaneously with the inflammation phase, there oc-
curred the formation of granulation tissue at the wound 
defect site. In this process, FBs produced the components 
of the intercellular substance. In this regard, their ND in-
creased.

On day 7, the cellular composition of the infiltrate was 
preserved.

The leading role in the inflammatory process was passed 
to MPs, which became the dominant population in com-
parison with NPs. This was due to the fact that, in addition 
to the immune function, including phagocytosis of dead 
NPs [17], MPs influenced the proliferation of FBs, play-
ing an important role in the development of connective 
tissue [18, 19].

At this stage, an increase in the ND of MCs was a result 
of their migration to the wound defect zone. Active migra-
tion of MCs into the wound was probably facilitated by 
the piezoelectric properties of the protective membrane; 
therefore, the cells of this population were more abundantly 
present in experimental groups 2 and 3 compared to those 
in the group group without coating. The appearance of MCs 
at the wound defect site in this phase was most likely due to 
the fact that they played a significant role in the formation 
of loose connective tissue [20].

On day 7, proliferation became the dominant process. In 
the groups where polymer membranes were used to protect 
the wound defect, the number of FBs increased in com-
parison with that in the group group with the conventional 
treatment, where the formation of loose fibrous connective 
tissue was violated by constant trauma because of chemical 
and mechanical irritators.

The next stage of wound regeneration occurring on 
day 12 was scar reorganization, where the interaction be-
tween MCs and FBs was of primary importance. With an 
increased content of the former, a pronounced formation 
of fibrous tissue and keloid scars were observed, which 
we detected in the group without wound defect protection 
[21]. The persistence of macrophage infiltration and their 
ultrastructural abnormalities in the uncoated group were a 
poor prognostic sign because they were prerequisites for 
the development of cicatricle changes [22]. LCs took part 
in the restructuring of the scar as well, releasing biologi-
cally active substances that affected the termination of the 
proliferation of FBs, that is why their ND increased in all 
experimental groups [23].

In all experimental groups, the wound healing process 
was based on a complex interaction of cell populations at 
the defect site, which determined the speed and quality 
of wound healing. Knowledge of these mechanisms and 
the ability to modulate them can optimize the process 
of wound management [4, 24, 25]. The present research 
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demonstrated that the use of polymer membranes, es-
pecially with copper deposition, contributed to a more 
physiological change from one cell population to another 
and their cascade interaction during wond healing.

Conclusion
We identified the patterns of changes in the cellular 

composition of a wound defect during regeneration. The 
use of wound dressing contributed to reduced regeneration 
time, which was observed during the analysis of changes 
in cell populations at different stages of healing. For ex-
ample, in groups with wound dressing, the replacement 
of neutrophilic with macrophage infiltration was more in-
tensive, and this indicated a decrease in the inflammation. 
When the wound defect was closed, the proliferation was 
more active, which can be argued based on changes in 
the number density of fibroblasts and their ultrastructural 
structure. Moreover, in the groups with wound dressing, 
on day 12, the numeral density of macrophages reached 
control values in contrast to the group without it. It was a 
marker of scar tissue formation in experimental group 1. 
Lymphocytes and plasma cells were active in groups with 
coating; they also participated in the reorganization of the 
scar at the final stages of wound healing.

Thus, the closure of the oral mucosa wounds with poly-
mer piezoelectric membranes had a positive effect on the 
restoration of the qualitative and quantitative cellular com-
position of the tissue, and, supposedly, reduced the risk of 
postoperative complications. 
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