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EFFECT OF PHOTOBIOMODULATION THERAPY WITH LOW
LEVEL LASER ON GINGIVAL IN POST-CURETTAGE PATIENTS

Wahyuningtya D.T.!, Astuti S.D.!, Widiyanti P.!, Setiawatie E.M.", Guspiari K.!, Amir M.S.',
Arifianto D.', Yaqubi A.K.!, Apsari A.2, Susilo Y.3, Syahrom A.*

'Airlangga University, Surabaya, Indonesia

2Hang Tuah University, Surabaya, Indonesia

3Soetomo University, Surabaya, Indonesia

“Universiti Teknologi Malaysia, Johor Bahru, Malaysia

Abstract
This research investigate how red laser treatment affects individuals who have had chemotherapy’s ability to heal their wounds. The sixty
individuals were split up into groups for treatment and control. On the third and fifth days, the treatment group had reduced signs of inflammation
and enhanced recovery. The results point to possible advantages of red laser treatment for recovery after a cure. 60 patients were divided into
30 therapy groups and 30 control groups to investigate the role of photo biomodulation therapy in wound healing. The therapy groups had 60
seconds of light biomodulation therapy utilizing a 650 nm red laser at a dose of 3,5 J/cm? The gingival index, prostaglandin E2, human defensin 2,
and interleukin-1{ levels in the laser-treated and control groups’saliva were measured. The level of significance was set at p <0.05. The result of this
study on day zero after curettage showed that subjects treated with 650 nm laser levels of prostaglandin E2, human defensin 2, and interleukin-18
remained essentially the same as the control group subjects without therapy. On the third and fifth days after curettage, subjects treated with
650 nm laser showed lower levels of prostaglandin E2, human defensin 2, and interleukin-1p. They exhibited substantial differences from the
control group subjects without therapy. The gingival index on post-curettage patients showed no significant differences between laser therapy
and control groups on day zero but significantly differed on the third and fifth days. Photobiomodulation therapy with a red laser can help the
healing of post-curettage subjects according to the analysis'findings of the gingival index, prostaglandin E2, human defensin 2, and interleukin-1f.

Key words: post curettage wound healing, 650 nm red laser, photo biomodulation, pro-inflammatory mediator.

For citations: Wahyuningtya D.T,, Astuti S.D., Widiyanti P, Setiawatie E.M., Guspiari K., Amir M.S., Arifianto D., Yaqubi A.K., Apsari A., Susilo Y.,
Syahrom A. Effect of photobiomodulation therapy with low level laser on gingival in post-curettage patients, Biomedical Photonics, 2024, vol. 13,
no. 3, pp. 4-13. doi: 10.24931/2413-9432-2024-13-3 -4-13

Contacts: Astuti S.D., e-mail: suryanidyah@fst.unair.ac.id

BIIMSAHUE DOTOBMOMOOYNAUMOHHOM TEPAMUU
C UCMOJIb3OBAHMEM JTIA3EPA (650 HM)
HA COCTOSHME OECEH MOCJIE KIOPETAXA

D.T. Wahyuningtya', S.D. Astuti!, P. Widiyanti', E.M. Setiawatie!, K. Guspiari', M.S. Amir’,
D. Arifianto!, A K. Yaqubi', A. Apsari?, Y. Susilo®, A. Syahrom*

'Airlangga University, Surabaya, Indonesia

’Hang Tuah University, Surabaya, Indonesia

3Soetomo University, Surabaya, Indonesia

“Universiti Teknologi Malaysia, Johor Bahru, Malaysia

Peslome
M3yueHo BnvAHMe nasepa, M3nyyalollero B KpacHOW obnactu cnekTpa, Ha CMOCOBHOCTb K 3aXKWMBEHWUIO paH Mmocsie xumuoTepanuu. B
nccnefoBaHny yyacTBoBany 60 YenoBek, KoTopble Obinv pasfesieHbl Ha ABe rPYNMbl: IeYEHVA U KOHTPObHaA. MaLneHTbl 13 rpynnbl IeyeHns
nonyvanu 60-ceKyHAHyI0 CBETOBYIO 6IOMOZYNALNOHHYIO Tepanuio C CMosib30BaHMEM KPacHOrO fasepa € ASIMHOW BOJIHbI 650 HM 11 CBETOBOW
no3on 3,5 [Ix/cm>? Bbinu n3mepeHbl fecHeBOW MHAEKC, YPOBHU mpocTarnaHamHa E2, yuenoseueckoro aedeHsnHa 2 v nHTepneinknHa-1p B
CJIIOHe MauMeHToB 13 06enx rpynm. MprHATHIN ypoBeHb 3HauMmocTn P<0,05. Pe3ynbTaTbl MCCNeoBaHNA MOC/e KopeTaxa rokasanu, 4to
y MaLMeHTOB, MNONYUYMBLUMX BO3AECTBME Na3epoM C ASIMHON BOJIHbI 650 HM, YpOBHM NpocTarnaHavHa E2, yenoseyeckoro gedeHcrHa 2 n
VHTepeliKnHa-13 ocTaBanncb NMPaKTUUECKN TaKUMI e, KaK U Y NaLyeHTOB KOHTPOSbHOW rpynnbl 6e3 Tepanuun. Ha 3-i1 v 5-i1 fHn nocne
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KlopeTa)ka y MauueHTOB rpynrbl jleyeHns Habnodanicb 6onee HU3KME YPOBHU MpocTarnaHivHa E2, yenoBeueckoro pgedeHsvHa 2 u
UHTeperiKMHa- 13, Yem B KOHTPOMbHOM rpynne. lecHeBo MHAEKC Y NaLMEHTOB NOC/e KIopeTaxa He BbIABW CYLLeCTBEHHbIX Pa3nnunii Mexay
rpynmnamu eYeHrsa 1 KOHTPONbHON FPyMnow B AeHb JIeYeHNA, HO 3HAaUNTENbHO OTIMYaNCA Ha 3-1 1 5-1 AHW. B 3TV cpoKw B rpynne neveHus
HabJI0AAN0Ch YMEHbLUEHVEe NPY3HAKOB BOCMANeHVsl U YCKOPEeHre Bbi3fopOoBeHus. Pe3ynbTaTbl yKa3blBaloT Ha BO3MOXHble MpenmMyLlecTsa
JleYeHMs fla3zepom, M3JyyaloWmnmM B KpacHOW 06acT CneKkTpa, ANA BOCCTaHOBAEHMA nocsie xumuotepanun. GotobriomoaynALMoHHan
Tepanusa KpacHbIM /1a3epoOM MOXET CMOCcOOCTBOBaTb MPOLIECCaM 3aXKMBIIEHMA Y NMALMEHTOB NOC/IE KIOpeTaxa CorflacHO pe3ynbTaTam aHanmsa
[leCHeBOro MHAeKca, mpocTarnaHaviHa E2, yenoseyeckoro gedeHcrHa 2 1 MHTepnenkHa-10.

KnioueBble cnoBa: 3aXXvBfieHNe paH Nnocse KiopeTaka, nasep 650 HM, ¢0T06VIOM0,E|yJ1ﬂL|,VIﬂ, NPOBOCMANUTENbHbIA MeanaTop.

Ona yutnposaHua: Wahyuningtya D.T., Astuti S.D., Widiyanti P, Setiawatie E.M., Guspiari K., Amir M.S., Arifianto D., Yaqubi AK., Apsari A.,
Susilo Y., Syahrom A. BnusaHue ¢otobromonynaLmMoHHOM Tepanuim ¢ UCNosib30BaHUEM Nlaepa (650 HM) Ha COCTOAHVE AeCEH MOCIIE KiopeTaxa
// Biomedical Photonics. — 2024. - T. 13, N2 3. - C. 4-13. doi: 10.24931/2413-9432-2024-13-3-4-13
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Introduction

Curettage is a type of periodontal therapy that makes
use of a tool or hand instrument to remove plaque,
classified deposits, and smooth cementum around
degenerated teeth. This is because plaque and deposits
combined with bacteria cause periodontal tissue
damage and stimulate the inflammatory process in the
gingival tissue, which can damage the alveolar bone and
cause tooth mobility in severe cases. After curettage, the
healing process is a series of natural processes that occur
in body cells damaged by trauma or anatomical traces.
This process begins somewhere between the second
and fifth days after curettage therapy. A healthy vascular
system will hasten to heal. If there is a bacterial infection
in the process, the process will be delayed or will not
occur at all. The increased dentistry using lasers over
the last few decades has led to amazing technological
advancements that can be used in dental care. The
co,, Neodymium: Yttrium-Aluminum-Garnet (Nd: YAG),
and Erbium: Yttrium-Aluminum-Garnet (EYAG) lasers
are the ones most frequently used to treat peri-dental
illness (Er: YAG) [1]. During treatments like gingivectomy,
curettage, and the elimination of melanin pigmentation,
it is frequently utilized to remove calculus, simplify bone
surgery, and lessen soft tissue injury [2]. In addition
to providing an antiseptic effect on non-vascularized
tissues (such as bone and dentin) and overcoming
antibiotic resistance in subgingival biofilms, lasers are
hypothesized to enhance decontamination during
treatment [3,4].

Oral disorders like tooth decay, periodontitis,
and gingivitis affect 3.47 billion people worldwide,
causing non-fatal impairment. Patient assessment of
treatment requirements and clinical results is crucial for
maintaining oral health. Healthy living, including dental
health, improves the quality of life, labour productivity,
and learning capacity [5]. The absence of clinically
detectable inflammation determines periodontal health
and bacterial plaque plays a role in the development and
maintenance of inflammation. Risk factors like diabetes,

smoking, and hereditary variables can affect periodontal
disease progression. Compliance with oral hygiene
practices and periodontal maintenance can impact local
bacterial infections [6].

The wound healing process consists of several
phases from hemostasis, inflammation, cell movement,
matrix- forming, and remodeling [7]. The wound healing
process caused by periodontitis will differ from person
to person, as many factors will influence the healing of
wounds, including aging and medication use, tobacco
use, and bacterial illnesses in which endotoxins can
cause an extended rise of pro-inflammatory cytokines,
interleukins-1pB (IL-13) and TNF-, thereby prolonging the
inflammatory phase and other factors that can inhibit the
wound healing process. Antibiotics are quite effective
in the treatment of infections and can also prevent the
onset of pain due to the wound healing process, even
though the optimal dose has yet to be discovered [8].

Photo-biomodulation therapy (PBM) is a low-
intensity light irradiation therapy used for medical and
dermatological conditions [9]. It involves ingestion of
photon energy by body tissues’ natural chromophores.
Near-infrared and red light are used for therapy in animals
and patients, as haemoglobin and melanin absorb blue
light at specific wavelengths [10].

Recent media interest has focused on photodynamic
therapy (PDT), a minimally invasive therapeutic
method, as a novel cancer treatment option. When a
photosensitizer is exposed to certain light wavelengths,
it combines with molecular oxygen to produce reactive
oxygen species, which cause cell death in the target
tissue [11]. Longer wavelengths of light (red and infrared)
penetrate the tissue more effectively because the
amount of light that is absorbed by the tissue reduces
as the wavelength increases. The «network optical
windows is the term for the 600 to 1200 nm wavelength
range. The skin is more sensitive to light because the
shorter wavelength (600 nm) penetrates less tissue and
absorbs more energy. Longer wavelengths (850 nm) lack
the energy to sufficiently create reactive oxygen species
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and excite oxygen in the singlet state. The highest tissue
permeability consequently occurs between 600 and 850
nm [12].

The 405 nm and 649 nm diode laser has been
demonstrated in aPDT15 and PBM investigations to
expedite the proliferative process of wound healing
following molar extraction based on the results of
histological and immunohistochemical testing [1]. In
a different study, 'bio stimulators’ were low-level lasers
and light-emitting diodes (LEDs) with less power than
surgical lasers. A sort of light therapy called photo-
biomodulation therapy (PBMT) encourages the growth
of epithelial cells, an anti-inflammatory response, pain
alleviation, and the prevention of scarring, all of which are
necessary for wound healing [13]. Laser is a non-invasive,
effective, safe, and inexpensive medical device based on
aPDT and PBMT therapy for response accelerators for
healing dental and oral diseases. Laser parameters and
dose influence therapy results. Low-level laser therapy
(LLLT) has short-term advantages in lowering pocket
depth, but medium-term effects are not significant.
Long-term benefits are unknown due to methodological
weaknesses and a lack of studies [14]. Research on LLLT
for wound healing continues [15].

Wound healing in the oral cavity involves repairing
palate and gingival tissue without scar tissue, influenced
by early inflammation, reduced immune mediators,
fewer blood vessels, bone marrow-derived cells,
quick re-epithelialization, and fibroblast proliferation
[16, 17]. Microbial infection of the oral cavity is a
common risk factor for periodontal disease, which
can lead to gingival inflammation and if not treated
promptly, may affect the periodontium in general
[18]. Bacteria that cause gingival inflammation are
Streptococcus, Haemophilus and Neisseria species [8].
Aggregatibacter  actinomycetemcomitans,  Tannerella
forsythia, Porphyromonas gingivalis, Campylobacter
rectus, Prevotella intermedia, and Selenomonas species are
among the most prevalent subgingival bacterial species
[11,19]. The duration of the natural wound healing
process is mainly caused by both local and systemic
disorders [20].

Local and systemic factors, such as poor blood flow,
infection, and foreign substances, affect wound healing.
To accelerate healing, therapeutic mechanisms like
photo-biomodulation laser therapy and non-invasive
approaches are needed. This study aims to determine
the method of laser diode therapy and the irradiation
time in root canal treatment.

Materials and Methods

Ethical Approval

The Ethics Committee of the Faculty of Dentistry at
Airlangga University has accepted this study with the
ethical number [551/HRECC.FODM/IX/2021].

Light Source

LLLT is a therapeutic advance that uses low-level
infrared light spectrum lasers. The effectisrelated totissue
bio-stimulation, with photoelectric, photo energetic, and
photochemical reactions eliciting a therapeutic response
[21]. Photo biomodulation, on the other hand, uses a 650
nm-wavelength diode laser to induce a quicker healing
process, as well as to reduce pain and inflammation by
stimulating the cell’s response to light. The diode laser
spectrum and power were tested with the Jasco CT-10
and Thorlabs S140C chromate detectors. The results of
laser characterization showed that the laser spectrum
was 650 = 0.05 nm, the power value was stable at 12.02
+ 0.01 mW, and the beam area was 0.20 + 0.03 with a
stable temperature of 32 °C during therapy. Therapy was
carried out at a distance of 1T cm from the wound with an
energy density of 3.5 J/cm? and a long exposure time of
60 seconds.

Treatments

The study involved 60 patients from the Dental and
Oral Hospital’s Periodontology section, divided into 30
therapy and control groups. The therapy group received
a 650-nm red laser photo biomodulation therapy for
60 seconds, followed by curettage. Saliva samples were
collected and transferred to ELISA plates. The samples
were then blocked with 10% ovalbumin and 100 mL of
hBD-1 mouse monoclonal antibody. The study aimed to
understand the effects of laser therapy on gingival and
salivary index in patients with periodontal cancer.

The study focuses on the characterization of a 650
nm diode laser used for photo biomodulation therapy,
with the control group not receiving any treatment.
The second phase is an experimental study examining
the impact of specific factors on other variables. This
study looked at gingival index and pro-inflammatory
mediators in response to different types of therapy,
specifically the administration of 650 nm diode laser
photo biomodulation therapy and wound healing with
antibiotics, in order to assess the level of effectiveness of
the red-light diode laser or its effect on the tissue wound
healing process in post-curettage patients. The test
group patients underwent conventional non-surgical
treatment associated with a laser irradiation session to
eliminate the bacterial biofilm from the root surface and
stop the inflammatory process. Prostaglandin E2 (PGE2),
interleukin-1 (IL1B), and human beta defensin 2 (HBD2)
concentrations were evaluated using the enymed-linked
immunosorbent assay and the gingival index.

Enzyme-Linked Immunosorbent Assay (ELISA)
Testing

By dilution, 120 | of Standard Solution into 120 |
of standard diluent was used to create the standard
and wash buffer. In deionized or distilled water, the
wash buffer was diluted with 15 ml of the wash buffer
concentrate before being mixed with 300 ml of water.
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The sample well plate and standard well (not the blank,
control well) each received 50 | of the standard, 40 | of
the sample, 10 | of anti-PGE2 antibody (or anti-IL13
antibody or anti-Human antibody defensins 2), and 50
| of streptavidin-HRP. The wells were sealed with sealer
and incubated for 60 minutes at 37 °C before being
rinsed three times with wash buffer. The next step is to
add 50 | of each of the following solutions to each well:
50 liters each of the substrate solutions A and B, 10
minutes of incubation at 37°C, and 50 | of stop solution
(blue color will turn yellow). An Elisa reader operating at
a wavelength of 450 nm was used to measure the optical
density (OD) following the addition of the Stop Solution.
Fig. 1 shows the diluting procedure for the sample.

Measurement of Gingival Index

Starting points included the third and fifth days
after curettage, as well as the zero-day before and
after, for dental index testing. A gingival index score of
post-curettage research subjects on day zero, third and
fifth following laser therapy is how the gingival index
examination was done. The gingival index (Gl), a metric
developed by Leo and Stillness, is employed to evaluate
the presence and degree of gingivitis in a community,
group, or person. The following criteria were used to
determine the gingival state and the gingival index
score: 0 indicates normal gingiva, 1 indicates a mild
inflammation with mild discoloration and mild edoema
but no bleeding on probing, and 2 indicates a significant
inflammation with redness, edoema, and glossy skin;
bleeding on probing. 3 = significant redness, edoema,
ulceration, and a propensity for spontaneous bleeding;
severe inflammation.

Data Analysis

This study gathered information on the gingival index,
proinflammatory markers such as PGE2, IL 1{3, and HBD-
2, as well as instrumentation tests using a diode laser.
The Kolmogorov-Smirnov test was used to determine
whether the data were normally distributed. Individual
sample T-Test can be used to do statistical analyses if
the data are regularly distributed. The interval/ratio
data scale, unpaired independent data groups, normal
distribution of group data, and the absence of outliers
in group data are necessary preconditions for using the
independent sample T-Test.

Results

IL 1B protein testing was conducted to monitor
inflammation during the wound healing process, both
before extraction (day 0) and after extraction (day three
and day five post-wound occurrence). In general, the
observation results indicated a decrease in the levels of
IL 1B. The normality test, performed using Kolmogorov-
Smirnov, demonstrated that the data exhibited a
normal distribution for the control group (without
photobiomodulation therapy) with a significance level

Puc. 1. MeToauKa cTaHAapTHOrO pa3BeAeHus.
Fig. 1. Standard dilution.

(a) of 0.300, while for the photobiomodulation therapy
group, it was 0.115. Table 1 shows that post-extraction
on day 1, day 3, and day five significantly impacted
IL 18 levels (p < 0.05). All control group subjects
exhibited higher IL 13 levels when compared to the
photobiomodulation therapy group.

Enzyme-linked immunosorbent assay PGE2 test
results

PGE2 protein levels fell from day zero to day five, which
are significant mediators in the etiology of periodontitis
and indications of inflammation in the healing phase of
wounds. The independent T-Test was used to compare the
PGE2 levels in the control and treatment groups to see if
there were any variations in the mean values between the
two unrelated sample groups. On the first, third, and fifth
days, T-Tests were performed on all data collected in the
control and treatment groups. On the first, third, and fifth
post-curettage days, the mean PGE2 values in the control
and treatment groups are displayed in Table 1.

PGE2 levels were measured in post-curettage
subjects using the expression test, and the results
showed greater levels in the laser therapy group but no
statistically significant difference from the control group.
The levels of PGE2 were lower in the laser therapy group
on the first, third-, and fifth days following curettage,
which was substantially different from the levels in the
control group. Figure 2 shows visually the amounts of
prostaglandin E2 at the zero, first, third-, and fifth-days
post-curettage in patients.
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Puc. 2. YpoBHM npoctarnaHguHa E2 B KOHTpoJsbHOW rpynne u
rpynne neyeHus.

Fig. 2. Prostaglandin E2 levels against the control and therapy
groups.
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Ta6nuua 1

PaGoTa ToKa y 60JIbHbIX C MPU3HAKaMu1 BOCMaNeHUst KUCT NOAXKENYA04YHOW XKene3bl U 63 NPU3HaKOB BocnaneHus

KUCT NOAKENYA04YHOM }Kenesbl
Table 1

Electric current work in patients with signs of inflammation of pancreatic cysts and without signs of inflammation

of pancreatic cysts

HezaBucumbiin
T-Tect

KoHTponb
Control 44417 10.54
0 JleueHne p=0277
Therapy 30 447.20 10.85
KoHTponb
Control 30 521.13 36.79
1 . p = 0.030*
eyeHune
Therapy 30 492.20 26.86
KoHTponb
Control 30 495.93 36.78
3 Jleuenve p=0031*
Therapy 30 369.77 36.90
KoHTponb
Control 30 481.73 40.02
> JNleuenne p=0.001*
Therapy 30 343.13 2233
*Pas3nnuma cTaTUCTUYECKN 3HaUYNMbl
*There is a different meaning
Enzyme-Linked Immunosorbent assay test results in 2000
Human defensin 2 1900 ——Control
Human defensin 2 protein levels, crucial for wound "
. . -2 1800
healing, decreased from day zero to day five, indicating 3 — Therapy
a decline in pathogenic bacteria colonization in the oral & '™
cavity. The amount of human defensin 2 proteins in the & 1600
control and therapy groups were compared using the 1500
Independent T-Test to determine the average difference
between the two groups of unrelated samples. T-Tests 1400 0 | 3 5

were run for the control and treatment groups on the
first, third, and fifth days. Table 2 shows the distribution
of the mean values of human defensin 2 in the control
and treatment groups in post-curettage patients on the
zero, first, third, and fifth days after curettage.

Based on the test results, the therapy group’s
expression of Human Defensin 2 had higher levels on
day zero of the wound-healing process in post-curettage
individuals, but it was not statistically different from the
control group. On the first, third, and fifth days, there
was a substantially different expression of defensin 2 in
the 650 nm red laser therapy group compared to the
control group. Human Defensin 2 levels in post-curettage
patients are depicted graphically in Figure 3 at zero, first,
third-, and fifth days following curettage.

Enzyme-Linked Immunosorbent assay test results
Interleukin-18

Measurements of interleukin-13 levels revealed a
decrease from day zero to day fifth. Then the results of
assessing interleukin-13 protein levels in the control and
therapy groups were compared using the Independent

Days

Puc. 3. CpaBHeHue ypoBHeN aedeH3MHa 2 YenloBEeKa B KOHTPOb-
HOW rpynne u rpynne ne4yeHus B nepuog ¢ 0-ro no 5-i AHu.

Fig. 3. Comparison of Human defensin 2 levels against the control
and therapy groups on zero-day to the fifth day.

T-Test to determine the average difference between the
two groups of unrelated samples. T-Tests for the control and
treatment groups were run on the first, third, and fifth days.
Table 3 displays the distribution of interleukin-1f in the
control and treatment groups for post-curettage patients
on the zero, first, third, and fifth days after curettage.

According to the test results, the therapy group’s post-
curettage subjects had greater levels of interleukin-1p at
day zero of the wound healing process than the control
group, although this difference was not significant
(p=0.127). On day first (p=0.043), third (p=0.029), and fifth
(p=0.027), interleukin-1p expression in the 650 nm red
laser treatment group was substantially different from
that of the control group. Human Defensin 2 levels in post-
curettage patients are depicted graphically in Figure 4 at
zero, first, third-, and fifth days following curettage.
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Gingival Index Test Results fluid discharge, color, shape alterations, acute bleeding,

The gingival index examination was conducted on and bleeding time. The study found that the control and wn
day zero, with further assessments after three days. The therapy groups had mildly inflammatory gingival health 5
condition index was calculated using measurements of on day zero, with the treatment group experiencing Q

—
Ta6nuuya 2 [a%
CpaBHeHUe pe3ynbTaToB He3aBUCUMOTo BbiIGOPoYHOro T-TecTa A/l ypoBHel YenoBedeckoro gedpeHcuHa 2 <
C KOHTPOJIbHOM rPYNMNon U rpynnou nevyeHus B 1-u, 3-14 1 5-i AeHb Nocne KlopeTaxa .
Table 2 <C
Comparison of the results of the Independent Sample T-Test for levels of Human defensin 2 against the control 7
group and the therapy group on day first, day third, and day fifth after curettage f—
HesaBucumbin Q
Fpynna T-tecr (2’4
KoHTpornb
Control 1647.70 38.60
0 JleueHne p=0687
Therapy 30 1680.83 73.58
KoHTpornb
Control 30 1864.77 32.51
1 I p = 0.000%
eueHue
Therapy 30 1727.30 85.09
KoHTponb
Control 30 1843.60 38.79
3 Jleyenve p=0018"
Therapy 30 1664.80 32.62
KoHTponb
Control 30 1709.00 43.12
> Jleuenvie p=0.001%
Therapy 30 1503.63 88.49

*Pa3nununa CTaTUCTUYECKN 3HAUUMBbI
*There is a different meaning

Ta6nuua 3

CpaBHeHue pe3ynbTaToB HE3aBUCMMOTr0 BbIGOPOYHOro T-TecTa ypoBHEM UHTEP/IEWNKMHA-13 C KOHTPONBHOW Fpynnomn
W rpynnov tepanuun Ha 0-i, 1-i, 3-i U 5- AHK Nocne KlopeTaxa

Table 3

Comparison of the results of the Independent Sample T-Test of interleukin-1p levels against the control group and
the therapy group on the zero, first, third, and fifth days after curettage

HesaBucumbliin
F'pynna T-Tect

KoHTponb
Control 30 1822.20 4138
0 n p=0.127
eyeHve
Therapy 30 1811.53 51.00
KoHTponb
Control 30 2223.97 88.53
1 n p = 0.043*
eyeHne
Therapy 30 1904.20 60.66
KoHTponb
Control 30 2086.90 91.59
> JleueHne p =0.029*
Therapy 30 1801.83 53.29
KoHTponb
Control 30 2000.30 87.03
> Neuenne p=0.027*
Therapy 30 1774.07 48.65

*Pasznnuma cTaTUCTMYeCcKn 3HaYnMbl
*There is a different meaning
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Puc. 4. CpaBHeHue YpOBHel UHTepNelKuHa-13 B KOHTPOIbHOW
rpynne v rpynne neveHus B nepuof ¢ 0-ro no 5-1 gHu.

Fig. 4. Comparison of interleukin-1p levels against the control and
treatment groups on zero-day to the fifth day.
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Fig. 5. Comparison of gingival index scores in the control group
and the therapy group.

Ta6nuua 4

severe inflammatory health. On day 3, the control
group deteriorated, while the treatment group showed
moderately inflammatory health, with an average score
of 1. The treatment group had a lower gingival index
score of 0.07 on the fifth day, compared to the control
group’s average gingival score of 0.4, which showed that
both groups were in good health. Figure 5 depicts the
evaluation of the gingival index in the laser treatment
and control groups on the first, second, third-, and fifth
days following curettage.

The average number of gingival indices varies, as
seen in Figure 9, but the shape and distribution of the
data are the same. The median difference’s significance
is not evident. Since the Gingiva Index measurement in
the control and therapy groups contains interval data,
the Mann-Whitney U method is utilized for the Non-
Parametric Test. The findings of the Mann-Whitney U test
in Table 4 indicate that there is a different interpretation
of the gingival index on the zero, first, third-, and fifth days
following curettage in the control group compared to the
treatment group in post-curettage patients (p < 0.05).

Discussion

Photobiomodulation therapy (PBMT) is a therapeutic
approach using low-level infrared light spectrum lasers
to stimulate tissue [22]. It works by absorbing photons
by molecular photo acceptors or chromophores [23].
Effective tissue penetration occurs between 650 and 1200
nanometers, with absorption and scattering stronger in
the blue section [24]. Most LLLT in animals and patients
uses red light and near-infrared [25].

PesynbraTtbl U-Tecta MaHHa-YUTHU Ha 0-#1, 1-i, 3-1 u 5- AHK Nocne KiopeTaxa

Table 4

Mann-Whitney U test results on zero, first, third, and fifth days after curettage

n

KoHTponb
0 Control =
JleueHune 30
Therapy
KoHTponb
1 Control 30
JleueHne
Therapy 30
KoHTponb
3 Control =
JleyeHne 30
Therapy
KoHTpornb
5 Control 30
JleueHne 30
Therapy

Kputepun

MaHHa-YutHmn

0.57
p=0.573
0.73
3.00
p = 0.000*
2.63
1.53
p=0.001%
1.00
0.40
p = 0.002*
0.07

*Pasnnuna CTaTUCTUYECKMN 3HAUNMbI
*There is a different meaning
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This study aims to expedite healing and reduce pain
and inflammation using photo biomodulation therapy
using a diode laser with a characterization wavelength of
649 £ 0.05.The red laser light's energy and wavelength are
12.02+0.01 mW at 650 nm [26]. The low-power dose of 3.5
J/em? is crucial for the therapy, and the laser diode power
characteristic test ensures maximum power stability at 60
seconds. The therapy is suitable for patients with various
conditions [27]. Periodontal disease, causing tooth loss in
adults, is primarily caused by bacterial buildup near teeth.
Gingivitis and periodontitis are two types. Root planning
and scaling are interconnected processes [28].

Curettage is a periodontal treatment that involves
a change in microbiota and decreased inflammation.
If inflammation persists, curettage can be performed.
The depth of periodontal pockets can be significantly
increased, depending on the damage. With proper care
and maintenance, most patients can regain a 4 mm to
5 mm pocket depth. The study involved 60 patients,
with 30 in the therapeutic group and 30 in the control
group. After curettage treatment, the therapeutic group
received red laser irradiation on the first day, followed by
the control group on the third and fifth days. Samples
were collected at each visit.

The collected samples were then tested for PGE2, IL-1(3,
and HBD-2 levels using an ELISA kit with 96 well plates. The
ELISA kit used in this study has a sensitivity of 1.28ng/L for
PGE2, 10.07 pg/mL for IL-13, and 5.31 ng/L for HBD-2. One
of the immunological techniques that aim to determine
or measure levels of protein expression activity/response
and immune reaction status from individual reactions/
immune responses is the ELISA technique [30].

Wound healing involves fibrosis and regeneration, with
fibrosis replacing damaged tissue with connective tissue[11,
31]. Laser biomodulation therapy enhances phagocytosis
and lysosomal activity, activating Cytochrome Oxidase
C and triggering downstream signaling cascades that
promote protein synthesis, anti-inflammatory reactions,
antioxidants, and cell proliferation [32].

Prostaglandin E2, a pro-inflammatory mediator,
promotes the synthesis of inflammatory substances,
particularly in periodontitis, particularly IL-1f [33].
Periodontitis patients have higher PGE2 levels, which
can be blocked with anti-inflammatory medications to
slow disease progression and reduce bone resorption,
with faster decline in therapy groups [34]. Then the levels
of PGE2, IL-13, and HBD-2 in the samples were assessed
using an ELISA kit with 96 well plates. The ELISA kit used
in this study has a sensitivity of 1.28 ng/L for PGE2, 10.07
pg/mL for IL-1B, and 5.31 ng/L for HBD-2.

The ELISA technique assesses immune response
status and protein expression activity. The study found
that IL-1p concentration in gingival crevicular fluid (GCF)
decreased after non-surgical periodontal therapy [35].
Laser phototherapy inhibited IL-1f production, affecting

wound healing [36]. The study found differences in IL-13
protein levels during post-cartage wound healing using
red laser photo biomodulation therapy at a 650 nm
wavelength. The therapy group showed a faster decline
than the control group [37].

The study shows that red laser photo biomodulation
therapy significantly enhances wound healing in post-
curettage patients, with a lower gingival index and faster
decline in inflammation compared to the control group,
indicating a positive healing effect [38]. Laser therapy
wavelengths, particularly 600-700 nm, can stimulate
cell proliferation and differentiation, regenerate tissue,
reduce inflammation, and alleviate pain in chromophore
cells [39]. The study demonstrates that red laser photo
biomodulation therapy at 650 nm can accelerate wound
healing in post-cursed patients, with significant reductions
in test parameters [40]. This therapy accelerates fibroblast
proliferation, which produces collagen and influences
the epithelialization process, ultimately determining the
outcome of wound healing [41].

According to the findings of statistical tests, there
was a difference in post-curettage wound healing time
between patients receiving photo biomodulation therapy
and patients who did not receive photo biomodulation
therapy with a probability value (p-value) of 0.05 in each
pro-inflammatory mediator test (IL-13, PGE2, and hB-2)
and gingival index studies. If the P value is less than 0.05,
the result is considered statistically significant. This value
indicates that there is substantial evidence against the
null hypothesis. As a result, the researcher discards the
alternative hypothesis in favor of the null hypothesis.
In comparison to patients who didn't get laser therapy,
post-curettage patients who received a 650 nm diode
laser showed faster-wound healing, according to the null
hypothesis.

Conclusion

The findings of this study showed that levels of
prostaglandin E2, human defensin 2, and interleukin-1(3
in participants treated with a 650 nm laser on the first day
after curettage were not statistically different from those
in the control group of subjects who received no therapy.
On the third and fifth day after curettage, subjects treated
with 650 nm laser showed lower levels of Prostaglandin
E2, Human Defensin 2, and interleukin-13 and were
distinct from the control group subjects without therapy.
The results of the measurement of the gingival index on
post-curettage patients on day zero showed that there
was no significant difference between the control group
and the laser therapy group, while on the third and fifth
days there was a significant difference in the gingival
index. Based on the examination of the gingival index,
prostaglandin E2, human defensin 2, and interleukin-1f3,
photo biomodulation therapy with a red laser can aid in
the healing of post-curettage individuals.
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Abstract

Multiple drug resistance is a major global health security risk. Increasing resistance of bacteria to existing drugs puts on the agenda the search for
alternative ways to combat antibiotic-resistant pathogens. One of these innovative methods is antimicrobial photodynamic therapy (APDT), which
is equally effective against antibiotic-sensitive and antibiotic-resistant pathogens. The most effective photosensitizers (PS) for APDT are molecules
containing positively charged groups in their composition. In this work, we have obtained a new cationic derivative of natural chlorin containing a
pyridazine group in its composition, the introduction of which occurs using click chemistry approaches. The antimicrobial photoinduced cytotoxic-
ity of the proposed cationic PS, as well as its uncharged precursor, was assessed against a number of gram-positive and gram-negative bacteria:
S. aureus, K. pneumoniae, E. faecalis, P. aeruginosa. It has been shown that cationic chlorin exhibits an increased bactericidal effect when irradiated
with light (A = 660 nm, P_=70.73 mW/cm?) compared to its base form. When microbial suspensions were incubated with 24 uM cationic PS and
subsequently irradiated, a significant bactericidal effect was observed against all of the aforementioned bacteria. As a result of microbiological
studies, it was demonstrated that the proposed cationic PS exhibits high photoinduced antimicrobial activity.

Key words: antimicrobial PDT, antibiotic resistance, antimicrobial activity, chlorophyll, chlorin e6.
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ABNIAETCA aHTUMUKPOOHas doTogmHamuueckas tepanus (AOAT) oanHakoBo 3G deKTBHas NPOTUB aHTUONOTUKOUYBCTBUTENBbHBIX 1 aHTUOMO-
TUKOPE3NCTEHTHbIX BO3byauTenein. Hanbonee apdekTmBHbIMU dpoToceHcnbmunmsatopamu (OC) ana AQOT ABnATCA MONEKy bl, cofepKalyue
MOJIOXKUTENBHO-3aPAXKXEHHbIE FPYMMbl B CBOEM COCTaBe. B HacToALel paboTe Hamu 6bINI0 NOTyYeHO HOBOE KaTVOHHOE MPOM3BOAHOE NMPUPOA-
HOTO XJIOPVIHa, COAepKallee NMPrAA3MHOBYIO FPYMMy B CBOEM COCTaBe, BBeEeHNe KOTOPOW MPOVCXOANT C NCMosib3oBaHMeM noaxonos click-
XMuK. NPOTUBOMUKPOGHYIO GOTOMHAYLIMPOBAHHYIO LIMTOTOKCUYHOCTb Npeasiaraemoro KatmoHHoro AOC, a TakxKe ero Heaps»KeHHOro npep-
LeCTBeHHMKA, OLEHNBAN B OTHOLLEHN PAAA FPaMMoIOKMTENIbHBIX 1 TPaMoTpULaTeNbHbIX 6akTepuii: S. aureus, K. pneumoniae, E. faecalis,
P. aeruginosa. loka3aHo, YTO KaTMOHHBIV XJIOPUH 061aaaeT NoBbIWEHHbIM 6aKTePULMAHBIM Ae/CTBMEM Npy 065yyeHun cBeTom (A =660 HM,
P.=70,73 MB/cM?) o cpaBHeHMIO CO CBOe OCHOBHOI GpopMmo. Mpy HKY6rpOBaHMI MKPOBHbIX CyCrieH3unii C pacTBOpomM KaTuoHHoro ®C B
KOHLEeHTpaLmmn 24 MkM 1 nocneayoLym obnyyeHneM Habnoganca 3aMmeTHbI 6GaKTEPULIMAHDIA 3POEKT B OTHOLIEHMMN BCEX BbiLEHA3BaHHbIX
6aKTepuii. B pesynbrate npoBefeHHbIX MKPOOMONOrMYecKrx MCCefoBaHUN Moka3aHo, YTo Npeasiaraembli KatnoHHbli OC obnagaeT Bbico-
Kol GOTOUHAYLIMPOBAHHOW aHTUMUKPOOHOW aKTUBHOCTbIO.

KnioueBble cnoBa: aHTI/IMI/IKp06Haﬂ @D,T, aHTI/I6I/IOTI/IKOpe3I/ICTeHTHOCTb, I'IpOTI/IBOMI/IKpO6HaFI AKTUBHOCTb, XﬂOpOd)I/IJ'IJ'I, XNOPUH e6.
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Introduction

Multiple antibiotic resistance is a major global health
security risk. According to the WHO, already in 2019, 1.27
million deaths worldwide were directly related to drug-
resistant infections. If this problem is not addressed, it
is predicted that by 2050 the number of such deaths
will increase to 10 million annually [1, 2]. According
to the Central Research Institute of Epidemiology of
Rospotrebnadzor, the number of nosocomial infections
in Russia annually affects 2-2.5 million (1.5% of the
population). The increasing bacterial resistance to
existing drugs, coupled with poor bioavailability and
lack of structures that could potentially form the basis
of new antibiotics, have put the search for alternative
ways to combat antibiotic-resistant pathogens on the
agenda.

One such innovative method is antimicrobial
photodynamic therapy (APDT) for localized infections
[3-6], equally effective against antibiotic-sensitive
and antibiotic-resistant  pathogens.  Antimicrobial
photodynamic therapy (APDT) is based on the use of
a photosensitizer (PS) drug and harmless visible light.
Photosensitizers are capable, when exposed to light of
a certain wavelength corresponding to their maximum
absorption, to cause the formation of cytotoxic agents,
in particular singlet oxygen, stimulating oxidative
destruction of the main components (unsaturated lipids,
protein channels and enzymes) of cell membranes - the
life-supporting structures of microbial cells [7]. Photo-
oxidative processes in the lipid bilayer of cell membranes
lead to the formation of pores and disruption of cellular
permeability barriers. The death of a microbial cell occurs
as a result of the leakage of cellular metabolites, primarily
potassium ions and protons, and dissipation of the
membrane potential.

One of the main advantages of antimicrobial
photodynamic therapy is the multiple nature of the
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oxidative destruction of microbial target cells, which
prevents the development of resistance to subsequent
cycles of photodynamic effects. In addition, since the
bactericidal effect of APDT is local in nature, it does not
have a systemic detrimental effect on the saprophytic
flora of the body. The use of APDT thus solves two main
problems of modern antibiotic therapy: high resistance of
pathogenic microorganisms to antibiotics and systemic
toxicity [8-10].

To date, many PS have been synthesized for
antimicrobial PDT, both based on tetrapyrrole compounds
and using other dyes. Unlike synthetic dyes, derivatives
of natural chlorins have a number of advantages. The
main sources of such compounds are plants and algae
containing chlorophyll. Such raw materials are easily
accessible and cheap, and methods for extracting pigment
from them are not labor-intensive. Thanks to the reduced
pyrrole ring, chlorophyll A derivatives exhibit absorption
in the near-IR region with high extinction values, which
allows PDT of deep-lying zones [5].

The most effective photosensitizers for APDT are
molecules containing positively charged groups in
their composition. In the 90s, it was shown that there is
a difference in susceptibility to APDT between gram-
positive and gram-negative bacteria, which is associated
with their structure: gram-positive bacteria have a
cytoplasmic membrane surrounded by a porous cell
wall consisting of peptidoglycan and lipoteichoic acid,
which allows the photosensitizer to easily bind with it,
and the membrane of gram-negative bacteria consists
of outer and inner cytoplasmic membranes separated
by a layer of peptidoglycan [11-13]. Neutral, anionic and
cationic photosensitizer molecules bind equally well to
gram-positive bacteria, while only cationic or neutral
photosensitizers can bind to gram-negative bacteria. At
the moment, a large number of cationic derivatives of
natural chlorins containing both alkylammonium groups
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and quaternized heteroaromatic fragments have been
synthesized [14-18].

Previously, our research group obtained a derivative of
natural chlorin, into which a residue of nicotinic acid was
introduced with its subsequent quaternization [19]. This
compound had both high photoinduced toxicity towards
bacterial cells, as well as biofilms based on them. However,
the complexity of the synthesis of this compound
complicates its further implementation in practice. In
this work, we have proposed an approach that makes it
possible to introduce a heterocyclic fragment into the
chlorin molecule using one stage inverse electron demand
Diels-Alder reaction click-reaction, and also studied the
photoinduced toxicity of the resulting compound and
its cationic derivative against gram-positive and gram-
negative bacteria.

Materials and Methods

Chemistry

Solvents were purified and prepared according to
standard procedures. Silica gel 40/60 (Merck, Germany)
was used for column chromatography. Absorption spectra
were obtained on a Shimadzu spectrophotometer UV 1800
UVNVIS in 10 mm thick quartz cuvettes in chloroform and
water. The NMR spectrum was recorded on Bruker DPX 300
spectrometer in CDCI,. The synthesis of photosensitizers 1
and 2 was carried out according to a previously described
method [20]. Cationic derivative 3 was obtained by reacting
compound 2 (25 mg; 0.033 mmol) with methyliodide (145.5
mg; 1.025 mmol) in acetonitrile (1 ml) at 60°C for 2 hours.The
solvent was evaporated under reduced pressure. The target
product was isolated using column chromatography (DCM/
MeOH/AcOH, 450/10/1, v/v/v). The yield of compound
3 was 63.3% (19 mg). 'HNMR (300 MHz, CDCI3 , 6, ppm):
9.77 (H, s, 10-H) 9.60 (H, d, J= 4.7 Hz, 5’-H), 9.20 (H, s, 5-H),
8.71+8.72 (H, s, 20- H), 8.07 (H, d, J = 4.7 Hz, 6"-H), 7.62 (2H,
m, o-Phe), 7.12 (H, m, p-Phe), 7.02 (H, m, o-Phe), 5.42 (H,
d,J=188 Hz, 151- CH,?), 446 2H, m, 18-H, 17-H ), 4.30
(3H,s 13*-CH,), 3.81 3H, s, 15°-CH,), 3.80 (2 H , k, J=7.7 Hz,
8'-CH,), 3.71 (3H, s, 17*-CH,), 3.62 (3H, 5, 12-CH,), 3.53 (3H,
s, N-CH,), 3.20 (3H, s, 7-CH,), 2.95 (3H, 5, 2- CH,), 2.60 (H, m,
172-CH;), 228 2H,m, 17'-CH?, 17'-CH_"), 1.84 (H, m, 17"
-CH,?), 1.75(3H,d,J=18.1Hz, 18-CH,), 1.74 (3H,t,J=7.7 Hz,
8-CH,),-1.33 (H, s, I = NH), -1.72 (H, s, lll - NH). ESI-MS: m/z
calc.for C sH N0, 781.37, found: [M+H]*, 782.38, [M+2H]**
391.69. UVNVIS (CHCL), \__, nm (g, M " cm '): 395 (180000),
497 (17500), 686 (44000). To prepare a water-soluble form of
compounds 2 and 3, 4% Kolliphor ELP solution in water was
used. A weighed portion of the corresponding chlorin (1
mg) was dissolved in dichloromethane (2 ml) and added to
4% Kolliphor solution in water (3 ml). The resulting mixture
was stirred in a flow of argon at a temperature of 41°C until
the organic phase was completely removed. The resulting
emulsion was passed through a syringe filter with a pore
diameter of 200 nm.

Microbiology

The source of non-monochromatic LED red radiation
was a single-band laser (A =660 nm, P =7073 mW/cm?).
Exposure of the PS in the microbial suspension before
irradiation is 30 min. The dose of light during irradiation
is 20 J/cm?2,

To assess the antibacterial activity of PS, we used
suspensions of daily microbial cultures of S. aureus
ATCC 25923 (n = 15), K. pneumoniae ATCC 13883
(n=15), E. faecalis ATCC 29212 (n = 15), P. aeruginosa ATCC
27853 (n =15), which are common causative agents of
inflammatory processes in the ear and upper respiratory
tract. The concentration of the microbial suspension in the
experiment was 3 x 10* CFU/ml. Control - test strains that
were under equal conditions, but were not exposed to PS
and irradiation. 200 pl of a suspension of microorganisms
was added to the wells of a microplate and 2,8 and 12 pl of
0.4 mM solution of PS 2 and 3 were injected, respectively.
After exposure and irradiation, the microplates were
incubated for 24 hours at T = 37°C. To determine the
survival rate of microorganisms, the method of surface
inoculation using a spatula on solid nutrient media (Koch
plate method) was used. After thermostating the control
crops, we calculated and expressed the results obtained
on solid media.

Formulas for calculating the number of viable
microorganisms:

1. If the number of colonies exceeds 10:

M=a*10n/V,
where a is the average number of colonies grown after
sowing from a given dilution; 70 - dilution factor; n
is the serial number of the dilution from which the
sowing was made; V - volume of suspension taken for
sowing, cm3.'

2. Ifthe number of colonies is less than 10, but more
than 4:

M=c/V*n,
where ¢ is the number of colonies counted in the dish,
V is the volume of the suspension taken for inoculation,
cm?, n is the serial number of the dilution from which the
inoculation was made.

3. If there are from 1 to 3 colonies, then we accept
as — “microorganisms are present in quantities less than
1 x V per cm®' (Vs the dilution factor).

The calculation data is included in Table 1. Statistical
analysis of the obtained data was carried out using the
SPSS application package Statistics 21.0 and Rstudio
4.2.2. Mean values, standard deviations, and medians
were determined. When comparing groups, parametric
(ANOVA) and nonparametric methods (Kruskal-Wallis,
Mann-Whitney, Wilcoxon) estimates were used depending
on the normality of the sample distribution, which was
determined using the Shapiro-Wilk test. The results were
considered statistically significant at a confidence level of
at least 95%.
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Results and discussion

Previously, we carried out a one-step functionalization
of the chlorin e6 trimethyl ester molecule, which allowed
us to introduce a pyridazine group into pyrrole A using the
inverse electron demand Diels-Alder reaction (Fig. 1) [20]. It
was shown that this reaction occurs in high yields without
changing the properties of the original PS. In this work,
the reaction of chlorin e6 trimethyl ester with 3-phenyl-
1,2,4,5-tetrazine was carried out to obtain pyridazine-
substituted derivative 2. The resulting PS was reacted with
methyl iodide to obtain quaternized derivative 3. Thus, we

Ta6nuua 1
Ta6nuua noacyeTa KOJIOHUIM

Table 1
Colony count table

CpepgHee Konu-
4ecTBO MUKPO-
opraHusmoB

baktepusa | ®C (mkM)

obtained chlorins containing heterocyclic fragments at the
periphery of the macrocycle, in neutral and cationic form.

The resulting PS 2 and 3 are insoluble in water, so
their water-soluble forms were prepared in the form of an
emulsion in 4% Kolliphor ELP, which is a clinically approved
solubilizer.

The antimicrobial effect of the obtained PS was assessed
in vitro against bacteria S. aureus, K. pneumoniae, E. faecalis
and P. geruginosa. By counting the number of colonies, the
probability of the effect of cationic and anionic PS on Gram
“-"and “+" microorganisms were determined (Table 1).

CpefHee Konnye-
CTBO MUKpoopra-

HU3MOB KoHTponb

KOE/mn

KOE/mn

4 77.5£16.9 7.6%10° 18.3+14.6 1.8%10°
16 16.9+8.6 1.7%10° 3.744.4 4*102
24 2.6+2.9 MUKPOOPraHM3Mbl 0.8+1.4 MUKPOOPTraHM3Mbl C”&"BHF]W' poct
S. aureus NPUCYTCTBYIOT NPUCYTCTBYIOT on uer:\t
B KONMuecTBe B KONMuecTBe 952%2
MeHee 1 Ha cv® MeHee 1 Ha cm®
microorganisms are microorganisms are
presentin less than presentin less than
1 percm?® 1 percm?®
4 153.1+4.3 1.5%10* 114.4+£17.8 1.1*10*
16 20.1£2.5 2*10° 53.6+9.6 5.4%103
24 0.4+1 MUKPOOPraH/3Mbl 1.842.7 MUKpOOpraHuampl ~ C/MBHOM pocT
K. pneumo- . Confluent
. pUCyTCTBYIOT MPUCYTCTBYIOT h
hiae B KOMMYeCTBe B KOMYEeCTBE 9é§3%‘;
MeHee 1 Ha cm? MeHee 1 Ha cm?
microorganisms are microorganisms are
present in less than present in less than
1 percm? 1 percm?
4 149.3+4.2 1.5%10* 43.8+4.3 4.4*103
16 41.243.2 4.1%10° 9.1£1.6 9*10%
24 5.5+6.8 6*102 0.5+1 MUKPOOPraHMU3Mbl C“&"BH;]W' poct
E. faecalis npUCyTCTBYIOT on ue}:\t
B KONMYecTBe 922}"62
MeHee 1 Ha cv?
microorganisms are
presentin less than
1 percm?
4 162.1+£2.8 1.6%10* 114.4+7.81 1.4%10*
16 17.6+4.8 1.8%10° 13.3+4.9 1.3*10°
o 24 1.842.5 MUKPOOPTraH/3Mbl 14425 MUKPOOPFraH/3Mbl C”&"BH;])V' (e
g npUCyTCTBYIOT NpYCYTCTBYIOT S uek:\t
aeruginosa B KOMYeCTBe B KOMMYeCTBe 9;3%‘;
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MeHee 1 Ha cv®
microorganisms are
present in less than

1 percm?

MeHee 1 Ha cv®
microorganisms are
present in less than

1 percm?
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MeOOC

Puc. 1. CuHTEe3 nMpraasunH-3aMeLLeHHbIX MPOM3BOAHBIX XJIOPUHA.

Fig. 1. Synthesis of pyridazine-substituted chlorin derivatives.

Analysis of the data obtained showed that all PS have
inhibitory properties towards the tested microorganisms.
When a microbial suspension was incubated with 4 uM
and 16 pM PS 2 and 3 followed by irradiation, a rather
bacteriostatic effect was detected or a slight increase
in microbial numbers from the initial concentration
of microorganisms was observed, while in the control
a stable confluent growth was observed. When using
24 uM PS, a noticeable bactericidal effect is observed.
Negative dynamics of microorganisms is observed
depending on the concentration of PS in the suspension
of microorganisms. When comparing the difference
between the use of PS 2 and 3, a significant decrease
in the number of colonies can be traced when exposed
to cationic PS 3 compared to PS 2 in the case of gram-
positive bacteria. When comparing the effectiveness
against gram-negative bacteria, the cationic derivative
3 was more effective compared to the pyridazine-
substituted derivative 2, but the same significant
difference in biological activity as in the case of gram-
positive bacteria was not detected. The results obtained
from the study of photoinduced cytotoxicity suggest the

\@e
N

high efficiency of PS 3 compared to similar chlorophyll A
derivatives [21, 22].

Conclusions

Studies have shown that the proposed cationic
photosensitizer, obtained using the tetrazine-alkene
addition reaction starting from trimethyl ester of
chlorin e6, has high photoinduced antimicrobial
activity against both gram-positive and gram-negative
bacteria. An additional advantage of the proposed PS
is the ease of its preparation, and the raw materials
for its synthesis are readily available. We are currently
planning to conduct a study of the effectiveness of
the resulting PS on bacteria in biofilms, as well as to
carry out in vivo experiments on models of wound
infections.
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RESULTS OF MICROSURGICAL RESECTION
OF GLIOBASTOMAS UNDER ENDOSCOPIC
AND FLUORESCENT CONTROL

Rynda A.Yu., Olyushin V.E., Rostovtsev D.M., Zabrodskaya Yu.M., Papayan G.V.
Russian Neurosurgical Institute named after prof. A.L. Polenov — a branch of the National Medical
Research Center named after V.A. Almazov Ministry of Health of Russia, St. Petersburg, Russia

Abstract

Overall survival and recurrence-free survival (RFS) in patients with glioblastoma directly depend on the radicality of tumor resection. According to
a number of literature sources, it is known that endoscopic surgeries under fluorescence control increase the rate of total resection. However, until
now, there is little data on whether endoscopic resection with fluorescence control affects RFS and overall survival of patients with glioblastoma.
The aim of our study was to investigate the effect of intraoperative endoscopic and fluorescence control on overall survival and RFS in patients
with glioblastoma. A retrospective single-center analysis was performed in 20 patients with glioblastoma. Ten patients underwent tumor resection
using an operating microscope with endoscopic and fluorescence control. In 5 patients, 5-aminolevulinic acid (5-ALA) (alasens) at a dose of 20 mg/
kg was used as a photosensitizer, in 5 patients, chlorin e6 (photoditazine) at a dose of T mg/kg. Ten patients underwent resection under endo-
scopic control, but without fluorescence control. Both cohorts of patients were comparable in age, functional status, tumor localization, adjuvant
treatment methods, and molecular status. The criteria for assessing the effectiveness of the study in the groups were: the radicality of the surgical
intervention according to postoperative magnetic resonance imaging with contrast enhancement, as well as the median RFS and OS in patients.
In the group of combined surgery under microscopic and fluorescence control with an endoscope, the rate of total tumor resection was higher
than in the group of patients who underwent only surgery under a microscope and an endoscope without fluorescence control (100% versus 60%;
p = 0.002). Median OS (20.2 months (95% Cl 11.9-28.6) versus 16.3 months (95% Cl 11.0-20.9); (p = 0.003)) and median RFS (11.7 months (95% Cl
9.8-15.7) versus 9.8 months (95% Cl 6.1-13.4) (p = 0.04)), were also statistically significantly higher compared to the group of patients who received
treatment to the same extent, but without fluorescence control. As our experience has shown, the use of fluorescence control during tumor resec-
tion in patients with glioblastoma with endoscopic assistance is certainly necessary, given the technical capabilities available, as it has a positive
effect on the treatment results for this category of patients.

Key words: glioblastoma, endoscopy, fluorescent resection, results, survival, 5-ALA, chlorin e6.
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PE3YJIbTATbI MUKPOXMPYPIMYECKOM PE3EKLIMM
[MOBJTACTOM MO 3HAOCKOMNMMNYECKMM
N DJTYOPECLEHTHBIM KOHTPOJIEM

A.1O. Puinpq, B.E. Onowwun, .M. Poctosues, FO.M. 3abpopackas, I'.B. ManasH

Poccuitckuit Heltpoxupyprmdeckuit tHCTUTYT um. npod. AJ1. Monerosa — dunmnan OIbY
«HauMoHanbHbIM MEAMLMHCKUIA MCCefoBATENLCKMI LEHTP menn B.A. Anmazosa» MuHsgpasa
Poccmn, Carkr-Ietepbypr, Poccus

Peslome
O6uan Bblk1BaemocTb (OB) 1 6e3peunarBHas BbiXkrBaeMocTb (BPB) y naumeHToB ¢ rmMo6aacToMoi HanpPAMYI0 3aBUCUT OT PaAUKanbHOCTH
pe3ekumu onyxonu. CornacHo AaHHbIM PAAA aBTOPOB SHAOCKOMMYECKMe onepaLum nog ¢GsiyopecLeHTHbIM KOHTPOJIEM YBEMYMBAIOT YacToOTy
ToTanbHOM pe3ekunmn. OfHaKo A0 CYX MOP MMEETCA Masio JaHHbIX O BAVYHUM SHAOCKOMUYECKON pe3eKLumn ¢ GryopecLeHTHbIM KOHTPONemM
Ha noka3satenu BPB 1 OB nauneHToB C rnmo6nactomoi. Llenblo Hawero nccnefoBaHus Gbiio M3yyeHre BAWAHUA MHTPaonepauyioHHOro
SH[OCKOMMNYECKOTO 1 GpryopecLieHTHOro KOHTPONA Ha noka3satenu OB u BPB y nauneHToB ¢ rivobnactomoii. [poBefeH peTpocneKTVBHbI
O[JHOLIEHTPOBbIN aHanu3 y 20 nauneHToB ¢ rMunobnactomoin. 10 NauyeHTam BbINOIHEHa Pe3eKLA OMyXou C UCMOb30BaHEM ONepaLoH-
HOFO MMKPOCKOMa C SHAOCKOMUYECKUM U GiyopecLeHTHbIM KOHTposieM. Y 5 nauneHToB B KauecTBe GOTOCEHCMOUNM3aTopa UCNONb30Banu
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5-amunHoneBynMHOBY Kucnoty (5-AJIK) B go3e 20 mMr/Kr, y 5 naymeHToB XNOpuH e6 B fo3e 1 Mr/kr. 10 nauyeHTam BbINOSIHEHa pe3eKUma Nog
SHAOCKOMNYECKUM KOHTPOJIEM, HO 6e3 pnyopecLieHTHOro KoHTpona. Obe KoropTbl MaumMeHToB Obifv CONOCTaBMMbI MO BO3PacTy, GyHKLMO-
HanbHOMY COCTOAHMWIO, JIOKanM3aLuy onyxonu, MeToAaM afibloBaHTHOTO IeYEHUA 1 MONEKYNAPHOMY cTaTycy. Kputepramm oLieHKn 3GpeKTunB-
HOCTM NPOBOAMMOTO NCCNIEA0BAHNA B rpynnax Obinv: pagrkanbHOCTb NMPOBEAEHHOTO ONepaT!BHONO BMELLATe/IbCTBa MO AaHHbIM Nocsieone-
PaLMOHHOM MarHUTHO-PE30HaHCHON TOMOrPaduUN C KOHTPACTHLIM yCUSIEHUEM, a Takxe MeanaHbl BPB n OB. B rpynne Kom6uHWpOBaHHOrO
XVPYPrMyeckoro BMeLLaTesIbCTBa MOA MUKPOCKOMUYECKUM U GIIyOpPeCLeHTHbIM KOHTPOJIEM C SHAOCKOMOM 4acToTa TOTaJIbHOW pe3eKuun
onyxonu 6bisia Bbllle, YeM B rpynre naLyMeHToB, MePEHECLINX TONbKO XMPYPrmyeckoe BMELLaTeIbCTBO MOJ MUKPOCKOMOM 1 SHAOCKOMOM 6e3
dnyopecueHTHOro KoHTpona (100% npotus 60%; p=0,002). MeguaHa OB B nepBoli rpynne coctaBua 20,2 mec (95% AW 11,9-28,6) npoTus
16,3 mec Bo BTOpOI rpynne (95% AW 11,0-20,9) (p=0,003), megunarHa bPB 11,7 mec. (95% AW 9,8-15,7) npotus 9,8 mec (95% AN 6,1-13,4)%
(p=0,04). cooTBeTCTBEHHO. Kak nokasan Hall OfbIT, NCMOoJIb30BaHMe GJTyOpPecLeHTHOrO KOHTPOIA BO BPEMS pe3eKLM OMyXou y NaLueHToB
C r1Mo651aCcTOMOV NPY SHAOCKOMMUYECKON aCCUCTEHLMM NOMOXKUTENIbHO OTPAXKaeTCA Ha pe3ysbTaTax euyeHns naynueHToB C r1Mo6iacToMon n
MO>ET ObITb PEKOMEHL0BAHO ANA WMPOKOrO BHEAPEHMSA B KIIMHUYECKYIO NMPaKTUKY.

KnioueBble cnoBa: rnnobnactoma, sHAOCKoNuA, prnyopecLeHTHan pe3ekuus, pesynbraThbl, BblKMBaemMocTb, 5-AJ1K, XxnopuH e6.
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Despite recent advances in neurooncology and the
development of new treatment methods [1-5], the
survival rate of patients with glioblastoma remains low
[6, 7]. The median overall survival (OS) in this category
of patients ranges from 11 to 17 months [6, 7]. Surgical
resection is an important step in the treatment of patients
with glioblastoma [8]. It has been proven that the use of
fluorescence guidance during surgical intervention in
patients with glioblastoma increases the OS and RFS rates,
which is confirmed by convincing results of prospective
randomized neurosurgical studies [9-15].

The main goal of surgical treatment is the complete
removal of tumor tissue while maximally preserving the
patient’s neurological functions. A number of studies have
shown that the totality of resection significantly increases
the RFS and OS medians compared to subtotal resection
in patients with glioblastoma [15-20]. In turn, visualization
of fluorescence may be difficult due to the collapse of
the edges of the post-resection cavity and a decrease
in illumination with an increase in the depth of the
resection cavity [10, 12, 14]. This may lead to limitations in
microscopic resection under fluorescence control: visible
fluorescence of tumor tissue depends on the cell density
and cellular metabolism, as well as on adequate exposure
of the tumor tissue to blue light [16, 18 - 20].

Several scientific papers have demonstrated that the
use of an endoscope with fluorescence control made it
possible to increase the degree of resection radicality, and
according to data from individual publications, to improve
the OS rates in patients with malignant brain tumors [21
- 26]. Information on the use of a combined approach
(endoscope and fluorescence) is quite limited, which
actualizes the significance of our study. There are also
few literature data assessing the impact of fluorescence-
guided and endoscope-guided resection of glioblastoma
on OS and RFS rates in patients [22, 24-30].

BIOMEDICAL PHOTONICS T.13, N23/2024

Materials and methods

The study was a retrospective single-center analysis
of the effectiveness of fluorescence endoscopic control
in the removal of primary glioblastomas in patients [31]
who underwent routine microscopic resection under
endoscopic control in the period from 2014 to 2016 at
the Russian Neurosurgical Research Institute named after
prof. A.L. Polenov. The patients were assessed for resection
totality, RFS, and OS rates.

Of the 20 patients in both groups, 13 (65%) were men
and 7 (35%) were women. The average age was 56.0 years,
4 (20%) patients were over 65 years old.

All 20 patients underwent preoperative MRI
with gadolinium contrast enhancement. All patients
underwent a preoperative clinical and diagnostic
examinations, including examination by specialists
(neurologist, therapist, oncologist, ophthalmologist) and
laboratory and instrumental research methods (blood and
urine tests, electroencephalogram, electrocardiogram).
Detailed clinical characteristics of patients in both groups
are presented in Table 1.

The study protocol was reviewed by the local ethics
committee (Protocol No. 4 dated 17/12/2013). All patients
were informed about the course of the surgery. Written
consent was obtained from all patients as part of the
standard informed consent procedure for surgery.

Inclusion and Exclusion Criteria

Only patients with primary glioblastoma, the
localization of which was clearly defined, were included
in the study to ensure that the totality of resection
could be achieved in all patients. Patients were over 18
years old. Patients who underwent biopsy or required
intraoperative neuromonitoring were excluded. Patients
without postoperative contrast-enhanced MRI of the
brain, patients in severe condition, patients with signs of
renal and hepatic insufficiency, chronic viral infections
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(hepatitis C, B, HIV infection), and patients with endocrine
diseases or metabolic disorders were also excluded.

Surgical stage

Of the 10 patients in the main group, 5 patients
received 5-ALA (alasens) as a fluorescence inducer orally,
manufactured by the Scientific Center “NIOPIK", Federal
State Unitary Enterprise (Russia), at a dose of 20 mg/kg,
8 hours before the intraoperative stage of the operation.

Ta6nuua 1
KnuHuyeckasa xapakTepucTuka nayueHToB

Table 1
Clinical characteristics of patients

Tumor removal was performed using an intraoperative
microscope with fluorescence control (OPMI Pentero 800,
Carl Zeiss, Germany).

Five patients of the main group received intravenous
fluorescence inducer chlorin e6 (photoditazine),
manufactured by OOO VETA-GRAND (Russia), at a
dose of 1 mg/kg, dissolved in 200 ml of 0.9% sodium
chloride solution, 2 hours before the expected stage of

DHAoCcKonuyeckui u pnyo-

3"“‘:(%';1';’::11('("'7' PecLeHTHbIl KOHTPOJb 3"a“:""e
Konunuectso naumeHTos 10 10
Number of patients
Bospacr/Age
Mpanuubl / Age limits 33-73 41-68
Mepuana / Median age 55,6 56,5 08
Mon / Gender
MY>KUMHbI / men 7 (70%) 6 (60%)
MKEHLWMHbI / women 3 (30%) 4 (40%) o7
MNMpeponepaunoHHbii nHAEKc KapHoBckoro / Preoperative Karnofsky index
MpaHuubl / Index boundaries 70-100 70-100
MepwaHa / Median 85 83 0s
MpeponepauynoHHbIf pasmep onyxonu, cm?® / Preoperative tumor size, cm?®
Mepawnana / Median 254 27,8
MpaHuupl / Size limits 3,4-37 4,2-44,5 07
MpeunmyuiecTBeHHas nokanusauma onyxonu / Predominant tumor location
nobHas gons / frontal lobe 3 (30%) 2 (20%)
TemMeHHas gons / parietal lobe 2(20%) 4 (40%) 06
BMCOYHaA gonsa / temporal lobe 4(40%) 4 (40%)
3aTblfioyHan gons / occipital lobe 1(10%) 0 (0%)
Monywapwme / Hemisphere
npasoe / right 7 (70%) 4 (40%) 001
nesoe / left 3 (30%) 6 (60%)
Xapakrtep onyxonu no AaaHHbIM MPT ronoBHOro Mo3ra ¢ KOHTPACTHbIM yCUNeHNEM rafloNnHnemM
Character of the tumor according to MRI of the brain with gadolinium contrast enhancement
KMCTO3HOe / cystic 2 (20%) 1 (10%)
KMCTO3HO-conunaHoe / cystic-solid 7 (70%) 8 (80%) 0,8
conugHoe / solid 1(10%) 1(10%)
MGMT meTunmnpoBaHue nocne nepsoii onepauuu / MGMT methylation after first surgery
NONOXMNTeNbHbIN / positive 4 (40%) 3 (30%) 0.7
oTpuuaTenbHbI / negative 6 (60%) 7 (70%)
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the operation. Tumor removal was performed using an
operating microscope (LEICA OHS-1) with the D-Light
AF System Karl Storz (Germany) and a fluorescence
attachment manufactured by Russia Science Seoul,
Korean Electrotechnology Research Institute (KERI), (Seoul,
Republic of Korea) (developed by G.V. Papayan).

Tumor removal in the group without fluorescence
control was performed under the control of an
intraoperative microscope (OPMI Pentero, Carl Zeiss,
Germany).

For endoscopic control, an endoscope (Karl Storz,
Germany) with a special light source (D-light C; Karl Storz)
and a camera system (Karl Storz) were used in all patients
in both groups. The endoscope was used after complete
microscopic removal of all visualized tissue.

For the fluorescence control group, the endoscope
was set to the D-light mode, which allowed switching
between white and blue light source modes using a
corresponding bandpass filter in the light transmission
path (Fig. 1). A long-pass filter on the endoscope eyepiece

blocked excitation light, which allowed detection of tumor
cell fluorescence signals. The excitation and detection
filter system allowed transmission of enough blue light
so that the red fluorescence of endogenous fluorophores
and non-specific fluorescence were suppressed, resulting
in normal tissue being visualized as blue. Microscopic
fluorescent tissue and endoscopic fluorescent tissue
not visualized under the microscope were completely
removed and used separately for histopathological
examination (Fig. 2).

Postoperative evaluation

All patients underwent MRI within 24 h after surgery.
Any residual enhancement greater than 0.2 cm?® was
defined as residual tumor. Performance status was
assessed using the Karnofsky scale at discharge. All
included patients underwent regular clinical examination
and contrast-enhanced MRI every 3 months. The presence
of recurrence was assessed by subsequent MRI according
to the Response Assessment in Neuro-Oncology (RANO)
criteria [8].

Puc. 1. UHTpaonepaumoHHasn
KapTuHa:

a — u3obpaxkeHue B IHAOCKoNe
npu o6bIYHOM OCBeLLeHUn, 6e3
dnyopecueHuunu;

b — nso6paxeHune B aHgOCKONE
B $pJlyopecLeHTHOM pexume.
Fig. 1. Intraoperative picture:

a — endoscope view under
normal lighting, without
fluorescence;

b — endoscope view in
fluorescent mode.

XnopuH e6 (boTogurasuH)
chlorin e6 (photoditazine)

Puc. 2. UHTpaonepaumnoHHas

KapTuHa ¢nyopecueHTHON aua-

5-AJIK (anaceHc)
5 ALA (alasens)

FHOCTUKM B NpoLecce pe3exkuum
onyxonu 5-AJ1IK un xnopuHom €6
(a, b, c — noatanHoe yganenune
4acTu OMyX0JIeBON TKaHU HaKo-
nuBLen GayopecLeHT).

Fig. 2. Intraoperative picture of
fluorescent diagnostics during
tumor resection with 5-ALA and
chlorin e6 (a, b, c — step-by-step
removal of part of the tumor
tissue that has accumulated
fluorescence).
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Postoperative period

All patients received standard adjuvant therapy
(chemotherapy and radiotherapy) in the postoperative
period according to the Stupp protocol [32]. Radiotherapy
included fractionated external beam therapy to the
resected tumor bed with a total focal dose of 50-60 Gy in
25-30 fractions (1.8-2.0 Gy per fraction), for 5-6 weeks. As
chemotherapy after the first operation, patients received
temozolomide (at a dose of 150-200 mg/m? from the 1st
to the 5th day every 28 days).

In the postoperative period, patients underwent
control MRI of the brain every 3 months in the first 12
months or when symptoms appeared, then every 4
months.

If a relapse was detected based on MRI of the brain,
if indicated, repeated surgical treatment was performed
or the patient was referred for repeated adjuvant therapy
(chemotherapy and radiation therapy). Chemotherapy

regimens for relapse were prescribed by oncologists
based on the results of histological examination of the
tumor material, after repeated surgeries, or according
to generally accepted regimens. The following
chemotherapy regimens were used: avastin + irinotecan;
PCV (lomustine, vincristine, procarbazine); lomustine +
vincristine; temozolomide + avastin.

Efficacy assessment criteria of the conducted study

The efficacy assessment criteria of the conducted study
in the groups were: radicality of the performed surgical
intervention according to the data of postoperative MRI
with contrast enhancement and values of the OS and RFS
medians.

Statistical analysis

All analyses were performed using SPSS (version 20,
IBM Corp.). Continuous variables were measured as mean
or median values and standard deviation. Differences
between both cohorts were analyzed using the unpaired
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Overall survival and recurrence-free survival
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Overall survival and recurrence-free survival depending on MGMT methylation
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t-test. Descriptive survival was analyzed using the Kaplan-
Meier method, p-values < 0.05 were considered significant.

Results

In the early postoperative period, no patient
experienced complications associated with endoscopic
or fluorescence control during surgery. The Karnofsky
index values in patients in each group after surgery were
comparable with preoperative data (p=0.9).

Totality of resection, RFS, and OS

According to postoperative gadolinium-enhanced MRI
of the brain, total resection was achieved in all 10 (100%)
patients who underwent combined surgery under a
microscope and fluorescence control with an endoscope,
compared with 6 (60%) patients who underwent only
surgery under a microscope and an endoscope without
fluorescence control (p=0.002). The RFS median in the
cohort of combined resection using fluorescence control
with an endoscope and a microscope was 11.7 months.
(Cl 95% 9.8-15.7) versus 9.8 months (Cl 95% 6.1-13.4;
p=0.04) in the cohort of resections using a microscope
and endoscope, but without fluorescence control (Fig. 3a).

Ta6nuuya 2

The OS median in the cohort of combined
resection with fluorescence and endoscopic control
and a microscope was 20.2 months (Cl 95% 11.9-28.6)
compared with 16.3 months (Cl 95% 11.0-20.9) in the
cohort of resection using a microscope and endoscope,
but without fluorescence control (p=0.003) (Table 2,
Fig. 3a).

A direct connection was shown between the detection
of a number of molecular markers, in particular the MGMT
methylation index, and the RFS and OS rates. Thus,
according to our study, patients in both groups with a
methylated MGMT promoter had better OS and RFS rates
compared with patients with an unmethylated MGMT
promoter (Fig. 3b).

In our study, no relationship was found between age,
gender, preoperative Karnofsky index, tumor location
and size before surgery, volume of adjuvant therapy
(chemotherapy and radiotherapy), and the values of RFS
and OS. This is partly due to the fact that the patients who
were selected for the study were maximally comparable
in these characteristics, partly due to the small sample of
patients.

Pesynbratbl le4eHUs NaLuneHToOB B 3aBUCUMOCTHU OT KIMHUYECKUX U TMCTONIOMMYECKUX AaHHbIX

Table 2

Treatment results for patients depending on clinical and histological data

Bospacr/

-~
=
I
[T}
S
=
[}

=

Pe3ekuuina ¢ pnyopecLeHTbIM KOHTponem /
Jlokanusauusa onyxonu (gons/ctopoHa) /

Pa3mep onyxonu (cm®) /
MGMT meTunnposaHue /

WHpekc KapHoBckoro /
XapakTtep onyxonu no gaHHbiMm MPT ronosHoro mosra ¢

KOHTpPaACTHbIM yCWieHnem ragoinHuiem /

1 na/  x/f 45 90 nobHas KNCTO3HO- 33,1 met/
yes npasas/ conupHoe/ meth
frontalright  cystic-solid
2 na/  m/m 68 90  TemeHHas KNUCTO3HO- 4,2 met/
yes nesas/ conunaHoe/ meth
parietal left  cystic-solid
3 pa/ x/f 61 100 no6Hasn conugHoe/ 29,6  Hemet/
yes nesas/ solid unmeth
frontal left
4 pa/ wm/m 57 80  BuUCOYHaA KnctosHo- 10,8  Hemet/
yes neas/ conupHoe/ unmeth
temporal cystic-solid

left

IDH myTauus /
ToTanbHOCTb pe3ekuum no gaHHbim MPT /
Bbe3peynanBHas BbKMBaeMOCTb, Mec. /

O6wan gosa T (Ip) /

lNMoBTOpHas pesekuyus /
Bropasa/TpeTba nuHMA neyeHna nocne peunavsa /

KonunuectBo umknos TM3/
0O6uan BbRKMBaeMOCTb, mec. /

HeT/no pa/yes  pa/ 60 8 171  TM3+aBactnd/ 36,5
yes TMZ+avastin
IDH1  pa/yes pa/ 60 6 13,5 TM3/TMZ 22,4
(R132H) yes
HeT/no  pgpa/ Hetr/ 60 5 838 aBaCTH+ 11,5
yes no NPUHOTEKaH/
avastin+
irinotecan
IDH1/  pa/yes  pa/ 60 7 14,5 TM3/TMZ 20,3
IDH2 yes
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5 na/  x/f 49 80  TemeHHas KNCTO3HO- 37,1 Hemer/ Het/no palyes pa/ 20 6 10,7 TM3+aBactnd/ 17,7

yes npasas/ conupHoe/ unmeth yes TMZ+avastin
) parietal cystic-solid
L right
—
U 6 na/  x/f 58 80  TemeHHas KNCTO3HO- 42 met/ HeT/no pa/yes  pa/ 60 6 153 TM3/TMZ 27,9
= yes neas/ conupHoe/ meth yes
— parietal left  cystic-solid
— 7 na/  wm/m 41 70 BUCOYHasA KuctosHoe/ 38,7 Hemer/ HeT/no palyes Hetr/ 60 5 11,8 TM3/TMZ 20,3
< yes nesas/ cystic unmeth no
— temporal
< left
Z 8 na/  x/f 60 70 BMCOYHaA KUCTO3HO- 44,5 HemeT/ HeT/no palyes Hetr/ 60 3 93 JIOMYCTVH + 184
— yes npa.as/ conupHoe/ unmeth no BUHKPUCTUH/
(D temporal cystic-solid lomustine +
& right vincristine
9 na/  m/m 67 90 TEMeHHasn KNCTO3HO- 206 Hemer/ Het/no palyes pa/ 60 7 10,1  PCV (nomyctuH, 16,6
O yes npasas/ convuaHoe/ unmeth yes BUHKPUCTWH,
parietal cystic-solid npokap6asuH)/
right PCv
10 pma/ x/f 59 80 BUCOYHasA KNCTO3HO- 174 Hemer/ Het/no pal/yes pa/ 20 5 58 JIOMYCTVH + 10,7
yes neas/ conupHoe/ unmeth yes BUHKPUCTUH/
temporal cystic-solid lomustine +
left vincristine
11 wer/ x/f 58 70 nobHas KNCTO3HO- 355 Hemer/ Her/no Hetr/no Her/ 60 3 64  TM3+aBactuH/ 11,9
no npasas/ conugHoe/ unmeth no TMZ+avastin
frontalright  cystic-solid
12 wHer/ x/f 44 90 TemeHHas KNCTO3HO- 29,7 met/ HeT/no Het/no Het/ 90 6 13,8 aBaCTUH+ 223
no npasas/ convaHoe/ meth no NpUHOTEKaH/
parietal cystic-solid avastin+
right irinotecan
13 Her/ m/m 46 90 BUCOYHasA KNCTO3HO- 37 HemeT/ Het/no pa/yes  pa/ 60 5 11,1 PCV(nomyctuH, 17,6
no npasas/ conupHoe/ unmeth yes BUHKPUCTUH,
temporal cystic-solid npokap6asuH)/
right PCv
14 Her/ Mm/m 69 90  TemeHHas conupgHoe/ 188 Hemer/ Het/no palyes pa/ 60 7 10,2 TM3/TMZ 16,9
no neas/ solid unmeth yes
parietal left
15 wer/ x/f 73 80 BUCOYHasA KUCTo3Hoe/ 28,5 HemeT/ Het/no Hetr/no Hetr/ 60 5 83 TM3+aBactnd/ 13,3
no npasas/ cystic unmeth no TMZ+avastin
temporal
right
16 Her/ x/f 61 90 No6Hasn KUCTo3Ho- 339  mer/  Her/no palyes Her/ 60 7 98 TM3/TMZ 189
no nesas/ convpHoe/ meth no
frontal left  cystic-solid
17 wer/ x/f 55 70  BWCouYHas KUCTO3HO- 29,8 Hemer/ IDH1  Het/no  pa/ 60 9 53 TM3/TMZ 111
no npasas/ conngHoe/ unmeth (R132H) yes
temporal cystic-solid
right
18 wHer/ x/f 60 80 BUCOYHasA KNCTO3HO- 17,6 met/ HeT/no pa/yes  pa/ 60 5 14,6 aBaCTUH+ 20,1
no neas/ conupHoe/ meth yes MNPUHOTEKaH/
temporal cystic-solid avastin+
left irinotecan
19 Her/ m/m 57 100 3aTbl- KuctosHoe/ 34  Hemer/ HeTr/no palyes  pa/ 45 6 6,1 TM3+aBactnd/ 10,5
no NoyHas cystic unmeth yes TMZ+avastin
npasas/
occipital
right
20 Her/ x/f 33 90 nobHas KUCTO3HO- 194  mer/ Het/no palyes pa/ 60 5 12,5 JIOMYCTVH + 17,7
no npa.as/ conupHoe/ meth yes BUHKPUCTUH/
frontalright  cystic-solid lomustine +
vincristine
Morphological analysis tumor cell density, and the more malignant the tumor

Morphological examination of tumor areas depending  area according to morphology (Ki-67 and TP 53 index,
on fluorescence intensity showed that there is a direct  VEGF expression level). In the tumor necrosis zone, either
connection between tumor cell density, tumor anaplasia  very weak fluorescence or no fluorescence was observed.
degree, and fluorescence intensity during surgery. The  The sensitivity of the fluorescence monitoring method
brighter the tumor tissue fluorescence, the higher the  during surgery (dependence of fluorescence intensity on
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tumor anaplasia degree) was 100%, and the specificity
(when comparing fluorescent and non-fluorescent tumor
tissue areas) reached 85% (Fig. 4).

Comparison of the morphological data of biopsies
obtained during surgery in patients for whom 5-ALA
and chlorin e6 were used as fluorescence inducers did
not show a significant difference in the specificity and
sensitivity of detecting tumor tissue areas.

Morphological analysis of tumor tissue areas in
patients in the group with endoscopic control, but
without fluorescence control, showed that the sensitivity
of the technique for detecting tumor tissue areas was 60%
(analysis of possible areas perceived as tumor tissue, taken
during surgery under visual endoscopic control), and
the specificity was 40% (comparative analysis between
tissue areas taken during surgery that were perceived
under endoscopic control as tumor tissue, and areas that
were perceived in the endoscopic picture as normal brain
tissue).

Discussion

In this study, we assessed the effect of fluorescence
guidance in combined microscopic and endoscopic
resection on median RFS and OS medians in patients
with glioblastoma. The sensitivity and specificity of the
techniques were also assessed. Our results indicate
that median RFS and OS were higher in patients with
glioblastoma if endoscopic resection was supplemented
with fluorescence guidance. Thus, the use of fluorescence

guidance allowed increasing the sensitivity of the
technique from 60 to 100%, and the specificity from 40 to
85%.

Effect of a combined approach on resection radicality

Analysis of different works shows that the use of
an endoscope during surgery allows the surgeon to
significantly increase the frequency of total resections
(95%) and achieve a significantly greater removal of
tumor tissue volume, not limited to the contrasting parts
of the tumor according to MRl data [18, 25]. And the use of
fluorescence control in addition to the endoscope allows
for the radicality of resection to be brought to a higher
level [26-28, 30, 33]. In addition, the use of a combination
of an endoscope and fluorescence control in glioblastoma
removal appears to be a safe and feasible technique,
since an endoscope in fluorescence mode allows for the
identification of tumor tissue with high sensitivity (100%)
and specificity (85%) [27, 28]. Due to a significant decrease
in the distance between the light source and the tumor
tissue, endoscopic control and fluorescence control make
it possible to identify tumor tissue that is not sufficiently
visualized microscopically (located at the edges of the
tumor, in blind zones around the craniotomy area, and
deep in the surgical field with poorer illumination). This,
in turn, leads to an increase in the frequency of total
resections and makes it possible to perform supratotal
resection [26, 30].

Thus, in the work of A.A. Potapov et al. [23], 17 patients
underwent microsurgical resection with fluorescence
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endoscopy using 5-ALA and Karl Storz endoscopic
equipment to determine tumor residues in the resection
cavity. The primary diagnosis of the tumor included
malignant gliomas, metastases, and malignant tumors of
the skull base. In most cases, the possibility of monitoring
the” out of the border” areas of the resection cavity using
an angled endoscope was confirmed. Bright fluorescence
was observed not only in grade IV gliomas, but also in 3
of 4 metastases. The authors concluded that the use of an
endoscope to perform fluorescence navigation with 5-ALA
increases the diagnostic efficiency for differentiating
normal brain tissue from tumor tissue [23].

Our results further highlight the importance of
endoscopic and fluorescence guidance in glioblastoma
resection and demonstrate that the current limitations of
standard endoscopically guided surgery can be overcome
by adding fluorescence guidance.

Impact on overall survival

In the study by Bettag et al. [24], additional
fluorescence and endoscopic guidance were used
during surgery in 20 of 114 patients, while the remaining
patients underwent tumor resection under the control
of an operating microscope and fluorescence. Both
cohorts were comparable in age, functional status, lesion
location, adjuvant treatment methods, and molecular
status. Complete total resection was achieved in all
patients treated with the use of endoscopy, compared
with approximately 75.9% of patients treated with the
use of only a microscope (p=0.003). The RFS median in
the cohort using an endoscope was 19.3 months. (95% Cl
10.8-27.7) compared with 10.8 months (95% Cl 8.2-13.4;
p=0.012) in the microscope-only cohort. The OS median in
the endoscope group was 28.9 months (95% Cl 20.4-34.1)

compared with 16.8 months (95% Cl 14.0-20.9) in the
microscope-only group (p=0.001) [24].

Our study showed that the use of endoscopic
and fluorescence guidance increased the resection
completeness rate and thereby improved RFS and OS
rates in patients with glioblastoma.

Study Limitations

Our study has several limitations. First, it was a
retrospective study and further prospective studies are
needed to confirm our results. Second, the cohort in which
the combined approach was used was small and selective.
Third, the entire study population was selective since only
patients with well-localized glioblastomas were included
in the study. However, both cohorts were comparable in
terms of potential confounding factors, which allows to
suggest that the combined approach is superior to the
standard microscopic approach with an endoscope in
terms of the radicality rate of the performed surgery and
survival in patients with glioblastoma.

Conclusion

This is one of the first studies in our country comparing
fluorescence-guided glioblastoma resection using an
endoscope with standard resection using an endoscope in
addition to microscopic resection. The use of fluorescence
guidance during tumor resection using an endoscope,
as shown by our experience, increases the radicality of
resection and the OS and RFS medians in patients with
glioblastoma. At the same time, it should be noted that the
observed effect contrasts with the limitations of the study
design. Therefore, there is a need to continue conducting
further research on a larger group of patients to confirm
our findings.
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Abstract

The objective of this study was to investigate the effectiveness of high-intensity pulsed broadband irradiation in treating infected wounds. A
morphological study was conducted on wound specimens from 105 Wistar rats, in which infected wounds were experimentally induced (three
groups). The first group was treated with high-intensity pulsed broadband irradiation, the second group received traditional ultraviolet irradiation,
and the third group was treated only with antiseptics. Monitoring was performed before treatment, on the 7th, 14th, and 21st days of treatment.
Non-parametric statistical methods were used for data analysis. Prior to treatment, the wounds exhibited signs of the acute inflammation phase.
By the 7th day, the first group’s wounds were in the proliferation phase. In the second and third groups, edema and infiltration persisted. By the
14th day, the first group’s wounds showed signs of granulation tissue formation and transition to the regeneration stage. In the second group,
there was a reduction in infiltration, the appearance of new capillaries, and an increase in fibroblasts. In the third group, inflammatory symptoms
persisted. By the 21st day, the first group showed remodeling of connective tissue with signs of delicate scar formation. In the second group, signs
of connective tissue remodeling were observed, while in the third group, there was reduced infiltration with slow formation of new vessels. Thus,
the use of high-intensity pulsed broadband irradiation in the early stages effectively mitigates inflammation, activates local immune response, and
accelerates reparative processes.

Keywords: infected wounds, wound healing process, high-intensity pulsed broadband irradiation, ultraviolet irradiation, infiltration, connective
tissue remodeling.
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Pesiome

Llenbto nccnepoBaHua ABUNOCH U3yyeHre SPGEKTUBHOCTY BbICOKOMHTEHCUBHOIO UMMY/IbCHOTO LIMPOKOMOIOCHOTO 06J1y4eHna nHGuUmupo-
BaHHbIX paH. MpoBeaeHo Mopdonornyeckoe nccnefoBaHve npenapatos paH 105 kpbic nnuHUKM Wistar, KOTOPbIM B 3KCMEPUMEHTE MOAENU-
poBanu NHOGULMPOBAHHbIE PaHbl (TPW FPYMMbl XKUBOTHbIX). B 1-11 rpynne ans neyeHnsa paH MCMOSIb30BaM BbICOKOMHTEHCUBHOE MMMYSbC-
HOE LUIVPOKOMONOCHOE 06/YyY€eHNE, BO 2-/ FPyNMe — TPaAULYIOHHOE YNbTpaproneToBoe 061yUYeHNE, 1 B 3-i MPYMEHSIN TONbKO aHTUCENTYK.
OueHKy 3¢pdEKTVBHOCTY MPOU3BOAUIN A0 NeYeHUs, Ha 7-€, 14-e 1 21-e cyTKu NedeHus. [lo Hayana IeYeHns KapTriHa paH COOTBETCTBOBAsA
dase ocTporo BocnaneHus. Ha 7-i1 geHb B 1-0 rpynne Mopdonornyeckas KapTuHa cooTBeTcTBoBana dase nponudepauyun. Bo 2-i1 n 3-i1 rpyn-
nax oTeK ¥ MHPUNBTPaLMA K STOMY CPOKM coxpaHanuch. K 14-my gHio B 1-i rpynne Habnogany npusHaky ¢opmMmpoBaHnA rpaHynAaLMOHHON
TKaHW 1 Nepexon paH B CTaguio pereHepauun. Bo 2-i1 rpynne ymeHbluanacb MHGUAbTPaLUs, MOABIANVNCH HOBbIE KaNUIAPbI, YBEINYMBANOCh
Konunyectso ¢pnbpobnacTos. B 3-i1 rpynne, BocnanuTesbHble ABAEHUA COXPaHANUCh. K 21-my fHI0 B MepBON rpynne Habnoganocb pemoae-
NNPOBaHNE COeAVHUTENbHON TKaHN C Npr3HakamMy 06pa3oBaHUA HEXHOro pybua. Bo 2-11 rpynne )MBOTHbIX Habnoganuch ABEHNA pemoge-
NIMPOBAHNA COeAVHNUTENbHOM TKaHW. B npenapatax paH 3-i rpynnbl UHGUABTPALUA YMEHbLLIEHA, HOBble COCYAbl 00Pa3yIoTCA C 3aMefIeHNEM.
Takum 06pa3om, NCMONb30BaHNE BbICOKOUHTEHCYBHOFO MMMY/IbCHOFO LWIMPOKOMOIOCHOTO 06J1y4YeHUA NHPMLMPOBaAHHBIX paH B 6onee paH-
HVe CPOKWM KynupyeT BoCManeHune, akTYB/3MPYET MECTHYIO IMMYHHYIO peaKLiMio 1 YCKOPAET penapaTriBHble NPOoLecchl.
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KnioueBble cnoBa: NHGMUMPOBAHHbIE PaHbl, PAHEBOW MPOLECC, BbICOKOVHTEHCUBHOE UMMY/IbCHOE LUMPOKOMOIOCHOE 06/yYeHue, yibTpa-
droneToBoe 06yUeHe, UHGUBTPALIMA, PEMOLENNPOBAHNE COEAUHUTENBHON TKAHN.

Onsa yntupoBaHus: Eropos B.C., Qunumoros A.10., YyaHbix C.M., Abgysocraos X.A., YekmapeBa W.A., MaknuHa O.B., bapaHuyrosa J1.M., KoH-
apatbeB A.B. Mopdonoruyeckasn oueHka 3¢PpeKTMBHOCTY NeveHNa MHGULMPOBAHHbIX PaH BbICOKOMHTEHCUBHBIM MMMY/IbCHBIM LLPOKOMNO-

NocHbIM 06yyeHnem // Biomedical Photonics. - 2024. - T. 13, N2 3. — C. 31-41. doi: 10.24931/2413-9432-2024-13-3-31-41

KonTtakTbi: A6gyBocrpaos X.A., e-mail: sogdiana99@gmail.com

Instroduction

Nowadays, doctors of many specialties use various
physical methods of influence in the treatment of a
large number of diseases, including inflammatory ones.
Thus, in surgery, phototherapy methods are widely used,
which include laser and ultraviolet irradiation of tissues.

Due to the high drug resistance of microorganisms,
some authors suggest looking for alternative ways to treat
infected wounds using physical methods of influence [1,
2]. The sensitivity of many microorganisms to ultraviolet
radiation is well known and thoroughly characterized.
Over the past decade, antimicrobial therapy based on
the use of optical radiation has achieved significant
success against antibiotic resistance among various
strains of microorganisms. Such kind of treatment
includes methods using the antimicrobial properties
of blue light, antimicrobial photodynamic therapy
and bactericidal ultraviolet irradiation. Phototherapy
has an advantage over traditional antibiotics, since it
quickly destroys microbial cells and the likelihood of the
development of photoresistance in microbes is low. As
many authors claim, antimicrobial approaches based on
optical radiation have great potential for the treatment
of antibiotic-resistant infections and related diseases [3,
4,5].

According to experimental and clinical studies, the
use of technologies based on high-intensity continuous-

spectrum ultraviolet radiation allows for the shortest
possible time to reduce the contamination of infected
wounds, which makes it possible to recommend the
use of such phototherapeutic devices for the treatment
of severe infectious diseases occurring against the
background of severe immunodeficiency and allergic
phenomena [6]. The effect of pulsed high-intensity
optical irradiation is a highly effective method with a
powerful biocidal and immunostimulating effect [7].

Currently, there are many works devoted to the
clinical, bactericidal and immunological effectiveness of
various phototherapy methods, while studies are rarely
found that describe in detail the morphological basis
for the effectiveness of their use, including ultraviolet
irradiation.

Our work is devoted to studying the effectiveness
of high-intensity pulsed broadband irradiation in the
treatment of infected wounds using morphological
research methods.

Materials and Methods

A morphological study of wound specimens from
105 animals was conducted, which were experimentally
modeled with infected wounds.The study was approved
by the Interuniversity Ethics Committee (extract from
protocol No. 06-23 dated 15.06.23) and was conducted
in the vivarium of the Russian University of Medicine of
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the Ministry of Health of the Russian Federation. Mature
male Wistar rats weighing 200-250 g were used for the
experiment. Infected wounds were modeled under
aseptic conditions after anesthesia with a 2% solution
of xylazine and zoletil 100. The skin in the withers
area was cut with a diameter of 20 mm. Hemostasis
was performed, after which a trigger was introduced
into the wound in the form of a gauze ball moistened
with a mixture of cultures from control strains of
Staphylococcus aureus, Pseudomonas aeruginosa,
Klebsiella pneumoniae, Candida albicans in equal
volumes and dilutions, containing 10° microbial bodies
in 1 ml. The wound with the trigger was sutured. On the
next day, the sutures and the trigger were removed, and
the animals were randomly divided into three groups.
Every day, all animals of all groups without exception
underwent wound toilet with 0.1% chlorhexidine
solution.

Animals of the 1st (main) group (n=30) underwent
high-intensity pulsed broadband irradiation during
the treatment. This method was performed using a
device based on a pulsed xenon lamp of the “pulsed for
pumping lasers straight tube 5/60” type, operating in a
pulse-periodic mode with a pulse frequency of 5 Hz and
an average electric power of 100 W.The average radiation
power of the lamp in the UV-C range of the spectrum
(200-280 nm) was 3 W, the pulse power of UV-C radiation
was 24 kW.

The software of the used device included the following
therapy modes: 1st mode - 50 pulses with an irradiation
cycle duration of 10 s; 2nd mode - 100 pulses for 20 s; 3rd
mode — 200 pulses with a duration of 40 s. Taking into
account the contamination and vastness of the modeled
wounds, to combat infection and stop inflammation,
wound irradiation in the first five days of treatment was
carried out using mode 3 at a distance of 5 cm from the
wound. Starting from the sixth day of treatment and for
the next five days, mode 2 was used at a distance of 10
c¢m from the wounds.

On the wounds of animals of the 2nd group, daily,
for 10 days, a 3-minute traditional ultraviolet irradiation
with the “Solnyshko” ultraviolet quartz irradiator, based
on a UV mercury bactericidal lamp of the arc compact
bactericidal ultraviolet lamp of type 7, with an electric
power of 7 W. The power of UV-C radiation (254 nm) of
the lamp was 1.2 W.

And in the 3rd control group of animals, wound
treatment was carried out only with the help of an
antiseptic by daily toilet and applying a bandage with a
0.1% chlorhexidine solution to the wound.

All manipulations were performed in compliance with
the requirements of the “European Convention for the
Protection of Vertebrate Animals used for Experimental
and other Scientific Purposes” (Strasbourg, 1986), the
World Medical Association Declaration on the Humane

Treatment of Animals (Helsinki, 2000), and in accordance
with the requirements of Order No. 267 of the Ministry
of Health of the Russian Federation dated 19/06/2003
“Rules for the handling, maintenance, anesthesia and
euthanasia of experimental animals”.

To control the morphological picture before the
start of treatment, 5 animals were withdrawn from the
experimentineach group.Onthe 7th, 14thand 21st days,
10 animals were withdrawn from the experiment in each
group. Animals were withdrawn using an overdose of
intramuscular anesthesia (2% xylazine and zoletil 100).
After euthanasia, soft tissues in the wound area were
excised and fixed in 10% formalin solution, followed by
specimens of paraffin blocks and histological specimens
using standard methods. Morphological examination
was performed on specimens stained with hematoxylin
and eosin, with a section thickness of 5 um.

Electron microscopic examination was performed
on a JEM 100 CX electron microscope (JEOL, Japan) in
transmission mode at an accelerating voltage of 80 kV.
For this purpose, biological material was fixed in a 2.5%
glutaraldehyde solution, then in a 1% osmium oxide
solution and embedded in a mixture of araldite resins.
Semi-thin sections (1-1.5 um) were stained with toluidine
blue. Ultra-thin sections were contrasted with uranyl
acetate and lead citrate.

For qualitative and quantitative study, histological
specimens were pre-scanned on a digital scanner
PANNORAMIC 250 Flash (3DHISTECH Ltd. Hungary) and
then studied using the program Pannoramic Viewier
1.15.4 (3DHISTECH Ltd. Hungary).

Statistical processing of the obtained results was
carried out using the programs Microsoft Office Excel
and Statistica 10.0.1011 (StatSoft, Tibco, USA). The
analysis was carried out using nonparametric statistical
methods, since the preliminary study showed unequal
dispersion of the studied features. Descriptive statistics
data are presented as a median and interquartile
range of 25% and 75%. Comparison of three groups
was performed by the Kruskal-Wallis test, where at p <
0.05 the sign was considered statistically significantly
different in the three groups. Then, paired comparison
between the groups was performed using the Mann-
Whitney criterion and Bonferroni correction. The sign
was considered statistically significantly different
between the two groups at p<0.0167. Preliminary
comparison of the groups over time was performed
using the Friedman test for related traits with calculation
of the Kendall concordance coefficient (KC). The sign was
considered statistically significantly different at p<0.05.
Then, sequential pairwise comparison of the sign within
the groups was performed using the Wilcoxon test with
the Bonferroni correction. The sign was considered
statistically significantly different between the two
groups at p<0.0167.
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Results

Neutrophilic and lymphocytic infiltration with
hemorrhagic areas were observed in the wounds of
animals of all groups before treatment (Fig. 1a). The
vessels and capillaries found in the specimens were
paralytically dilated or filled with erythrocytes. The

vascular endothelium was swollen. Collagen fibers
presentin the wounds were damaged and swollen. In the
area of the wound bottom, among the fatty tissue, a large
number of mast cells in varying degrees of degranulation
were noted (Fig. 1b, ). Foci of hemorrhage were visible
in the muscle tissue. The tissue was edematous and

Puc. 1. lMpenapaTbl paH XXMBOTHbIX 0
neyvyeHus: a — paHeBon AedEeKT, HEKPO3
TKaHU, y4aCTKU KPOBOU3NUSHUS; b —
Ty4YHasi KneTKa — CTpesika; ¢ — Ty4yHas
KNeTKa B COCTOSIHUU AerpaHynsauuu;
YBenuyenue: a — 200; b — 1000;

C — anekTpoHorpamma x8900.
OKpacKa: a — reMaTOKCU/IMH-303UH;

b — TOoNyMAUHOBBIN CUHWUIA; C — ypaHUn
aueTaTt ¥ uMTpaT CBUHLA.

Fig. 1. Specimens of animal wounds
before treatment: a — wound defect,
tissue necrosis, areas of hemorrhage;
b — mast cell - indicated by an arrow;
¢ — mast cell in a state of degranulation.
Maghnification: a — 200x; b — 1000x;

¢ — electron micrograph x8900.
Staining: a — hematoxylin and eosin;

b - toluidine blue; ¢ — uranyl acetate
and lead citrate.

Ta6nuua 1

KonnyecTBeHHbIN COCTaB KNEeTOK B FTMCTONIONMYECKUX Npenapartax paH 4o Havyana fie4yeHus

Table 1

Quantitative composition of cells in histological wound specimens before treatment

KneTouHbIn cocTaB

Helitpodunbl
Neutrophils
JNumdouutbl
Lymphocytes
Makpodaru
Macrophages

[erpaHynupyioLive
6azoduibl
Degranulating
basophils

basodwunbl
Basophils

MnasmounTsbl
Plasmacells

®unbpobnacTbl
Fibroblasts

CpaBHeHMe KNeTou-
HOro COCTaBa BHYTPY
rpynn B AVHaMUKe
Comparison within
groups over time

1-a rpynna

316
(274;346)

62
(59;68)

0

11
(10;12)

0

1
(1;7)

0

p(H/N)<0.0001, KK=1;
p(J1/L)<0.0001, KK=1;
p(M/M)<0.0001, KK=1;
p(AB/DB)<0.0001,
KK=0,98;
p(B/B)<0.0001, KK=1;
p(/P)<0.0001, KK=0,58;
p(®/F)<0.0001,KK=098

2-arpynna

3-arpynna

p - Mexpay uccnepye-

MbIMU rpynnamun

303 314 -
(276;345) (261;364) p=0,88
59 65 _
(57;66) (60:68) p=0,051
0 0
12 1 N
(11;13) (10;13) p=0,049
0 0
1 1 5
(e (10 p=0,47
0 0

p(H/N)<0.0001, KK=1;
p(1/1)<0.0001, KK=0,9;
p(M/M)<0.0001, KK=0,78;
p(0B/DB)<0.0001, KK=1;
p(6/B)<0.0001, KK=0,92;
p(1/P)<0.0001, KK=0,92;
p(®/F)<0.0001, KK=1

34

p(H/N)<0.0001, KK=1;
p(1/1)<0.0001, KK=0,93;
p(M/M)<0.0001, KK=093;
p([15/DB)<0.0001,
KK=0,98;
p(5/B)<0.0001, KK=0,93;
p(T1/P)<0.0001, KK=0,81;
p(®/F)<0.0001, KK=1
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contained damaged vessels with swollen endothelium.
The edges of the wound were bordered by thickened
epidermis, with signs of edema.

Statistical analysis of the quantitative composition
of cells before the treatment revealed no significant
difference between the groups (Table 1).

By the 7th day of treatment, edema persisted in the
specimens of animals of all groups. A tendency toward
a decrease and transformation of the infiltrate was
noted. In the 1st group, the infiltration areas acquired
the appearance of a layered structure, and hemosiderin
granules appeared. The pigment granules were located
freelyintheintercellularspace and macrophages, staining
the latter brown (Fig. 2a, b). In other groups, the decrease
in infiltrate was less significant. Thus, in the 2nd group of
animals, infiltration in the form of rosettes around small
vessels was observed. In the wound specimens of animals
of the 3rd group, thrombosed blood vessels were noted,
both small and larger. Neutrophils in the wound had
signs of NETosis. In all groups, degranulation of mast cells
was noted (Fig. 2¢). In the specimens of the 1st and 2nd

groups of animals, young fibroblasts appeared, which in
the 1st group of animals were lined up in strands oriented
parallel to the wound surface (Fig. 2d). In the 2nd group
of animals such orientation of cells was not determined
(Fig. 2e).

In all groups, by the 7th day of treatment, the number
of neutrophils was significantly reduced compared to the
previous day of control (Tables 1, 2). Differences in the
number of neutrophils in wound specimens between the
groups (Table 2) were statistically significant. Thus, in the
1st group their number was significantly less compared
to the 2nd and 3rd groups (p < 0.0001 for both groups),
and in the 2nd group the number of neutrophils was
significantly less compared to the 3rd group (p < 0.0001).

Also, in the specimens of animals of the 1st group, the
number of lymphocytes was reduced compared to the
previous day of control and compared to other groups
(Tables 1, 2). In animals of all groups, macrophages
appeared in the wounds, which were significantly more
in the wound specimens of animals of the 1st group
(p<0.0001 compared to the 2nd and 3rd groups) and the

Puc. 2. lpenapatbl paH *XUBOTHbIX Ha 7-#
OeHb nevyeHus (a-d — 1-a rpynna; e-f — 2-9
rpynna): a — B COEAUHUTENIbHOM TKaHU
rpaHynbl reMmocuMaepuHa KOPUYHEBOTO
uBeTta; b — PpyHKUMOHANBbHO aKTUBHbIN
Makpodar, B LeHTpe KNeTKK KpynHas
darocoma ¢ KNeTOYHbIM AETPUTOM;

C — TYYHbl€ KNIETKU B COCTOSIHUM NOJIHOMN
aerpaHynsuuu; d — duépobnacTtbl OpUEH-
TUPOBaHHbIE NapasieNbHO NOBEPXHOCTH
paHbl; € — PYHKLMOHaNbHO aKTUBHbIE
bubpoGnacTbl 63 BbipaXKeHHOoM Npo-
CTpaHCTBEHHOI opueHTauuu; f — B none
3PEHUs NI1a3MOLUT.

a, ¢, f ypenuuenue: — 400, okpacka —
remMaToKCUINH-303UH; b, d, € — aneKTpo-
HOorpammbl, ysenuyenue — 12000, okpa-
CKa — ypaHun aueTtar U uMTpaTt CBMHLA.
Fig. 2. Specimens of animal wounds on
the 7th day of treatment (a-d: Group 1;
e-f: Group 2): a — brown hemosiderin
granules in connective tissue;

b — functionally active macrophage.
Large phagosome with cellular debris in
the center; ¢ — mast cells in a state of
complete degranulation; d — fibroblasts
aligned parallel to the wound surface;

e - functionally active fibroblasts without
distinct spatial orientation; f — plasma
cell in the field of view.

Maghnification: a, c, f — staining —
hematoxylin and eosin, 400x; b, d, e -
electron micrographs, staining — uranyl
acetate and lead citrate, magnification

- 12000x.

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T.13, N23/2024

35



V9]
-
O
l_
(2’4
<
<
<
O,
&
O

Egorov V.S., Filimonov AYu., Chudnykh S.M., Abduvosidov Kh.A.,
Chekmareva I.A., Paklina Q.V., Baranchugova L.M., Kondrat’ev A.V.

Morphological evaluation of the effectiveness of treating infected wounds with high-intensity pulsed broadband irradiation

TaGnauua 2

KonnyecTBeHHbIN COCTaB KNETOK B FTMCTOJIONMYECKUX Npenaparax paH Ha 7 AeHb leyeHus

Table 2

Quantitative composition of cells in histological wound specimens on the 7th day of treatment

KneTouHbin cocTaB

1-arpynna

Helitpodunsbl 64
Neutrophils (59;67)
JiumbounTbl 13
Lymphocytes (12;14)
Makpodaru 34
Macrophages (30;36)
[erpaHynupytowime 6azodusbl 1

Degranulating basophils (1;1)

basodusbl 6
Basophils (5;8)
[MnasmounTsbl 3,5
Plasma cells (2;6)
®nbpobnacTbl 13,5
Fibroblasts (12;17)
p(H/N)<0.0001
p — BHYTPU KaXKAow ncciegyemon pU1/L)<0.0001
rpynmbl MeXAay 7-biM AHEM KOHTPOIA p(M/M)<0.0001
1 IHEM [0 Havana neyvyeHuns p(dB/DB)<0.0001
p — within each group between Day 7 p(b/B)<0.0001
and pre-treatment p(M/P)<0.0001
p(®/F)<0.0001

2nd group (p<0.0001 compared to the 3rd group). On the
7th day of wound treatment, in response to the therapy,
the number of plasma cells in the wound specimens of
animals of the 1st and 2nd groups increased (Tables 1,
2; Fig. 2f).

Morphological examination of wound specimens on
the 14th day of treatment showed that in specimens of
the 1st group of animals, inflammatory tissue infiltration
was minimal. Fibroblasts oriented parallel to the wound
surface were in a state of high functional activity (as
confirmed by ultrastructural analysis), synthesized
proteins, including collagen (Fig. 3a). New vessels grew
toward the wound center and perpendicular to the
wound surface (Fig. 3b). Fibroblasts were grouped along
the vessels (Fig. 3c). Mast cells were single, in a state
of partial degranulation. (Fig. 3d,e). In the 2nd group,
infiltration decreased, in some specimens, formation of
new capillaries was noticeable. In the 3rd group, a scab

p - Mexpay uccne-
AyembIiMM rpyn-

2-arpynna ——

3-arpynna

p<0,0001
82 176,5 p(1-2) <0,0001
(77:86) (167;188) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
60 73 p(1-2) <0,0001
(53:67) (72;74) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
17 4 p(1-2) <0,0001
(16;18) (2:6) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
4 7 p(1-2) <0,0001
(3:5) 6:8) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
1 0 p(1-2) <0,0001
;1) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
2 1 p(1-2) <0,0001
2:2) (1;1) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
2,5 0 p(1-2) <0,0001
(2:4) p(1-3) <0,0001
p(2-3) <0,0001
p(H/N)<0.0001 p(H/N)<0.0001
p(1/1)=0,62 p(1/1)<0.0001
p(M/M)<0.0001 p(M/M)<0.0001
p(IB/DB)<0.0001  p(AE/DB)<0.0001
p(6/B)<0.0001 p(M/P)=0,69
p(1/P)<0.0001
p(®/F)<0.0001

still remained, infiltrate and edema under the scab,
neutrophils and macrophages were visible (Fig. 3f). In
some areas, infiltration extended to muscle and adipose
tissue. There were no histological signs of connective
tissue remodeling.

Quantitative analysis showed that the number of
neutrophilsandlymphocytesonthe 14thdayoftreatment
became significantly lower than on the 7th day (Tables 2,
3). The dynamics of the number of macrophages in each
group was different. Thus, in the 1st group, their number
compared to the 7th day of treatment and compared
to other groups was statistically significantly lower (p <
0.0001 for all the above indicators). In the 2nd group of
animals, the number of macrophages remained at the
same level compared to the previous day of control (p
= 0.89), but was significantly lower than in the 3rd group
(p < 0.0001). In the wound specimens of the 3rd group,
the macrophage indicators increased compared to the
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7th day of treatment, which indicated a later response of  detected in all groups (p<0.0001 for all groups), while
the body to the treatment. At the same time, a significant  their content was increased in groups 1 and 2 (p<0.0001).
decrease in the number of degranulating basophils was  The mast cell population of groups 1 and 2 restored their

Puc. 3. IpenapaTtbl paH XXMBOTHbIX Ha
14-ih peHb neveHus (a-e — 1-a rpynna;

f —3-a rpynna):

a — GYHKUMOHANbHO aKTUBHbIE CUHTE3W-
pylowme KonnareH ¢pubpodnacTbl;

b — K LeHTpy paHbl pacTyT HOBble KpoBe-
HOCHbI€ COCYAbl — CTPEJIKU;

¢ — du6po6nacT HaxoanTcA PAJOM C
HOBOOGPa30BaHHbIM KanuuisipoMm;

d — Ty4Hble KNETKU — CTPESIKK;

€ — jerpaHynsiuus Ty4HOW KNeTKH, rpa-
Hyna (CTpenKa) HaxoAuTcs cpeaum Konna-
reHoBbIX Gpubpunn;

f — B unTonnasame makpodara KpynHas
¢arocoma ¢ KNETOYHbIM AETPUTOM.
YBenuuyeHue: b — 200; d - 400; a, c, €,

f — anekTpoHorpammsi; a, ¢, f — 12000;

e - 30000

Okpacka: b, d — reMaTOKCU/IMH-303UH; a,
¢, e, f — ypaHun auertar ¥ LMTpaAT CBMHLA.
Fig. 3. Specimens of animal wounds on
the 14th day of treatment (a-e: Group 1;
f: Group 3):

a - functionally active fibroblasts
synthesizing collagen;

b — new blood vessels growing towards
the wound center - indicated by arrows;
¢ - fibroblast adjacent to a newly formed
capillary;

d — mast cells — indicated by arrows;

e — degranulating mast cell. Granule
(arrow) among collagen fibrils;

f — large phagosome with cellular debris
in macrophage cytoplasm.
Maghnification: b — 200x; d — 400x; a, c, e,
f — electron micrographs; a, ¢, f — 12000x;
e — 30000x.

Staining: b, d — hematoxylin and eosin;
a, ¢, e, f — uranyl acetate and lead citrate.

Puc. 4. Mpenapatbl paHbl }XUBOTHbIX Ha 1-# AeHb NledeHus (a — 1-a rpynna; b — 2-a rpynna; ¢ — 3-A rpynna): a — pemoaenupoBaHue
COeUHUTENIbHOW TKaHU, MHOXXeCTBO MonoAbIX GU6po6nacToB, B TOM YUCEe B COCTOSSHUM MUTO3a; b — pemogennpoBaHue TKaHU 3ameg-
NIeHOo, eANHUYHble HOBOOGPa30BaHHbIE cocyAbl, MaKpodaru, coxpaHsaeTc MHGUALTPaLMA U OTEK COeAUHUTENbHOW TKaHU; C — UHPUNb-
Tpauusa 1 OTeK COeAMHUTENbHON TKaHu; a, b, ¢ — yBenuyeHue — 200, oKpacKa — reMaTOKCUINH-303UH.

Fig. 4. Specimens of animal wounds on the 21st day of treatment (a: Group 1; b: Group 2; c: Group 3): a — connective tissue
remodeling with numerous young fibroblasts, some in mitosis; b — slowed tissue remodeling, few newly formed vessels, macrophages,
persistent infiltration, and connective tissue edema; ¢ - persistent infiltration and connective tissue edema.

Maghnification: a, b, ¢ — 200x, staining — hematoxylin and eosin.
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Ta6nuua 3

KonnyecTBeHHbIN COCTaB KNETOK B TMCTONIONMYECKUX Npenaparax paH Ha 14-i aeHb fevyeHus

Table 3

Quantitative composition of cells in histological wound specimens on the 14th day of treatment

KneTouHbIn cocTaB

1-arpynna

Helitpodunbl 10,5
Neutrophils (7;14)
JinmoounTbl 2
Lymphocytes (2;2)
Makpodaru 6
Macrophages (5:7)
[LerpaHynupyiowme 6azodunbl 0
Degranulating basophils
bazodunbl 13
Basophils (12;15)
[MnasmounTbl 2
Plasmacells (2;2)
OubpobnacTbl 45
Fibroblasts (33;52)
p(H/N)<0.0001
P — BHYTPU KaxKAoW nccnegyemon pEJ,;IA//II\)ATS(')Ogg&
rpynnbl mexay 14-biM 1 7-bIM HAMN p(,ElE/DB)<.0 0001
p — within each group between Day 14 S(E/B)<0 0001
and Day 7 p(11/P)<0.0001
p(®/F)<0.0001

functional activity. On the part of the connective tissue
component, an increase in the content of fibroblasts was
noted in groups 1 and 2 (Tables 2, 3). Single basophils
and fibroblasts appeared in the wound specimens of
group 3.

By the 21st day of treatment, there was a significant
dynamics of morphological signs. Thus, when
examining wound specimens of animals in group 1, in
which high-intensity pulsed broadband irradiation was
used in the treatment, connective tissue remodeling
was observed in favor of complete restoration of the
structure. In group 2 animals, in which traditional
ultraviolet irradiation was used in the treatment of
wounds, the macrophage reaction persisted. In the
connective tissue under the scab, capillaries were
present, although in smaller quantities than in group 1.
In wound specimens of animals in groups 1 and 2, there

p( p(
p( p(
p( p(
p(4b6/DB)<0.0001 p(4b/DB)<0.0001
p( p(
p( p(
p( p(

P - mexpy
ncaeagyembimun

2-arpynna rpynnamm

3-arpynna

p<0,0001
p(1-2)<0,0001
p(1-3)<0,0001
p(2-3)<0,0001

p<0,0001
p(1-2)<0,0001
p(1-3)<0,0001
p(2-3)<0,0001

p<0,0001
p(1-2)<0,0001
p(1-3)<0,0001
p(2-3)<0,0001

p<0,0001
p(1-2)<0,0001
p(1-3)<0,0001
p(2-3)<0,0001

p<0,0001
p(1-2)<0,0001
p(1-3)<0,0001
p(2-3)<0,0001

p<0,0001
p(1-2)<0,0001
p(1-3)<0,0001
p(2-3)=0,7
p<0,0001
p(1-2) <0,0001
p(1-3) <0,0001
p(2-3) <0,0001

27 56
(25;34) (49;61)

27 55
(25;29) (51;60)

17 33
(14;21) (25;42)

(1;1) (2;2)

(5;8) (1;1)

1 1
(1;1) (1;1)

17 5
(15;19) (4;6)

H/N)<0.0001
J1/1)<0.0001
M/M)=0,89

H/N)<0.0001
J1/1)<0.0001
M/M)<0.0001

b/B)<0.0001
I1/P)<0.0001
®/F)<0.0001

b/B)<0.0001
/P)=0,53
®/F)<0.0001

isalarge number of inactive mast cells in the connective
tissue (Table 4). In group 3, an admixture of neutrophils
(Table 4) and thrombosis of small vessels are preserved.
Edema persists, which is expressed in connective and
adipose tissue.

Discussion

Wound healing is a complex biological process
with  successively overlapping physiological and
morphological phases. To restore the barrier function
of damaged skin, coordination of cellular and molecular
processes is necessary. At the beginning of the wound
healing process, in the first phase of inflammation,
cellular elements such as neutrophils and macrophages
migrate to the wound, mobilizing local and systemic
defense. In the next phase, proliferation, connective
tissue cells, fibroblasts and keratinocytes, begin to
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Ta6nuua 4
KonuuecTBeHHbI cocTaB KNETOK B FTMCTONIONMYECKUX Npenapartax paH Ha 21-i AeHb ieyeHus N
Table 4 Ll
Quantitative composition of cells in histological wound specimens on the 21st day of treatment d
P - mexxpy —
KnetouHbii1 cocTaB 1-arpynna 2-A rpynna 3-a rpynna "ccrg;ﬂ}_ﬁm’;m“ iz(
—1
<C
p<0,0001 Z
Heltpodunebl 0 6,5 23 p(1-2) <0,0001 —
Neutrophils (59 (19;26) p(1-3) <0,0001 @
p(2-3) <0,0001 =~
p<0,0001 O
JNumdouunTbl 0 3 14 p(1-2) <0,0001
Lymphocytes (2:4) (12;18) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
Makpodaru 2 10 25 p(1-2) <0,0001
Macrophages (2;2) (8;13) (23;27) p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
[Lerpanynupyiowme 6azodpunbl 0 0 0 p(1-2) <0,0001
Degranulating basophils p(1-3) <0,0001
p(2-3) <0,0001
p<0,0001
Bbasodunbl 19 9 2 p(1-2) <0,0001
Basophils (18;20) (7;11) (2;2) p(1-3) <0,0001
p(2-3) <0,0001
0,0001
Mnasmountbl 2 P<b,
. 0 0 p(1-2) <0,0001
Plasmacells (2;2) b(1-3) <0,0001
p<0,0001
OubpobnacTbl 66 34 14 p(1-2) <0,0001
Fibroblasts (59;77) (27;40) (12;16) p(1-3) <0,0001
p(2-3) <0,0001
p(H/N)<0.0001; p(H/N)<0.0001 p(H/N)<0.0001
~ . p(11/1)<0.0001; p(/1/1)<0.0001 p(/1/1)<0.0001
P B“ygﬁ’il':f’:ﬁ‘jfbmm"e‘; MEXIY  p(M/M)<0.0001;  p(M/M)<0.0001 p(M/M)<0.0001
B T N T4 p(B/B)<0.0001; p(4B/DB)<0.0001 p(4B/DB)<0.0001
P an% Dap " Y p(N/P)=1 p(5/B)<0.0002 p(5/B)<0.0001
y p(®/F)<0.0001 p(M/P)<0.0001 p(M/P)<0.0001
p(®/F)<0.0001 p(®/F)<0.0001

actively proliferate, triggering the process of connective
tissue remodeling. The third phase of the wound healing
process is the phase of regeneration or epithelialization,
when fibroblasts begin to synthesize collagen, and the
organization of a new matrix begins [8].

Various methods are used to analyze and evaluate
wound healing, including planimetry and morphological
examination. Planimetry allows clinical evaluation of
the visible characteristics of the wound and, due to the
presence of a scab, often does not correlate with the
healing indices visualized by morphology, which makes
morphological examination the “gold standard” for
assessing wound healing [9].

There are data on the effectiveness of phototherapy
in the treatment of wounds, including infected
ones, however the studies mainly concern laser or
photodynamic therapy, and the authors point out the

clinical, bactericidal and morphological effectiveness
of their use [10, 11, 12]. There are few works devoted to
studying the effectiveness of ultraviolet irradiation in the
treatment of infected wounds, moreover they show only
bactericidal effectiveness [13, 14].

K. Narita et al. in an experiment on mice, having
modeled a wound infected with St. Aureus (MRSA),
irradiated it with two types of lamps with radiation in
the range of 222 nm and 254 nm. The authors performed
bacteriological, histological and immunohistochemical
studies. In the morphological study, the authors found
a decrease in the inflammatory response to ultraviolet
irradiation of infected wounds in the 222 nm range. In
the study, histological analysis was performed only on
the 5th and 8th days, and only neutrophilic infiltration
was assessed without a statistical assessment of the full
morphological picture [15].

BIOMEDICAL PHOTONICS T.13, N23/2024
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V.V. Bagrov et al. showed the bactericidal, clinical and
morphological effectiveness of antibacterial therapy
in combination with high-intensity optical irradiation
of infected wounds compared to the traditional use of
Levomekol ointment (dioxomethyltetrahydropyrimidine
(methyluracil), chloramphenicol). Histological analysis
showed an earlier transition of the wound process (day
14) to the granulation phase in animals whose wounds
were exposed to high-intensity optical irradiation,
compared to the wounds of animals in the control group
[16].

Thus, the data on the use of ultraviolet irradiation of
infected wounds is limited and is presented mainly by a
description of bactericidal effectiveness. In the existing
studies, morphological signs of tissue regeneration are
presented only at the initial stages of the wound process,
at the stages of inflammation and proliferation, and there
is no data on the full morphological picture occurring in
the wound during treatment with ultraviolet irradiation
until the completion of regenerative processes.

In our study, we present a qualitative and quantitative
analysis of the morphological picture using high-
intensity pulsed broadband irradiation, traditional
ultraviolet irradiation and classical local application of an
antiseptic.

Our experimental study of the treatment of infected
wounds showed that before the treatment, the
morphological picture of the wounds corresponded to

the acute inflammation phase. On the 7th day in the
1st group, the morphological picture corresponded
to the proliferation phase. In the 2nd and 3rd groups,
edema and infiltration persisted. By the 14th day, signs
of granulation tissue formation and the transition of
wounds to the regeneration stage were observed in
the 1st group. In the 2nd group, infiltration decreased,
new capillaries appeared, and the number of fibroblasts
increased.

In the 3rd group, inflammatory phenomena persisted.
By the 21st day, there were no signs of inflammation in
the wound specimens of the 1st group, connective tissue
remodeling with signs of formation of a delicate scar was
observed. In the specimens of the 2nd group, signs of
infiltration were minimal, connective tissue remodeling
phenomena were observed, in which new capillaries
were present. In the wound specimens of the 3rd group
of animals, infiltration was reduced, new vessels were
formed with a slowdown.

Conclusion

The morphological study showed that the use of
high-intensity pulsed broadband irradiation of infected
wounds, in contrast to traditional ultraviolet irradiation
and treatment of wounds with antiseptics at an earlier
stage, stops the inflammatory reaction of tissues,
activates the local immune response and accelerates the
processes of connective tissue remodeling.
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PHOTODYNAMIC THERAPY IN THE PREVENTION
OF HPV-INDUCED RECURRENCES OF PRECANCER
AND INITIAL CANCER OF THE CERVIX

Trushina O.1,, Filonenko E.V., Novikova E.G., Mukhtarulina S.V.
P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC of the Ministry of
Health of the Russian Federation, Moscow, Russia

Abstract

Photodynamic therapy (PDT) has antiviral activity and is an effective method for preventing cervical HPV-associated relapses. In our study, we
assessed the effectiveness of prophylactic anti-relapse PDT of the cervical stump at the second stage after high amputation of the cervix in 65
patients with a clinical diagnosis of carcinoma in situ and 35 with a diagnosis of cervical cancer stage 1A1. As a photosensitizer, a drug based on
5-aminolevulinic acid (5-ALA) in the form of a 12% gel at a dose of 0.1 mg/cm? was used. Irradiation was performed after 4 hours (light dose - 150 J/
cm?). Complete eradication of HPV DNA was achieved in 94% of patients. In the remaining 6% of observations, the antiviral effect was registered as
eradication of one or two types in case of multiple HPV infection with dominance of strains 16 and 18, or a significant decrease in the viral load. The
observation periods ranged from 3 to 10 years. A persistent antiviral effect was maintained throughout the observation period in 93 (93%) women.
Thus, PDT of the cervical stump with 5-ALA provides a pronounced antiviral effect at the second stage of treatment of precancerous and initial
tumor pathology of the cervix due to the selective accumulation of the photosensitizer in infected cells with their subsequent direct phototoxic
and photochemical destruction to the basal and parabasal layers of the epithelium, in which virus replication occurs.

Key words: cervical cancer, photodynamic therapy, human papillomavirus, 5-aminolevulinic acid.
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OOTOANHAMUYECKAA TEPAMUNSA B MPODPUITAKTUKE
BMY-UHOYUMNPOBAHHbIX PELMOMBOB MNMPEOPAKA
U HAYAJTIbBHOIO PAKA LLUEUKH MATKH

O.U TpywmHa, E.B. Dunonenko, E.I. Hoenkoea, C.B. Myxtapynuua

«MOCKOBCKMI HOYYHO-UCCIEAOBATENBCKMIA OHKONOTUYECKMI MHCTUTYT M. [1.A. Tepuera —
dununan PIBY «HaunmoHanbHbIM MEAMUMHCKMIA MCCEAOBATENLCKMI LEHTP PALUMONOTMUY»
Murucrepcrsa sgpasooxpanerms Poceuitckoit Penepaumu, Mocksa, Poccus

Pesiome

DotoguHamnyeckan Tepanua (OAT) obnapaeT NPOTUBOBUPYCHON aKTUBHOCTbIO 1 ABNAETCA SGGEKTVBHBIM METOAOM NPOPUNAKTUKM LiepBY-
KanbHbix BlMY-accouumpoBaHHbIX peunanBoB. B Halem nccnefoBaHum 6bina oleHeHa 3GGeKTUBHOCTb NPOGMIakTUYeCKon NPOTMBOPeLI-
aveHou OT KynbTy WENKN MaTKN Ha BTOPOM 3Tare Nnocsie BbICOKOM aMmyTaLMn WeKN MaTK1 Y 65 MaLMeHTOK C KNIMHUYECKM ANarHO30M
carcinoma in situ 1 35 - ¢ gnarHosom PLLUM TA1 cT. B KauecTBe poToceHCMbMM3aTOpa MCNONb30Banv anmanKayMoHHO npenapaT Ha OCHoBe
5-amviHoneBynuHoBow KucnoTbl (5-AJIK) B Buae 12%-ro rend B go3se 0,1 mr/cm?. O6bnyyeHune npoBoguny yepes 4 u (ceetoBas go3sa — 150 [x/
cm?). MonHas apagrkauma JHK BMNY 6bina gocturHyTa y 94% nauneHToK. B octanbHbix 6% HabniogeHUAX NpOTUBOBUPYCHbIN 3dbeKT 3aperu-
CTPVPOBaH B BUAE 3paanKaLyiv OfAHOTO UKW ABYX TUMOB NPU MHOMXECTBEHHOM UHOULMpoBaHKK BIMY ¢ fomMrHMpoBaHyem 16 1 18 WwTammos,
VNN 3HAYMTENIbHOM CHVKEHUW BUPYCHOW Harpy3ku. Cpoku HabniopeHna coctaBunm ot 3 ao 10 net. CTOMKUIA NPOTUBOBUPYCHbIN 3ddeKT B
TeyeHuWe BCero nepuopa HabnogeHnsa coxpaHanca y 93 (93%) »keHLyH. Takum obpasom, OAT KynbTy weinku matku ¢ 5-AJTK obecneumsaet
BblPaXXeHHbI MPOTUBOBMPYCHbI SGPEKT Ha BTOPOM dTare JieYeHNa NpeAonyXosieBol 1 HauyanbHOW OMyXosieBO MaToNOrMM LWEeNKN MaTKn
33 CYET CeNIeKTVBHOrO HaKoreHrA GoToceHcMbunm3aTopa B MUHGULIMPOBAHHDBIX KNEeTKaX C NOoCieAyioWwmnmM nx NpAMbIM GOTOTOKCUUYECKUM 1
doTOXMMMYECKUM pa3pyLueHneM [0 6a3anbHbiX 1 Napaba3anbHbiX C/I0EB SMUTENNSA, B KOTOPbIX MPOVCXOAUT PennnKaLlua Bupyca.

KnioueBble cnoBa: pak LWEeNKIN MaTKK, ¢0T0,E|I/IHaMI/I‘18CKaF| TepanuA, BUpyC nanuiiomMmbl YesioBeka, S-aMVIHOHEByJ'IVIHOBaﬂ Kncnota.

Ana yutnposanua: TpywuHa O.U, unoHekko E.B., HoeukoBa E.I., MyxtapynuHa C.B. ®oTognHamuyeckas Tepanuva B npodunaktnke BMY-
VHAYLVPOBAHHbIX PELVAVBOB Mpefpaka 1 HayarbHOro paka Lerku maTtky // Biomedical Photonics. — 2024. — T. 13, N2 3. - C. 42-46. doi:
10.24931/2413-9432-2024-13-3-42-46
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Introduction

The problem of cervical cancer (CC) has been the
focus of attention of leading oncologists from all over
the world for many decades. The steady increase in the
number of women with malignant neoplasms of the
cervixand the pronounced trend towards “rejuvenation”
of the disease undoubtedly indicate the relevance of
the search, development and implementation of new
approaches to the prevention, diagnosis and treatment
of cervical precancerous and tumor pathology. In the
successful implementation of these tasks, an important
role is given to the etiological factor of cervical
carcinogenesis — the human papillomavirus (HPV). The
DNA of this viral agent has a high oncogenic potential
and is found in 99.7% of CC [1,2].

Over the past two decades, much attention has
been paid to the issues of progression of papillomavirus
infection (PVI) to invasive CC, while an equally
important direction in the prevention of relapses
of the disease after organ-preserving treatment of
initial cervical oncopathology remains poorly studied.
Recurrence of the tumor process in the cervix indicates
to a greater extent the persistence of HPV, the leading
factor in stimulating epithelial proliferation [3,4]. This
viral agent is capable of initiating relapses of cervical
intraepithelial neoplasia [I-lll (CIN) and initial CC
(carcinoma in situ, CC stage 1A1) during the first three
years after electrosurgical conization, the frequency of
which, according to a number of authors, is variable
and amounts to 15-75% [5,6]. Relapses of the disease in
women under 40 years are more common (57.9%) than
at an older age [7]. The frequency of relapses increases
with involvement of the cervical canal in the process
or in the case of mixed localization of the process,
especially at the age of 30-39 years — 83.3% [8].

The causes of recurrence of precancer and initial
cervical cancer of the uterine in the presence of
a negative morphological resection margin are:
preservation and persistence of latent and subclinical
forms of HPV in unchanged tissues at the border with
resection or destruction, necrosis zone, multifocal
lesions; deposition of HPV DNA along with smoke on
the mucous membranes of the cervix and vagina; the
presence of additional foci of HPV infection in the
vagina and perineum in every fourth woman with
cervical neoplasia; reinfection; the inability to prevent
the expression of papillomaviruses in the surrounding
tissues [9,10,11,12,13].

The ineffectiveness of antiviral drug therapy aimed
at regulating and normalizing the immune system
is due to the effect only on episomal forms of HPV
activity without destroying the virus strains integrated
into the cellular genome [14,15]. Ablation methods
(radiofrequency, electro-cryo-laser, argon-plasma)
do not ensure HPV eradication due to insufficient

destruction depth, when only the superficial epithelium
is destroyed without sanitizing the actively multiplying
viral strains located in the basal layer [16]. Physical
treatment methods also do not have the ability to
precisely destroy papillomaviruses and do not affect the
squamous-cylindrical junction of the epithelia and foci
of metaplasia in the cervical canal [17,18]. In addition,
the persistence of HPV leads to reactivation of latent
infection to subclinical and clinical forms. Patients with
a latent form of infection represent a risk group for the
development of cervical relapses [19].

Thus, antitumor treatment measures do not have a
targeted pathogenetically determined effect on HPV,
since they do not take into account the features of
the life cycle and physical status of the viral genome,
respectively, and the risk of HPV-associated relapses of
CIN and initial CC remains quite high.

The viral concept of cervical cancer dictates the
need to revise traditional approaches to improving the
results of treatment of precancerous and initial tumor
pathology of the cervix, to search for new effective
pathogenetically substantiated methods of influencing
the risk factors of malignant progression of PVI, which
will significantly reduce the risk of cervical relapses.

Materials and Methods

One of the promising methods of antiviral
therapy and, accordingly, prevention of cervical HPV-
associated relapses is photodynamic therapy (PDT).
The method is based on the selective accumulation of
a photosensitizer (PS) in virus-containing cells and the
interaction of this drug with light radiation of a certain
wavelength, which initiates a series of photophysical
processes leading to the destruction of these cells
that have accumulated the drug [20]. In connection
with the above-described mechanism, it is advisable
to supplement surgical treatment of virus-associated
precancer and early cervical cancer with one or more
courses of antiviral PDT.

PDT of the cervical stump was performed at the
second stage after high amputation of the cervix in
65 patients with a clinical diagnosis of carcinoma
in situ and 35 with a diagnosis of CC stage 1A1. The
average age of the women was 35.6 + 3.7 years. A
drug based on 5-aminolevulinic acid (5-ALA) was used
as a photosensitizer. The risk factors for HPV infection
included young age, onset of sexual activity before the
age of 16 (40%), more than 5 sexual partners (53.5%),
infection with bacterial and other viral flora (18.2%),
long-term use of oral contraceptives (5%), smoking and
unprotected sex (50%).

Identification and differentiation of HPV DNA in all
studies were performed using qualitative (PCR) and
quantitative (RT PCR, Hybrid Capture I, competitive
PCR) methods of detecting the viral genome. The
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qualitative method identified virus-positive women,
established the frequency of various types of PVI,
determined the number of observations with mono-
and mixed infection, identified age-related changes,
and was also used to assess the antiviral efficacy of
PDT. Quantitative research methods were performed
to study the activity of the viral genome in stimulating
epithelial proliferation, comparing the values of virus
concentration with the severity of morphological
changes, assessing and monitoring the antiviral efficacy
of PDT depending on the genotype, mono- or mixed
infection.

The unit of measurement for PCR RT was the
logarithm of HPV DNA copies per 10° epithelial cells
(Ig/10° cells), Hybrid Capture Il — exceeding the clinically
significant threshold level (this threshold was estimated
as a concentration of 100 thousand genocopies/ml or
1 mg/ml), competitive PCR - the viral load of the 16th
type of HPV in various concentrations from 101 to 106
copies per test tube.

A diagnostic test for HPV DNA identification was
performed before surgical treatment by collecting
not only cervical scrapings, but also material from the
mucous membranes of the dome and vaginal walls, in
which HPV, a powerful carcinogen and a key factor in
disease recurrence, can also persist.

Infection with highly oncogenic HPV genotypes
was an indication for PDT of the cervical stump after
organ-preserving treatment with 5-ALA, an inducer
of endogenous protoporphyrin IX (PPIX) synthesis.
Treatment was performed on the 6th-8th day of
the menstrual cycle. The time interval between the
surgical stage of treatment and PDT was 3-4 weeks
and depended on the timing of epithelialization in the
treatment area.

Testing for HPV DNA was performed during the first
year of observation 3-6-12 months after PDT, the second
year — 6-12 months and in subsequent years (upon
achieving complete eradication) — once every 3 years.

The antiviral efficacy of PDT was assessed by the
following criteria:

- complete effect — complete eradication of HPV DNA,
absence of viral load;
- no effect — absence of eradication of all types of HPV

DNA and/or decrease in viral load values.

When developing the technique of antiviral PDT of
the cervical stump, the need for irradiation of not only
the integumentary epithelium of the cervical stump,
but also the remaining part of the cervical canal, as
well as the vaults and walls of the vagina was taken into
account. This approach ensures an effect not only on
the resection zone, but also on externally unchanged
adjacent tissues.

5-ALA in the form of a 12% gel at a dose of 0.1
mg/cm? was applied topically to the cervical stump,

capturing the vaults and the upper third of the vagina,
4 hours before irradiation. Light regime is not required
with this technology.

Thediodelaser“LFT-630-01-BIOSPEC” (Russia) was used
as a source of light radiation. The radiation wavelength
was 635 nm, the energy density was 150 J/cm?,

PDT of the cervical canal was performed using a
flexible mono-fiber quartz light guide with a cylindrical
diffuser providing a 360° light matrix and a length
corresponding to the length of the endocervix (from 1
to 2 cm). Photodynamic exposure to the vaginal portion
of the cervical stump was performed remotely using a
light guide with a lens and a light spot diameter of 2-3.5
cm. Irradiation was performed from one position.

The reaction of the cervical epithelium in the
photodynamic exposure zone was minor edema
and mild tissue hyperemia with the development
of film necrosis on days 2-3 without a significant
increase in these phenomena in the following days.
Epithelialization processes were completed by the
12th-13th day of treatment.

Local administration of 5-ALA gel did not cause
adverse or local allergic reactions in any clinical
observation; the tolerability of the pharmaceutical was
satisfactory. Cutaneous phototoxicity in the form of
photodermatosis did not occur in any observation.

Results

A study of the overall prevalence of HPV types, which
consists of the sum of the frequency of occurrence of
the virus as a monotype and its association with other
types, revealed a significant proportion of women
(58.9%) infected with type 16 (p<0.05). The remaining
types were distributed by frequency of prevalence as
follows: 18 — 12.8%, 31 - 10%, 45 - 7%, 33 — 4.5%, 35 -
3.8%, 56 — 2.6%, 58 — 0.2%. In a small number of cases,
types 39, 48, 51, 52 were identified (0.1%). The data
obtained coincide with large-scale epidemiological
studies, which established the leading role in the
development of cervical cancer of highly oncogenic
HPV genotypes, among which types 16 and 18 are
found in 70% of cases.

The number of patients infected with two or more
HPV types was significantly higher (62.8%) than with
one type (37.2%) (p=0.000006), while the frequency of
multiple types of the viral genome did not depend on the
severity of pathological changes in the cervix (p<0.01).

In the age category up to 40 years, there were more
patients infected with several HPV types (75.6%) than
in the group of older women (24.4%). This fact can be
associated with higher sexual activity in reproductive
age. The frequency of HPV type 16 was almost identical
in the group of women of reproductive, premenopausal
and postmenopausal ages in 88.2%, 86.7% and 86.3% of
observations, respectively, which indicates the leading
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etiologic role of HPV type 16 in inducing malignant
transformation in the cervical epithelium, regardless of
age characteristics.

The antiviral efficacy of PDT of the cervical stump
was assessed in all clinical observations (n=100).
Complete eradication of HPV DNA was achieved in
94% of patients. In the remaining 6% of observations,
the antiviral effect was recorded as eradication of one
or two types in case of multiple HPV infection with
the dominance of strains 16 and 18, or a significant
decrease in the viral load.

The observation periods ranged from 3 to 10 years.
Complete eradication of HPV DNA after PDT of the
cervical stump was established in 94 (94%) women. A
persistent antiviral effect was maintained throughout
the observation period in 93 women (93%).

In all clinical observations where there was no
complete eradication of HPVt, a 2nd course of PDT was
performed with a positive treatment result.

Relapse of the disease was recorded in only one
patient (1%) 2 years after completion of treatment for
preinvasive cervical cancer, where there was reinfection
with HPV type 16 from a sexual partner.

Thus, PDT of the cervical stump with 5-ALA provides
a pronounced antiviral effect at the second stage of

treatment of precancerous and initial tumor pathology
of the cervix due to the selective accumulation of the
photosensitizer in infected cells with their subsequent
direct phototoxic and photochemical destruction to the
basal and parabasal layers of the epithelium, in which
virus replication occurs. Higher rates of eradication of
oncogenic HPV types in comparison with methods of
therapeutic, surgical and physical effects on the viral
genome, the absence of reactivation of infection over
a long observation period can be associated with the
accumulation of endogenous PPIX by HPV-infected
cells with subsequent photodynamic destruction of
not only clinical and subclinical, but also latent forms
of PVl activity. Targeted “point” destruction of multifocal
foci of viral infection, irradiation of not only the vaginal
portion of the cervical stump, but also the transition
zone with the cervical canal along its entire length,
destruction of cells with an integrated form of HPV when
antiviral drugs are ineffective, impact on the physical
status of the virus and viral load, also minimize the risk
of activation of the viral process, which predetermines
the success of treatment.

The obtained data on the antiviral effectiveness of
PDT are of great interest in light of the proven etiological
role of HPV in the development of cervical cancer.
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