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Abstract

A new method has been proposed for the treatment of gunshot wounds complicated by nosocomial microflora. The method is based on the
treatment of wounds with high-intensity pulsed optical radiation of a continuous spectrum in the wavelength range from 200 to 1100 nm. A
pulsed xenon lamp is used as a radiation source. The effect of high-intensity pulsed wide-spectrum optical radiation and low-intensity continuous
UV radiation with a maximum at a wavelength of 272 nm and a half-width of the spectrum of 12 nm on the course of the wound process in a
gunshot injury was compared. It has been shown that the effect of such radiation on tissues with signs of purulent-inflammatory process provides
an antibacterial effect and stimulates tissue regeneration. At the same time, high-intensity wide-spectral optical radiation has a more pronounced
anti-inflammatory effect and contributes to the earlier development of tissue regeneration compared with low-intensity narrow-spectrum UV
radiation. However, the use of high-intensity optical radiation requires an individual dosage for each phase of the wound process.
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UMIYJIbCHAS LUMPOKOCIEKTPAJIbBHAS POTOTEPAINUA
OIHECTPEJIbHbIX PAH MATKUX TKAHEU

B.B. barpos', A.H. bo6un?, B.A. bo6bines?, J1.1O. Bonogun', [1.B. Nasbigos?3,

A.C. Kampykos', A.B. Kongpatses', M.B. Hectepoea?, M.C. MNeuepckas?, A.B. ®arees?,
M.A. Weppuna?, H.b. caynenko?

"MOCKOBCKMI TOCYAAPCTBEHHbIN TEXHUYECKMIA yHMBEPCUTET MMern H.D. baymara (HaumoHans-
HBIM MCCrefoBaTENbCKMI yHMBEpcuTeT), Mocksa, Poccus

2[NOBHbIM BOGHHBIN KNMHMYECKMIt rocnuTans umenn akagemuka H.H. bypaerko Munucrepcrsa
obopoHbl Poceuickon Pepepaunmn, Mocksa, Poccms

SPoccuitckmit yHmnsepeuteT apyx6bl Hapopos mm. [Natpuca Jlymymbsl, Mocksa, Poccus

Peslome

MpepnoXeH HOBbIV METOZ AJ1A JIEYEHNA OTHECTPESIbHBIX PaH, OC/IOXKHEHHBIX KOHTaMMHaLMEeN HO30KOMUanbHo MUKpodopoil. MeTog oc-
HOBaH Ha 06paboTKe paH BbICOKOMHTEHCVBHBIM MMMY/IbCHbIM ONTUYECKMM 13MyYeHUEeM CMTOLHOTO CeKTpa B Anana3oHe AnvH BosiH oT 200
0 1100 HMm. B KauecTBe NCTOUHMKA U3/TyYEHWNA UCNOMb3YeTCA UMNY/bCHAsA KCeHOHOBasA flamna. lMpoBeeHO CpaBHEHME BAVAHUA Ha TeYeHne
paHeBOro npouecca Npu OrHeCTPesIbHON TpaBMe BbICOKOMHTEHCUBHOIO MMMYNbCHOTO WNPOKOCMNEKTPabHOrO ONTUYECKOTO M3lyYeHNa 1
HV3KOMHTEHCVIBHOTO HempepbiBHOro YO n3slyyeHnsa ¢ MakCMMYMOM Ha [iIMHE BOJTHbI 272 HM 1 NMONYLIMPUHOW cnekTpa 12 HM. MokasaHo, 4to
BO3/leNCTBYE TaKNX N3NYYEHWNIN Ha TKaHU C MPU3Hakammn rHOMHO-BOCNaNMTENbHOIO npoLecca obecneurBaeT aHTUOaKTepUanbHbI 3GdeKT 1
CTUMYNUPYET pereHepaLmio TkaHeid. Mpn 3TOM BbICOKOVHTEHCVBHOE LIMPOKOCMEKTPaIbHOe ONTnYeckoe nsnlyyeHre obnagaet 6onee Bbipa-
»KEHHbIM MPOTMBOBOCMANVTENbHBIM AeNCTBMEM 1 CNIOCOOCTBYET Honee paHHeMy pPa3BUTUIO pereHepaLnn TKaHel MO CPAaBHEHWIO C HA3KOMH-
TeHcKBHbIM YO n3nyyeHnem y3koro cnektpa. OfHako npuMeHeHne BbICOKOMHTEHCMBHOMO OMTUYECKOro M3NyyYeHnsa TpebyeT nHAnBmayanb-
HOW AO3UPOBKM ANA Kaxkaon dasbl paHeBOro npotecca.
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Introduction

In modern medicine, one of the issues that remains
extremely relevant is the search for methods that increase
the effectiveness of local treatment of wounds of various
etiologies [1, 2]. This problem has acquired particular
significance in connection with the increase in the number
of military conflicts and terrorist attacks [3, 4, 5]. In case of
gunshot injury, complex pathomorphological processes
occur in the body [6]. Polyorganic structural disorders and
functional changes resulting from tissue damage and
metabolic imbalance combined with inevitable bacterial
contamination of gunshot wounds create conditions
that increase the incidence of infectious complications in
wounded patients by 5-6 times compared with surgical
patients [7, 8,9, 10].

One of the causes of complications due to gunshot
wounds are pathogens of nosocomial infections (S.aureus,
Paeruginosa, E.coli, Klebsiella spp., etc.), the etiological
significance of which has increased significantly in recent
years [8]. A distinctive feature of hospital microflora
is polyresistance to antibacterial drugs and increased
virulence of opportunistic pathogens with relatively low
pathogenicity (for example, Acinetobacter spp.) against the
background of reduced reactivity of the body and inhibition
of the reparative regeneration process [6].

In these conditions, it is rational to use technologies that
allow simultaneous action on various pathogenetic links
of the wound process. For this purpose, various methods
of local wound treatment have been proposed: chemical,
biological, physical and reconstructive-plastic [11].

Active study and development of physical methods of
influencing wounds, in particular, optical radiation of various
spectral ranges [12, 13], are due to the prospect of their
use for targeted regulation of wound process phases. The
experimental data available today indicate high efficiency
of the biocidal action of high-intensity pulsed optical
radiation of a wide spectrum [14, 15, 16, 17]. However, the
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issue of its effect on reparative tissue regeneration in the
area of a gunshot wound is currently insufficiently studied,
which complicates the development of new approaches to
the treatment of acquired infected defects of soft tissues.

The aim of this work was to study the efficiency of
high-intensity pulsed optical radiation of a continuous
spectrum in the wavelength range of 200-1100 nm as a new
physical factor on the course of the wound process in the
treatment of gunshot infected defects of soft tissues and its
comparison with the wound healing effect of continuous
low-intensity UV radiation.

Materials and methods

Characteristics of the research object

The object of the study were 30 sexually mature male
Wistar rats weighing 390+10 g. The animals were kept
under standard vivarium conditions in individual cages
with free access to food and water. The experiments were
conducted in accordance with international and national
legislation on compliance with the principles of humane
treatment of animals. Permission to conduct the study was
obtained from the Independent Ethics Committee of the
Burdenko Main Military Clinical Hospital of the Ministry of
Defense of the Russian Federation.

Anesthetic support

All  manipulations with animals were performed
under general anesthesia. The main anesthetic used was
Zoletil®100 (VIRBAC, France) (5 mg/kg of animal weight),
approved for use in the Russian Federation.

Modeling of an infected gunshot wound

The development and creation of a model of gunshot
injury were implemented in the conditions of shooting
range of the 111th Main State Center for Forensic and
Criminalistic Examinations of the Ministry of Defense of the
Russian Federation.

After induction into anesthesia, fixation of the animal in
aspecially designed device (Fig. 1) and topographic marking

Puc. 1. dopmupoBaHue
MOAENN OrHEeCTPENbHOIO
paHeHus.

Fig. 1. Formation of

a model of a gunshot
wound.
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Ta6nauua

Pulsed wide-spectral phototherapy of soft tissue gunshot wouds

PacnpegeneHue }XMBOTHbIX NO rpynnam B 3aBUCUMOCTHU OT XapaKTepa BO3/JEeNCTBUSA HA C¢OpMVIpOBaHHyIO OrHe-

CTPENbHYIO paHy
Table

The distribution of animals into groups depending on the nature of the impact on the formed gunshot wound

Fpynnbi
XKNBOTHbIX

Bupg Bo3gencrensa
Ha paHeBYI0 NOBEPXHOCTb

KonuuectBo
XKUNBOTHbIX

| OrHecTpenbHas paHa (rpynna )

Il NHdMUMpoBaHHas orHecTpenbHas paHa (KoHTponbHas rpynna ll)
An infected gunshot wound (control group Il)

NHdMuUmMpoBaHHasA orHecTpenbHan paHa + BbICOKOMHTEHCMBHOE UMMYJSIbCHOE
onTMYecKoe M3NyyeHmre WNPOKOro cnekTpa (annapat «3apHuua-A»).

CneKTpanbHbI AnanasoH — AA=200-1100 Hm;
SHepreTnyeckas ao3a obnyyeHus — 1,5 [xx/cm?
no3sa B YO-C granasoHe (AA=200-280 Hm) - 0,15 xx/cm?;
UMNybCcHanA 061yYeHHOCTb paHbl ~200 BT/cv?

11l pexnm BO3[eCTBUA — UMMNYSIbCHO-MEPUONYECKUIA.
Infected gunshot wound + high-intensity pulsed optical radiation

of a wide spectrum (Zarnitsa-A device)

spectral range — AA=200-1100 nm;
energy dose of radiation - 1.5 J/cm?,
the dose in the UV-C range (AA=200-280 nm) - 0.15 J/cm?;
the pulse irradiation of the wound ~200 W/cm?
the exposure mode - pulse-periodic.

NHduumMpoBaHHas orHecTpenbHas paHa + HU3KOVHTEHCBHOE HerpepbiBHoe YO
13ly4YeHue y3Koro cnektpa (annapart «3apHuua-[»)

CNeKTpanbHbI nanasoH A=272+6 HM;
SHepreTyecKkas fo3a obnyueHns — 0,29 Ix/cv?
no3a B YO-C guanasoHe - 0,23 [Ixk/cvm?;
0651y4eHHOCTb paHbl ~4 MBT/cm?

vV peXX1m BO3AENCTBUA — HEMPEPbIBHbIN.
Infected gunshot wound + low-intensity continuous narrow-spectrum

UV radiation (Zarnitsa-D device)

spectral range — A\=272+6 nm;
the energy dose of radiation — 0.29 J/cm?;
the dose in the UV-C range - 0.23 J/cm?;
the irradiation of the wound ~4 mW/cm?;
the exposure mode - continuous.

Gunshot wound (group 1) 6
8

MapameTpbl 06nyyeHus:
8

Irradiation parameters:

MNapameTpbl 06nyyeHusA:
8

Irradiation parameters:
Bcero nabopaTopHbIX XMBOTHbIX: 30

Total laboratory animals:

of the main anatomical structures located in the area of the
back of the left thigh on the skin, each animal received one
penetrating gunshot bullet wound. The weapon used was
a small-caliber rifle CZ 452-2E ZKM (made in the Czech
Republic) with Standard cartridges of 22 caliber (bullet with
a diameter of 5.66 mm and a weight of 2.6 g). The rifle was
placed in a specialized fixing machine for small arms. The
shot was fired from a distance of 1.0 m. The muzzle velocity
of the bullet was 320 m/sec; kinetic energy - 133 J.

Depending on the nature of the subsequent impact
on the gunshot wound, all animals were divided into four
groups (table). In three groups of animals (groups II, Il and
IV), 2 hours after the gunshot wound, the wounds were
infected once with a suspension of Klebsiella pneumoniae
and Acinetobacter baumannii bacteria. In group |, the
gunshot wound was not artificially infected.

Equipment for experiments on remote exposure of
wounds to optical radiation

Prototypes of phototherapeutic devices of two types
were used in the study':

« a high-intensity pulsed optical irradiation device
"Zarnitsa-A" based on a pulsed xenon lamp generating
continuous spectrum radiation in the wavelength range
from 200 to 1100 nm [15, 16];

« a LED device "Zarnitsa-D" providing irradiation of
wounds with low-intensity continuous UV radiation of
a narrow spectrum with a spectral band width of 12
nm and a maximum at a wavelength of 272 nm [18]
(this device can be considered a modern analogue

'The Zarnitsa-A and Zarnitsa-D devices were developed and manufac-
tured at the Research Institute of Power Engineering of the Bauman
Moscow State Technical University.

22

BIOMEDICAL PHOTONICS T. 14, Ne 1/2025



Bagrov V.V, Bobin A.N., Bobylev V.A., Volodin L.Y., Davydov D.V., Kamrukov A.S.,
Kondratiev A.V., Nesterova M.V., Pecherskaya M.S., Fateev A.V., Shchedrina M.A., Esaulenko N.B.

Pulsed wide-spectral phototherapy of soft tissue gunshot wouds

of traditional medical devices based on low-pressure

mercury lamps).

The Zarnitsa-A device uses a compact pulsed xenon
lamp PPF2-5/60 (manufactured by Rider LLC, Russia) with
an internal diameter of the quartz shell of 5 mm and an
interelectrode gap length of 60 mm, the initial xenon
pressure in the lamp is 400 mm Hg. The lamp shell is made of
high-quality quartz glass with transmission in the UV region
at wavelengths of A = 210-400 nm of more than 80%. The
lamp is mounted on the axis of a conical aluminized reflector
with an output quartz window with a light diameter of 50
mm. The average electric power of the lamp is 100 W at a
pulse repetition rate of 5 Hz and their duration of ~ 20 ps.

The wound surface was irradiated daily for 21 days,
starting from the first day after infection. Before irradiation,
the wound was cleaned of necrotic tissue, fibrin and dried.

Irradiation parameters

The Zarnitsa-A device was used to treat gunshot
wounds at a distance of 10 cm from the irradiator to the
wound surface with a wound irradiation duration of 60
s. The total dose of UV-C radiation (AN = 200-280 nm)
per irradiation cycle (60 s) was 0.15 J/cm? in the integral
radiation spectrum (A\ = 200-1100 nm) ~1.5 J/cm? (in the
center of the light spot); the diameter of the irradiation zone
(light spot) at the half-intensity level was 5 cm. The density
of the pulsed power of optical radiation on the object
(irradiance) was ~200 W/cm?>.

When irradiating gunshot wounds with the Zarnitsa-D
device, the distance from the irradiator to the wound surface
was 2 c¢m; duration of the procedure (1 cycle) of wound
irradiation was 72 s; total dose of UV radiation (AA\= 272+6
nm) per 1 irradiation cycle was 0.29 J/cm? (UV-C dose —0.23 J/
cm2), diameter of the irradiation zone (spot) - 5 cm. Radiation
power density on the object was about 4 mW/cm?

The work with the devices was carried out using UV-
protective glasses for the researcher and a protective screen
for the eyes of the animals.

Research methods

Clinical studies

Clinical monitoring of the somatic condition of the
animals was carried out daily for up to 21 days: the body
weight of the animals was measured, the pain component
was assessed. Regionally, the course of the wound process
was assessed based on clinical markers of inflammation
(the degree of hyperemia and tissue edema, the amount
and nature of wound discharge), as well as the dynamics of
wound healing using photography and video filming.

The presence and severity of pain syndrome in the
wound area were determined by changes in the eating
behavior of the animals: in case of no changes in the
volume of food consumed, it was assumed that pain
symptomatology was absent (0 points), and in case of
refusal of food, the severity of pain was significant (3 points).

A scoring system was also used to assess the severity of
hyperemia and tissue edema: 0 points — pale pink color / no

edema; 1 point — mild hyperemia / minor edema; 2 points —
moderate hyperemia / moderate edema; 3 points — severe
hyperemia/pronounced edema.

Microbiological studies were performed at the Center for
Clinical Laboratory Diagnostics of the Federal State Budge-
tary Institution "N.N. Burdenko Main Military Clinical Hospi-
tal" of the Ministry of Defense of the Russian Federation.

In preparation for the described cycle of experiments
with a gunshot wound, we preliminarily conducted in
vitro microbiological studies on the bactericidal properties
of the types of optical radiation used — broad-spectrum
high-intensity pulsed ("Zarnitsa-A") and narrow-band low-
intensity continuous ("Zarnitsa-D"). Six clinically significant
strains of microorganisms obtained from the biomaterial
of patients were selected as objects of research, including
gram-negative strains: Klebsiella pneumoniae, Escherichia
coli, Proteus mirabilis, Acinetobacter baumanii and gram-
positive strains: Staphylococcus epidermidis, Enterococcus
faecalis. The studies showed a higher bactericidal efficiency
of high-intensity pulsed radiation, but did not reveal a
significant difference in the photoresistance of the studied
types of bacterial microflora to the applied optical radiation.
The results of these studies were partially published in
[15, 16, 18]. In this regard, two clinical polyresistant strains
isolated from the biomaterial of patients in the surgical
departments of the hospital and related to gram-negative
ESKAPE pathogens were selected as representative
exogenous sources of contamination of gunshot wounds:
A.baumanii and K.pneumoniae.

The daily culture of microorganisms was diluted with
salinetoaconcentration of 108 CFU/ml, which corresponded
to an optical density of 0.5 according to the McFarland
turbidity standard for each microorganism. Turbidity was
measured using a BD Phoenix Spec nephelometer (Becton
Dickinson@Company, USA).

Wound infection in animals of groups I, Il and IV
was carried out by dropwise introduction of 0.1 ml of a
suspension of a mixed bacterial culture of A.baumanii and
K.pneumoniae into the area of the wound channel entrance,
which ensured contamination of the wound with ~5.10¢
cells of each microorganism. In group |, the gunshot wound
was not artificially infected.

Ondays1,3,7,10,15and 21 from the momentof gunshot
injury and wound infection, microbiological studies of
wound discharge with a quantitative determination of each
strain of microorganism were performed in all animals.

Pathomorphological studies were conducted in the
Department of Pathological Anatomy of the Burdenko Main
Military Clinical Hospital of the Russian Ministry of Defense.
A 0.5%1.0 cm? soft tissue fragment was taken from the entry
wound site of a gunshot wound for pathomorphological
studies in all experimental groups on days 1, 3, 7, 10, 15,
and 21 after injury and infection. A standard protocol
was used to process the obtained biological material.
Samples were prepared using a Leica ASP6025S automatic
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vacuum histological processor (Leica Biosystems, USA). All
preparations were stained with hematoxylin and eosin.
Histological micropreparations were examined at 10x, 20X,
and 40x magnification using a Leica DM3000 direct light
laboratory microscope (Germany).

Microscopic preparations were scanned on an Aperio
AT2 scanning device (manufacturer Leica, USA) at a mag-
nification of 20 For morphological analysis, micro-
photographs were prepared from scanned slides in the
Aperio ImageScope (12.3.3) program (developer Leica, USA).

Results

Somatic condition assessment

Starting from day 3 to day 15 of observation, a decrease
in body weight was noted in all laboratory animals in all
groups (Fig. 2). The greatest loss of body weight (15.7%) was
recorded in animals of group lIl; the smallest (5%) was noted
in groups | and IV. After day 15, most animals in all groups
gained weight, reaching the initial indicators by day 21.

Pain syndrome assessment

Gunshot injury was accompanied by pain syndrome,
the intensity of which in animals in all groups was greatest
on the 3rd day after the start of the experiment (1.13+0.2
points in group |, 2.5+£0.16 points in group Il, 1.92+0.24
points in group lll, 1.58+0.2 points in group IV).

During the entire subsequent observation period, a
gradual decrease in the intensity of the pain syndrome was
recorded, and the average pain intensity values in points
in animals of group Il were always higher than in animals
of groups Il and IV, which indicates that broad-spectrum
optical and short-wave UV irradiation reduce pain syndrome
in the case of infected wounds.

Evaluation of the degree of tissue hyperemia and
edema

Inall groups, the maximum degrees of tissue hyperemia/
edema developed by the 3rd day of observation, with the
most pronounced ones occurring in animals of groups Il
and lll (Fig. 3).

By the 10th day, the color of the perifocal tissues and
the degree of edema in the laboratory animals of group |
returned to normal values, in the other groups the severity
of hyperemia/edema gradually decreased, remaining to
the greatest extent in the group with an infected gunshot
wound (group Il). On the 15th day, hyperemia and edema
were noted only in the group with an infected gunshot
wound (group lI).

The purulent-hemorrhagic nature of the wound
discharge persisted for up to 7 days in all groups. Starting
from the 7th day, in laboratory animals in groups |, llland IV,
the nature of the wound discharge was serous-hemorrhagic.

Thus, the greatest severity and duration of the
inflammatory process in the area of the gunshot wound
were observed in the experimental animals of group I
(infected gunshot wound). Exposure to high-intensity
continuous-spectrum optical radiation (group Ill) and low-

Pulsed wide-spectral phototherapy of soft tissue gunshot wouds
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Fig. 2. Dynamics of decrease in body weight of laboratory animals
during the experiment (Roman numerals correspond to the
numbers of experimental groups of animals).

intensity continuous narrow-spectrum UV radiation (group
IV) reduced the duration and activity of the inflammatory
process in an infected wound, bringing the dynamics of
the wound process closer to the nature of the course in an
uninfected wound (group ).

Results of microbiological studies

In experimental groups Il and IV, where the
corresponding types of optical radiation exposure to
the wound surface were applied, there was no growth of
K.pneumonia and A.baumannii strains, starting from the
first day. In group lI, the growth of the declared pathogenic
strains (K.pneumonia and A.baumannii) persisted for up
to 17 days with a gradual decrease in concentration to 10°
CFU/ml by the specified time.

Analysis of the results of microbiological examination
of wound discharge in animals with a gunshot infected
wound demonstrated a stable bactericidal effect of high-
intensity optical radiation of the continuous spectrum of the
Zarnitsa-A device and low-intensity continuous UV radiation
of the narrow spectrum of the Zarnitsa-D LED device on
gram-negative bacteria K.pneumoniae and A.baumannii.
This effect was expressed throughout the study.

Results of morphological studies

The dynamics of the wound process at the cellular and
tissue levels was studied by microscopic examination of
the material obtained as a result of a lifetime biopsy of soft
tissues from the zone of the gunshot defect in animals of
all experimental groups. A brief description of the results
obtained is given below.

Fig. 4 shows micropreparations of the animal wound on
the 3rd day of treatment.

In the wound injuries of animals of groups | and Il on the
third day, the prevalence of necrobiotic changes remained
the same as on the first day, namely: cellular detritus with
diffusely expressed dense segmented nuclear infiltration,
a large number of neutrophilic leukocytes (75-80%) in
a state of degeneration and destruction (in the form of
karyopyknosis and karyorrhexis, cytolysis). The remaining
20-25% of the cellular composition is represented by
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Fig. 3. Dynamics of hyperemia (a) and edema (6) in laboratory
animals during the experiment (Roman numerals correspond to
the numbers of experimental groups of animals)

lymphocytes, monocytes and individual macrophages and
polyblasts. In general, the nature of changes in soft tissues in
these groups on the third day of observation corresponded
to the first phase of the wound process and did not have
significant morphological and morphometric differences in
intergroup comparison.

In group Il of animals, against the background of a decre-
ase in morphological markers of inflammation, cases of
formation of immature granulation tissue were noted.
Enhanced angiogenesis with proliferation of vascular
endothelium was observed (in different rats from 19 to 26
vessels per 1 mm?). In the structure of the cellular composition,
adecrease in the content of neutrophilic leukocytes to 65-50%
and an increase in the number of macrophages were observed.

In group 1V, all laboratory animals in biopsy specimens
still showed a predominance of necrobiotic changes,

namely: cellular detritus with pronounced dense
segmented nuclear infiltration and a large number of
neutrophilic leukocytes (70-60%). However, the severity of
the inflammatory process decreased.

By the seventh day, animals of group | showed signs of
transition of the wound process to the regeneration phase
and decreased severity of inflammation, as evidenced
by changes in the cellular composition: a 1.6-2.5-fold
decrease (compared to the first three days) in the number
of neutrophilic leukocytes, an increase in the number of
regeneration predictors: macrophages, mast cells, fibroblast
proliferation, increased angiogenesis (in different rats from
9 to 16 vessels per 1 mm?), as well as the development of
immature granulation tissue.

In animals of group Il, a pronounced inflammatory
process persisted: the predominant elements of the
cellular composition were neutrophilic leukocytes (70-
80%); angiogenesis was poorly developed, fibrin thrombi
persisted in some vessels.

Inanimals of groupsllland IV, regression of inflammatory
reactions and activation of reparative regeneration due to
external exposure to optical radiation were clearly observed.
Formation of mature granulation tissue was clearly visible
in biopsies. Formation of vertically located vessels with
endothelial proliferation was observed (from 10 to 15 per
1 mm?). In the structure of the cellular composition, tissue
undifferentiated polyblasts, fibroblasts, lymphocytes, as
well as macrophages and mast cells predominated (70-
80%). The content of neutrophilic leukocytes was 20-30%,
which indicates a significant decrease in the severity of
the inflammatory process, mainly in group Il (Zarnitsa-A
device). In general, the nature of changes in soft tissues in
groups lll and IV corresponded to the second phase of the
wound process - the regeneration phase.

On the 10th day, the majority of laboratory animals in
three of the four experimental groups - |, llland IV - showed
a morphological picture reflecting the progression of
regeneration in the area of the gunshot wound.

In all animals in groups Il and IV, whose wounds were
irradiated with optical radiation, the biopsy specimens
clearly showed the formation of mature granulation tissue,
the formation of vertically located vessels with endothelial
proliferation (from 10 to 12 per T mm?); stroma with signs of

Puc. 4. MukponpenapaTbl paHbl XXMBOTHbIX Ha 3-1 fieHb iedenus (3/1 — 1-a rpynna; 3/11 — II-a rpynna; 3/11l - lll-a rpynna; 3/IV — IV-a rpynna): J1 —
cerMeHTosiAepHble IeMKOUMTbI; H — HEKPO3 MArkux TKaHew; H-b — HeKpo3 MArkux TKaHen ¢ kposousnusiHuew; HI — Hespenas rpaHynsiuMOHHas
TKaHb, pa3BUTHE aHIMOreHe3a ¢ 04aroBoi nponudepaument aHgotenus. MacwrtabHas meTka — 200 MKM; OKpacKa — reMaToOKCU/IMH-303UH.

Fig. 4. Micro-preparations of animal wounds on the 3rd day of treatment (3/1 — 1st group; 3/Il - Il group; 3/1ll - 11l group; 3/IV - IV group):
J1 - segmented leukocytes; H — necrosis of soft tissues; H-b — necrosis of soft tissues with hemorrhage; HI — immature granulation tissue,
development of angiogenesis with focal proliferation of the endothelium. The scale label is 200 microns; the color is hematoxylin-eosin.
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fibrosis. In the structure of the cellular composition, fibroblasts,
macrophages and mast cells predominated (75-80%). The
content of neutrophilic leukocytes was 20-25%, indicating an
insignificant severity of the inflammatory process.

In group Il of animals, a pronounced inflammatory
process persisted by the 10th day. There were no trends
towards activation of the connective tissue regeneration
process in the area of the infected gunshot wound. In
all the biopsies examined from the area of the gunshot
wound, immature granulation tissue with a predominance
of neutrophilic leukocytes in the structure of the cellular
composition was determined. Angiogenesis was poorly
developed, fibrin thrombi were noted.

On the 15th day, the positive dynamics of the wound
healing process in Group | was generally maintained,
in particular, a partial transition from the regeneration
phase to the phase of scar reorganization (reparation) and
epithelialization (phase Il of the wound process) was noted.

In Group I, positive dynamics were also noted compared
to the previous morphological picture: five animals showed
pronounced activity of the tissue regeneration process in
the area of the gunshot infected wound. Morphologically,
granulation tissue formation was observed in biopsies,
the number of vessels decreased (up to 15 per 1T mm?),
the vessels took a vertical position, and the endothelium
showed signs of proliferation. In the structure of the cellular
composition, the content of neutrophilic leukocytes was
35-45%. However, in the other three animals of the group,
regeneration was less pronounced: immature granulation
tissue, active angiogenesis (the number of vessels up
to 25 per 1 mm?), and stroma with minimal signs of
collagenization were determined. The cellular composition
is represented by 50-60% neutrophilic leukocytes.

In group I, all examined biopsies showed the presence
of mature granulation tissue, vertically oriented vessels, and
endothelium with signs of proliferation. Angiogenesis activity
was reduced:the number of vessels was upto 10 per 1 mm2The
stroma was compacted with collagenization. However, com-
pared to the previous morphological picture, in this group, on
the 15th day, a slowdown in the rate of tissue regeneration
with an increase in the activity of the inflammatory process

was observed. In the structure of the cellular composition, the
content of neutrophilic leukocytes increased from 20-25%
to 40-50%; the remaining 50-60% of cells are represented by
tissue undifferentiated polyblasts, fibroblasts, lymphocytes, as
well as macrophages and mast cells.

Unlike group lll, laboratory animals of group IV did
not show any increase in the activity of the inflammatory
process and maintained a stable sequence of early
interphasetransitioninthe dynamics ofthe wound process,
namely, the transition from the regeneration phase to
the scar reorganization and epithelialization phase. In
the cellular composition, the proportion of neutrophilic
leukocytes was 20-30%, tissue undifferentiated polyblasts,
fibroblasts, lymphocytes, as well as macrophages and mast
cells formed 70-80%. Formation of mature granulation
tissue was clearly visible in the wound. Angiogenesis
activity was reduced: the number of vessels was up to
10 per 1 mm?2 The vessels were located vertically, the
endothelium showed signs of proliferation.

Fig. 5 shows micropreparations of the animal wound on
the 21st day of treatment.

When analyzing the dynamics of the wound process
on the 21st day, it was noted that in groups | and IV, the
wound process entered the phase of scar reorganization
and epithelialization in all laboratory animals. In group
I, the process of transition to the third phase was not
completed in most animals, but maintained positive
dynamics. In the structure of the cellular composition,
the content of neutrophilic leukocytes was 30-40%. In
group I, no significant differences in the dynamics of the
wound process were observed compared to the previous
morphological picture - the rate of tissue regeneration in
the wound area was slowed down against the background
of the continued activity of the inflammatory process.

Discussion of the results

The conducted studies of reparative regeneration of
soft tissues in the area of infected gunshot injury allow to
make the following clinical conclusions.

The slowest development of the regeneration process
was observed in Group Il (infected gunshot wound). This is

21/

21/l 4 : | 21/1v

¥

Puc. 5. Mukponpenapatbl paHbl }KUBOTHbIX Ha 21-i1 AeHb nevyenus (21/1 — 1-a rpynna; 21/I1l - ll-a rpynna; 21/111 - lll-a rpynna; 21/1V - V-5
rpynna): 3I' — dopmMupoBaHue 3penow rpaHyaLMOHHON TKaHU ¢ Ha4anom 06pa3oBaHUa BePTUKaIbHO PacnoioXKeHHbIX COCYA0B ¢ nponude-
pauueii aHaotenus; JIM — BocnaneHue npeacTaB/ieHO paccesiHHbIMU ieiiKouuTamu, iumdoLMTaMu 1 nnasMmouutamu; [l — KNeTo4HbIN 4eTPUT;
K - nponudepauus ¢pu6po6nacTos, Ty4HbIX KNEeTOK u MakpodaroB. MaclutabHas MeTKka — 200 MKM; OKpacKa — reMaTOKCUJIMH-303UH.

Fig. 5. Micro-preparations of animal wounds on the 21st day of treatment (21/1 - 1st group; 21/11 - 1l group; 21/1ll - lll group; 21/IV - IV
group): 3l — formation of mature granulation tissue with the onset of formation vertically located vessels with endothelial proliferation;
NN - inflammation is represented by scattered leukocytes, lymphocytes and plasmocytes; 1 — cellular detritus; K — proliferation of
fibroblasts, mast cells and macrophages. The scale label is 200 microns; the color is hematoxylin-eosin.
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due to the presence of long-term (up to 10 days) bacterial
inflammation.

The effect of high-intensity optical radiation of a wide
spectrum and low-intensity continuous UV radiation of a
narrow spectrum on the tissues of infected gunshot wounds
accelerates the transition between the inflammatory and
regenerative phases of the wound process. Compared with
Group ll, the regeneration process in the area of the infected
wound began 7-10 days faster, and compared with Group |
(uninfected gunshot wound) - 3-5 days faster.

When analyzing the wound-healing effects of various
types of optical radiation, it was found that high-intensity
broad-spectrum optical radiation has a more pronounced
anti-inflammatory effect in the first phase of the wound
process and ensures earlier development of tissue rege-
neration compared to low-intensity continuous narrow-
spectrum UV radiation.

However, at prolonged application (more than 10 days)
high-intensity pulsed optical radiation of wide spectrum
with the dosage selected in this work caused slowing
down of tissue regeneration process in the area of wound
damage, which should be taken into account when carrying
out therapeutic procedures.

It should be noted that in the described experiments
the dosage of the optical radiation used was set based on
the results of previously conducted in vitro microbiological
studies, which determined the bactericidal effectiveness
of various types of optical radiation against clinically
significant strains of pathogenic microorganisms [15, 16,
18]. The doses used reduced the initial level of bacterial
contamination of the surface of the nutrient media by
more than 6 decimal orders. Thus, the magnitude of the
energy dose in these experiments was determined by the
requirement to ensure a bactericidal effect in the wound.
It was believed that effective suppression of bacterial flora
activity is one of the main factors determining the nature of
the course and duration of the wound process.

In this regard, it can be assumed that the observed
effect of inhibition of regenerative histogenesis in the
wound with a simultaneous increase in the activity of the
inflammatory process in the case of long-term use (more
than 10 days) of sufficiently high energy doses of pulsed
optical irradiation is associated with an overdose of such an
effect on the granulation tissues and epithelial layers that
arise during regeneration. An overdose of optical radiation,
and primarily its short-wave UV component (UV-C and UV-B
components) is accompanied by increased concentrations
of photochemical destruction products of intracellular
structures (proteins, lipids, nucleic acids, etc). These
destruction products are, in fact, photoinduced antigens
and should be neutralized and removed as a result of the
inflammatory process. This can explain the prolonged
nature of inflammation and inhibition of reparation
observed in the experiments after 10 days of irradiation
with the Zarnitsa-A device. Thus, the use of high-intensity

pulsed irradiation for wound therapy requires strict
methodological justification of the regime parameters and,
first of all, the applied dose characteristics for each phase of
the wound process.

Based on the results of the study, we can make a
preliminary conclusion about the need for a gradual
reduction in the doses of pulsed broad-spectrum optical
irradiation in the phases of regeneration and reorganization
of the scar (Il and Il phases of the wound process) to a
preventive level of exposure, which is 10-20% of the initial
dose, providing an anti-inflammatory (bactericidal) effect.

The experiments also showed that low-intensity
UV radiation from LEDs, even at higher energy doses com-
pared to pulsed optical radiation, has a smaller photo-
chemical effect in biological tissues and, under the modes
used in these experiments, did not cause any pronounced
negative effects. Nevertheless such radiation accelerated
the development of the phases of regeneration and
reorganization of the scar and epithelialization.

Conclusion

The research proposes a new approach to the treatment
of gunshot wounds complicated by nosocomial microflora.
The essence of the method lies in the effect on the wound
surface of high-intensity pulsed optical radiation of a wide
spectrum, continuously covering the entire UV range (from
200 to 400 nm), visible and near infrared spectral regions. A
pulsed xenon lamp is used as a radiation source, on the basis
of which the Zarnitsa-A device was created. A comparison
was made of the effect on the course of the wound process
in gunshot trauma of high-intensity pulsed broad-spectrum
optical radiation and low-intensity continuous UV radiation
of a LED device emitting a narrow-band emission spectrum
with a maximum atawavelength of 272 nmand a half-width
of 12 nm. It has been shown that high-intensity optical
radiation of a broad spectrum has a more pronounced anti-
inflammatory effect in the first phase of the wound process
and ensures earlier development of tissue regeneration
compared to low-intensity continuous UV radiation of a
narrow spectrum. However its use requires justification of
dose characteristics for each phase of the wound process.

Based on the results of the studies, it is recommended
to gradually reduce the dosage of pulsed broadband
optical irradiation in phases Il and Il of the wound process
to a preventive level of exposure, which is 10-20% of the
dose that provides a bactericidal effect. The results of the
studies show the potential for using optical irradiation
devices such as "Zarnitsa-A" and "Zarnitsa-D" for the
treatment of infected gunshot wounds for the purpose of
targeted action on the phases of the wound process and
accelerating healing.
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