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Tseimakh A.E., Mitshenko A.N., Kurtukov V.A., Shoykhet la.N.
Palliative surgical treatment using photodynamic therapy for hiliary cancer complicated by obstructive jaundice

PALLIATIVE SURGICAL TREATMENT USING
PHOTODYNAMIC THERAPY FOR BILIARY CANCER
COMPLICATED BY OBSTRUCTIVE JAUNDICE

Tseimakh A.E.!, Mitshenko A.N.?, Kurtukov V.A.2, Shoykhet la.N.!
'Altai State Medical University, Barnaul, Russia
2State hospital Ne5, Barnaul, Russia

Abstract

The article presents the results of a study of survival, markers of hemostasis, proteolysis, and tumor invasion after complex palliative treatment of
patients with histologically verified malignant tumors of the bile ducts complicated by obstructive jaundice in two comparable groups of patients.
The aim of the study was to evaluate the effectiveness of palliative surgical treatment using photodynamic therapy in patients with malignant
tumors of the biliary system complicated by obstructive jaundice. In 10 patients of the main group, palliative surgical treatment was performed
using photodynamic therapy; in 20 patients of the comparison group, palliative surgical treatment was performed without photodynamic therapy.
In patients of the main group, a statistically significant increase in life expectancy by 104 days (p=0.033) was observed compared to the comparison
group. At the same time, a statistically significant effect of tumor necrosis factor a, a marker of tumor invasion, on survival (p =0.012) and a decrease
in its level after photodynamic therapy by 15 pg/ml (p=0.041) was revealed. Thus, palliative treatment using photodynamic therapy of malignant
tumors of the bile ducts, complicated by obstructive jaundice, can increase the survival rate of patients by reducing tumor invasion.

Key words: biliary cancer; photodynamic therapy; survival.
Contacts: Tseimakh A.E., e-mail: alevtsei@rambler.ru

For citations: Tseimakh A.E., Mitshenko A.N., Kurtukov V.A., Shoikhet la.N. Palliative surgical treatment using photodynamic therapy for biliary
cancer complicated by obstructive jaundice, Biomedical Photonics, 2023, vol. 12, no. 2, pp. 4-10. doi: 10.24931/2413-9432-2023-12-2-4-10.

NATJIMATUBHOE XMPYPTMYECKOE JIEHEHUE

C NPUMEHEHMEM POTOANHAMUNYHECKOU

TEPATMUN BOJIbHbBIX CO 3JTOKAYECTBEHHbIMU
HOBOOBPA3OBAHMAMM XETYEBLIBOAALLEEM CUCTEMBI,
OCJIO)KHEHHbIMM OBCTPYKTMBHOM XXENTYXOM

A.E. Uenmax', A.H. Muwenko?, B.A. Kyprykos?, 4.H. LLloixer!
TANTaMCKMI roCyaapCTBEHHBIN MEAMUMHCKMI yHuBepcuTeT, Baprayn, Poccus
Topopnckas 6onbHuua Neb, baprayn, Poccusa

Pesiome

B pabote npepfcraBneHbl pe3ynbTaTbl MCCIIef0BaHWSA BbIXMBAEMOCTM, MapKEPOB reMoCTasa, NPOTE0sI13a 1 ONyXONeBOW MHBA3MMW NOC/e KOM-
NNEKCHOTO Ma/IMAaTUBHOIO JleYeHrA 60MbHBIX C TMCTONOMMYECKN BEPUOULMPOBAHHBIMU 3/10KaYe€CTBEHHBIMU HOBOOOPA30BaHVAMN XKenve-
BbIBOZALLMX MPOTOKOB, OCIOKHEHHBIMU OOCTPYKTUBHOW >KEeNTyXol B ABYX COMOCTaBUMbIX rpynnax 6onbHbix. Llenbio nccneposaHusa 6bino
oueHnTb 3GPEKTUBHOCTb MaIMATUBHOIO XMPYPrMYeCcKoro neyeHuns ¢ npumeHeHnem dortoarHammueckorn tepanum (GAT) y 605bHbIX 310-
KayecTBEHHbIMVI HOBOOOPA30BaHVAMY KENUYEBbIBOAALLEN CUCTEMBI, OCJIOKHEHHBIMY O6CTPYKTUBHON »KenTyxoil. Y 10 naLyeHToB OCHOBHOM
rpynnbl MPOBOAMNIOCH NA/NIMATUBHOE XUPYPriyeckoe nedexme ¢ npumereHnem OAT, y 20 naumeHTOB rpynnbl CPaBHEHNUA MPOBOANNOCH Na-
NNATVBHOE XMpYpruyeckoe neveHve 6e3 nprmeHenvsa OAT. Y naureHTOB OCHOBHOW rpynbl Habno[anocb CTaTUCTUYECKN 3HAUYMMOE YBeNn-
YeHne NPOAOCIKUTENBHOCTY »KN3HM MO CPaBHEHUIO C rpynnow cpaBHeHWA Ha 104 aHA (p=0,033). Mpwn 3TOM BbIABIEHO CTaTUCTUYECKU 3HAUM-
MOe B/IMSIH/E MapKepa OMnyxoneBoi NHBa3nm — GakTopa HeKpO3a OMyxosin a Ha BbhK1BaeMocCTb (p=0,012) 1 yMeHbLUEHKE ero ypoBHs nocse
OAT c 43,53+33,99 nr/mn fo 28,33+£26,12 nr/mn (p = 0,041). Taknum 06pa3om, NanimaTuBHoe feyeHme ¢ npumeHeHrem OT 310KaYeCTBEHHbIX
HOBOO6OPAa30BaHUI ENUYEBbIBOAALIMX NMPOTOKOB, OCIIOXHEHHbIX OGCTPYKTVIBHOM >KENTYXOM, NO3BOJIAET YBENVNYUTD BbIKMBAEMOCTb NaLNeH-
TOB 3a CYET YMEHbLUEHNA OMyXONIeBOW NHBA3UN.
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KnioueBble cnoBa: 3/10KayeCTBEHHble HosooﬁpasoBava »KenyeBblBOAALLEN CUCTEMBI, ¢0TOJ1I/IHaMI/I‘-IECKaH Tepanus, BbIXKNBAaeMOCTb.

KoHTakTbi: Lieiimax A.E., e-mail: alevtsei@rambler.ru.

Ana untnposanus: Lienmax A.E., MuweHko A.H., Kyptykos B.A., LLolixeT A.H. MannnatnBHoe xupyprunyeckoe feyeHme c npruMmeHeHrem ¢oto-
AMHaMUYeCKol Tepaniin 60/IbHbIX CO 3I0KaYeCTBEHHbIMU HOBOOOPA30BaHUAMM KENUYEBbIBOAALIEN CUCTEMbI, OCTIOXHEHHBIMU 0OCTPYKTUB-
Hol »kenTyxoi // Biomedical Photonics. - 2023. - T. 12, N2 2. - C. 4-10. doi: 10.24931/2413-9432-2023-12-2-4-10.

Introduction

Biliary tract cancer is a rare oncological pathology,
which includes distal and proximal cholangiocarcinoma,
and gallbladder cancer[1, 2, 3]1. The structure of morbidity
and mortality in biliary cancer is assessed together with
hepatocellular cancer [1]. The prevalence of cancer of the
biliary tract together with hepatocellular cancer is 6.7
per 100,000 population. Malignant neoplasms of the bile
ducts have one of the highest rates of overall mortality
(35.2%) and mortality in the first year after diagnosis
(66.8%) [1-5].

Despite the development of methods of radiation
and chemotherapy, the main method of treatment of
biliary cancer remains surgical. However, at the time of
diagnosis, 57.3% of patients already have an advanced
stage IV of the underlying disease, and 80.3% of patients
have an advanced or locally advanced process [1, 2].
Thus, more than 80% of patients can only undergo
palliative treatment, the main component of which is
the elimination of life-threatening complications of the
underlying disease, such as obstructive jaundice and
cholangitis [4-6].

One of the methods of palliative treatment that
complements surgical treatment is photodynamic
therapy (PDT). PDT is a method of treating malignant
neoplasms, in which the tumor is irradiated with light
of a certain wavelength, which transfers the molecules
of a special substance (a photosensitizer) selectively
accumulated in the tumor tissue, into an excited state in
the presence of oxygen. The resulting reactive oxygen
species lead tumor cells to death by apoptosis, necrosis,
and autophagy. Studies of the effectiveness of PDT in
cancer of the biliary tract conducted in previous years
gave encouraging results, indicating the promise of this
method in the palliative treatment of this category of
patients, which increases the survival of patients to an
average of 8 months when local PDT is performed with
hematoporphyrin derivatives [8-13].

The aim of the study was to evaluate the effectiveness
of palliative surgical treatment using PDT in patients with
malignant neoplasms of the biliary system complicated
by obstructive jaundice.

Materials and Methods
An open non-randomized comparative survival
study included 30 patients with histologically verified

bile duct adenocarcinoma complicated by obstructive
jaundice, who underwent complex treatment at the
regional hepatological center of the City Hospital No. 5,
Barnaul (Barnaul, Russia) from 2016 to 2020. The patients
were divided into two groups. The inclusion criteria for
the study were age over 18 years, histologically verified
diagnosis of a malignant neoplasm of the bile ducts, and
signed informed consent for surgical treatment during
hospitalization. The exclusion criteria were mortality
during the hospital stay and the presence of blood cancer.
The main group included 10 patients who underwent
palliative surgical treatment with PDT. The comparison
group included 20 patients who underwent palliative
surgical treatment without PDT. The distribution of
patients into groups was carried out without the use of
randomization. Patients who signed a consent to PDT
due to the presence of contraindications to the use of
alternative methods of treatment were included in the
main group. Patients who refused PDT were included
in the comparison group. The design of the study was
approved by the Local Ethics Committee of the Altai
State Medical University of the Ministry of Health of
the Russian Federation (extract from protocol No. 11
dated November 27, 2017). Comparative characteristics
of groups by sex, age, routine laboratory parameters
of inflammation, bilirubinemia, and liver enzymes are
presented in Table. 1. The groups were comparable in
terms of the main characteristics.

Comparative characteristics of the groups according
to the localization of the malignant neoplasm are

presented in Table. 2. No statistically significant
differences were found.
Palliative surgical treatment included surgical

treatment of life-threatening complications, primarily
of obstructive jaundice: percutaneous transhepatic
mono- and bilobar drainage of the bile ducts, and bile
duct stenting under ultrasound and X-ray control.
Symptomatic conservative treatment included infusion,
detoxification, analgesic, hepatoprotective, and
antibacterial therapy [4, 5].

All patients of the main group underwent PDT
according to the following algorithm: fluorescence
diagnosis on a laser electron-spectrum device
“Biospec” (New Surgical Technologies, Russia), local and
systemic PDT on a programmed two-wavelength laser
device “LAMI-Helios (LLC New Surgical technologies’,

ORIGINAL ARTICLES
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Ta6nuua 1

XapaKTepVICTMKa nauneHToB, BKIIOYEHHbIX

B UccinegosaHue

Table 1

Characteristics of patients included in the study

Fpynna

?CH:::“ CpaBHeHuA
MNokasaTenb Py

M+ SD Mz SD
Bospacrt, net
Age’ years 6113i1619 69,8i9,4 0,168
Yncno »eHwmH
Number of 2 5 0,879
women
Yncno my>kumH
Number of men 8 15 0,879
JlenkouunTbl,
*109/n
Leukocytes, 8,8743,16 9,71+2,16 0,487
*109/L
TpombouunTbl,
109/ 2853316442 258,67+43,15 0,649
Thrombocytes, =220 /07145, )
*109/L
oo6wun
6UnNpyoVH,
MKMOIb/N 197,32+173,09 115,00£56,19 0,210
Common biliru-
bin, mcmol/L
ACT, Ea/n
AST, U/L 96,83+63,07  53,17#29,51 0,097
AJT, Ea/n
ALT, U/L 98,99+73,51  5822+41,79 0,206

lpumeyaHue: p — cTaTUCTNYECKAA 3HAUYMMOCTb Pa3INUN MeXAY
OCHOBHOW rPYMMnou 1 rpynmnon CpaBHEHUA.

Note: p - statistical significance of differences between the main
group and the comparison group.

Russia) according to TU 9444-001-53807582-2010.
Photoditazine based on chlorin e6 (LLC VETA-GRAND,
Russia) was used as a photosensitizer. Systemic PDT was
performed through peripheral access to the cubital vein
with monochromatic light with a wavelength of 662-665
nm with a light dose of 1200-1400 J/cm? with a power
of 0.7 W and a radiation power density of 0.22 W/cm?
using an apparatus for intravenous blood irradiation
during intravenous administration of a photosensitizer
at a dose of 1-1.4 mg/kg of body weight. Local contact
PDT was carried out by irradiation with monochromatic
light with a wavelength of 662 nm at a light dose of 220
J/cm? with a programmed specialized two-wavelength
laser apparatus with a power of 0.7 W and a radiation
power density of 0.22 W/cm?after 5 hours from the end
of systemic PDT [ 6]. Access for PDT was carried out by

percutaneous transhepatic external drainage of the
bile ducts under ultrasound control. Then a conductor
was inserted through the lumen of the common bile
duct and brought down into the duodenum. The major
duodenal papilla was cannulated along the retracted
guidewire and endoscopic papillosphincterotomy was
performed on the guidewire, after which endoscopic
balloon dilatation of the lumen of the intramural part
of the choledochus was performed along the guidewire
and the introduction of the DPOC guiding catheter
with its fixation. Then, a transnasal gastroscope was
inserted through the DPOC catheter into the lumen of
the choledochus. The balloon was inflated in the area
of the bifurcation of the lobar ducts. Then, transluminal
PDT was performed under video endoscopic visual
control. The purpose of local PDT was to normalize the
outflow through the extrahepatic bile ducts by reducing
the volume of tumor tissue in the lumen of the bile
ducts with the appearance of both fluoroscopically and
visually free lumen (priority application notification and
registration No. 2023105379).

Complications of surgical treatment were assessed
using the Clavien-Dindo scale [14].

Determination of plasma fibrinogen concentration
according to Clauss (1957) was carried out using a set
of reagents from the Technology-Standard company
(Russia).

Todetermine the concentration of tissue plasminogen
activator (t-PA), tissue plasminogen activator inhibitor-1
(PAI-1), tissue factor (TF), tissue factor pathway inhibitor
(TFPI), and tumor necrosis factor-alpha (TNF-a) in serum
standard kits for enzyme immunoassay TECHNOZYM
manufactured by Technoclone Herstellung von
Diagnostika und Arzneimitteln GmbH (Austria) were
used. Optical density was measured using a universal
automatic photometer for microplates EIx808 from
BioTec Instruments, Inc. (USA).

Statistical analysis was performed using the
SigmaPlot 14.0 statistical software package (registration
number 775400014). When testing normality using the
Shapiro-Wilk test, it was revealed that all the studied
indicators, except for gender and age, had a distribution
that did not correspond to the Gaussian distribution in
both groups. For the analysis of independent samples,
the nonparametric Mann-Whitney test was used, and for
paired samples, the Wilcoxon test was used. To compare
unrelated groups with anormal distribution, the Student’s
parametric test was used, and for relative values — Fisher’s
z-test. The method of Kaplan-Meier curves was used to
assess the overall life expectancy, and the log-rank test
was used for a comparative analysis of survival. To assess
the influence of factors on the prognosis of the disease,
multiple linear regression analysis was used. The critical
level of significance of the study results was taken as
p < 0.05.
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Ta6nuua 2

CpaBHUTENbHasA XapaKTepPUCTUKa 6OMbHbIX NO IOKann3aLumm U pacnpocTpaHeHHOCTU HOBOOGpa3oBaHuUs

Table 2

Comparative characteristics of patients by localization and prevalence of tumor

Fpynna

OcHoOBHas CcpaBHeHus

rpynna

Jlokanusaunsa 310Ka4eCcTBeHHOro HosooﬁpasoBava

[ncTanbHaa XonaHrMoKapLMHOMa, B TOM Uncie
Distal cholangiocarcinoma including

ctagus llla no knaccudumkaumm TNM (8 pegakuus)

stage llla according to the TNM classification (8th edition)

ctagusa IV no knaccndurkaumm TNM (8 pegakums)
stage IV stage according to TNM classification (8 edition)

MpokcMmanbHasa XoNaHrMoKapLMHOMa, B TOM YMcsie
Proximal cholangiocarcinoma including
n Il no knaccudukaumm Bismuth-Corlette
Bismuth-Corlette type Il

Tun lla/lllb no knaccudumkaumm Bismuth-Corlette
Bismuth-Corlette type llla/Illb

™n IV no knaccndukauum Bismuth-Corlette
Bismuth-Corlette type IV

ctagus llla no knaccudumkaumm TNM (8 pegakuus)

stage llla according to the TNM classification (8th edition)

ctagua IV no knaccndumkaumm TNM (8 pegakuuma)
stage IV according to TNM classification (8 edition)

AZleHOKapLMHOMA 60/1bLIOro AyOAeHANIbHOTO COCOUKa, B TOM UMcCe

Adenocarcinoma of big duodemal ampulla including
ctagua llla no knaccudumkauum TNM (8 pegakuus)

stage llla according to the TNM classification (8th edition)

ctagus IV no knaccnoukaumm TNM (8 pegakuus)
stage IV according to TNM classification (8 edition)
KenyHbin ny3bipb
Gallbladder
ctagua IV no knaccndukaumm TNM (8 pegakuumsa)
stage IV according to TNM classification (8 edition)

2 20,00 9 45,00 0,348
1 10,00 7 35,00 0,307
1 10,00 2 10,00 0,519
5 50,00 6 30,00 0,503
2 20,00 1 5,00 0,519
2 20,00 5 25,00 0,879
1 10,00 0 0,00

2 20,00 5 25,00 0,879
3 30,00 1 5,00 0,184
3 30,00 3 15,00 0,628
2 20,00 2 10,00 0,849
1 10,00 1 5,00 0,796
0 0,00 2 10,00 0,796
0 0,00 2 10,00 0,796

lMpumeyaHue: p — CTaTUCTMYECKAs 3HAUMMOCTb Pa3INUMin MeXy OCHOBHOW rPpynron 1 rpynmnou CpaBHEHUS.
Note: p - statistical significance of differences between the main group and the comparison group.

Results and Discussion

In 1 patient (10.0%) of the main group, postoperative
acute hemorrhagic anemia was observed after
percutaneous transhepatic monolobar drainage of the
bile ducts. Complications after PDT were not observed.

In 2 patients (10.0%) of the comparison group,
prolapse of percutaneous transhepatic drainage with the
development of bile peritonitis was detected, in 1 patient
(5.0%) of the comparison group, postoperative acute
hemorrhagic anemia was observed after percutaneous
transhepatic monolobar drainage of the bile ducts. In a
comparative analysis, the groups were comparable both in
terms of the total number of postoperative complications
(p=0.519) and in Clavien-Dindo stratification: 1 (10.0%)

grade llla complications in the main group and 3 (15.0%)
in the comparison group (p=0.849) [7].

When assessing life expectancy in parallel compared
groups (Table 3), a statistically significantly higher
median survival was found in the main group compared
to the comparison group (p = 0.033) (Fig. 1).

At present, there are still few studies on palliative
PDT for malignant neoplasms of the bile ducts, and the
results of studies vary significantly [8-13]. In the studies
of Haider et al. [8] the median survival of patients who
underwent PDT was 14 months (9 patients with distal
cholangiocarcinoma, local PDT with a photosensitizer
based on a hematoporphyrin derivative at a dose of
2 mg/kg with monochromatic light irradiation with a
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Ta6nuya 3

CpaBHUTENbHbIW aHaN13 BbIXKUBAEMOCTU GOMbHbIX
Table 3

Comparative analysis of survival of patients

MepunaHa BbKMBaHNA, AHN

Fpynna

95% poBepuTenbHbIN

MHTepBan
Me (Q1; Q3)
OCKAO'?“a“ 170 (1648;113) -25,235-365,235
ain
0,033
CpasHeHuA 66 (200;29) 33,13-98,87
Comparison

et al. [13] based on 7 studies of the combined use of PDT
1.0 o Ocwomtan rpyna /M group with hematoporphyrin derivatives and chemotherapy
—— Tpynna cpasenun / Comparison group provide other data that patients who received combined
PDT and chemotherapy lived twice as long as patients
05 - p=0,033 who received these treatments separately. Significant

BepoATHocTs BeEKMBaHWMA / Possibility of survival

0.0 T T \ \ \ \
0 500 1000 1500 2000 2500 3000

Bpems, anu / Time, days

Puc. 1. O6Gwas BbKMBAEMOCTb MALMEHTOB OCHOBHOM rpynnbl 1
rpynmnbl CPaBHEHUS.

Fig. 1. Overall survival of patients in the main group and
comparison group.

wavelength of 630 nm with a light dose of 180 J/ cm?).
At the same time, in a meta-analysis by Moole et al. [11]
based on 9 studies of the effectiveness of local PDT with
hematoporphyrin derivatives a median survival rate of
7.6 months was obtained in patients with unresectable
cholangiocarcinoma after PDT. On the other hand, a
study by Pereira et al. [12] conducted a comparative
analysis between the group that received palliative
choledochal stenting and chemotherapy and the group
that received combined treatment consisting of PDT and
chemotherapy. After reaching a median survival of 8.4
months, patients who did not undergo PDT lived longer
(46 patients with distal and proximal cholangiocarcinoma,
gallbladder cancer, local PDT with a hematoporphyrin
derivative at a dose of 2 mg/kg with monochromatic
light irradiation with a wavelength of 630 -635 nm with
a light dose of 186 J/cm?). A meta-analysis by Maswikiti

differences in the results of studies are due to the high
dependence of PDT results on the light dose, power,
and control of the laser delivery to the tumor tissue. At
the same time, the issue of the possibility of improving
long-term outcomes in patients with unresectable
cholangiocarcinoma, including through PDT, which
is a safe method of treatment according to the world
literature and our data, remains relevant.

The analysis of indicators of inflammation, hemostasis,
and proteolysis in dynamics was carried out. There was a
statistically significant decrease in TNF-a after PDT from
43.53+33.99 pg/ml to 28.33+26.12 pg/ml (p = 0.041)
(Fig. 2).

TNF-a is known as a significant factor in neovasculo-
genesis, which is the main component of tumor
invasion during carcinogenesis due to stimulation of
cyclooxygenase-2 (COX-2) production [14, 15]. Many
studies have shown a direct proportional relationship
between the concentration of TNF-a and the growth rate
of a malignant neoplasm, leading to a decrease in overall
life expectancy [14, 15].

We confirmed the literature data in the course of
multiple linear regression analysis of factors affecting
survival in patients with biliary cancer. A statistically
significant inversely proportional effect on survival of
TNF-a concentration before treatment was obtained
(Table 4).

Changes in the hemostasis system in cancer patients
are one of the leading problems of modern oncology,
while thrombotic complications are one of the leading
causes of death in cancer patients [15].

The results obtained confirm the data of previous
studies. PDT is a safe method of choice for palliative
surgical treatment of patients with biliary cancer. This is
especially relevant for patients with advanced stage IV of
the disease, in whom PDT can significantly increase life
expectancy in the absence of side effects from therapy.
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Mogenb MHOXXECTBEHHOro IMHEMHOIO PErpeccUOHHOro aHanu3a ANs OUueHKU BausHua 3Hadenunsa TNF-a, TPA, PAI-1,
o6uero 6unnMpyobuHa Ao NevYeHns Ha MeanaHy BbXKMBAeMOCTH Y NaLUeEHTOB OCHOBHOWM rpynnbl

Table 4

Model of multiple linear regression analysis to assess the effect of TNF-a, TPA, PAI-1 and total bilirubin before treat-
ment on the median survival in patients of the main group

MNokasaTtenb
Bto

Kgg‘rf;fa“rrta 2003,485:+393,260 <0,001
TNF-a -17,074£5,659 0,012

TPA -3,040+3,436 0,276

PAI-1 -3,525+2,721 0,222
LI B (6L -1,2601,021 0,243

Common bilirubin
MepawnaHa Bbiknsaemoctn = 2003,485 — (17,074 * MNoka3atenb TNF- a) — (3,940 * lNMoka3atenb TPA) — (3,525 * Noka3aTtenb PAI-1)
- (1,260 * Moka3aTtenb 06wero 6unnpyobuHa)

Survival median = 2003,485 - (17,074 * Value of TNF- a) — (3,940 * Value of TPA) — (3,525 * Value of PAI-1) — (1,260 * Value of
common bilirubin)

R =0,777; R2 =0,603; F =4,185; p =0,027
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Conclusion

Thus, complex palliative treatment using PDT of

malignant neoplasms of the bile ducts can increase the

life expectancy of patients, while not having significant
side effects on the patient. PDT may be recommended
for the palliative treatment of biliary cancer.
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Abstract

The study presents the results of an experimental study devoted to the choice of the most optimal mode of pulsed contact laser exposure of semi-
conductor laser with a wavelength of 445 nm in phonosurgery, which implies maximum preservation of anatomically and functionally significant
structures of the larynx combined with a radical approach to the pathological process. From the standpoint of the mucoundular theory of voice
formation, wave-like oscillations of the vocal folds are possible due to the mobility of the cover layer of the vocal fold (epithelium, superficial layer
of the lamina propria) relative to its body (deep layer of the lamina propria, vocal muscle). Thus, any injury at the level of the integumentary layer
is associated with the risk of excessive scarring and loss of the ability to wave-like sliding. Pig vocal folds, according to a number of authors, have
a structure similar to human ones in terms of both histological structure and acoustic parameters, which justifies the rationality of their use as an
experimental model. In a series of experiments using a 445 nm laser, contact pulsed impacts on a biological model were carried out with pulse
durations of 10, 20, 50, and 100 ms, followed by evaluation of the following parameters based on the data of histological sections: the depth and
width of the ablation crater, the width of the zone of lateral thermal damage. Thus, the most optimal for phonosurgical interventions modes of
pulsed laser exposures with a wavelength of 445 nm are described.

Key words: phonosurgery, laser 445 nm, dysphonia, laser surgery, laryngology.
Contacts: Stepanova V.A., e-mail: valeriia.stepanoval5@gmail.com

For citations: Ryabova M.A., Mitrofanova L.B., Ulupov M.Y., Stepanova V.A,, Sterkhova K.A. Pulsed exposure mode of the 445 nm semiconductor
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UMIYJIbCHbIN PEXXMM BO3OENCTBUA .
NOJTYNPOBOOHMNKOBOTIO JIA3EPA C OJIMHOWU BOJIHbI
445 HM B DOHOXUPYPITMU: SKCINEPUMEHTAJIBHOE
UCCJIEQOBAHUE

M.A. Ps6oea', J1.b. Mutpodanoe?, M.1O. Ynynoe', B.A. Crenanoea’, K.A. Crepxosa?
IPIBOY BO «[Mepebiit CankT-lNeTepbyprekmit rocyaapCTBEeHHbIN MEAMUMHCKMA YHUBEPCHUTET
um. akag. M.I. Masnosa» Munsapasa Poceun, Carkt-lNetepbypr, Poccus

2PIBY «HaumoHanbHbIM MEAULMHCKMIA MCCNEeNOBATENCKMMA LEHTP MM, B.A. Anmasosa»
Munsapasa Poccun, Carkt-lNetepbypr, Poccus

Pesiome
B pabote mpepctaBneHbl pesynbTaTbl dKCNEPUMEHTaNIbHOMO MCCe[oBaHusA, NMOCBALEHHOTO BbIOOPY Havbonee ONTUMAaNbHOMO pexrma
MIMMYNIbCHOTO KOHTaKTHOTO J1a3ePHOro BO3AEeNCTBUA MOYNPOBOAHNKOBOIO Jla3epa C ANNHOW BOJTHbI 445 HM B XVPYPriV rofI0COBbIX CKia-
oK (boHoXMpyprun). SHponapriHreanbHaa GOHOXMPYPrA NogpasymeBaeT cob0oi MaKCHMasIbHYIO COXPAaHHOCTb aHAaTOMUYECKM 1 GyHKLMO-
HaJIbHO 3HaUMMbIX CTPYKTYP ropTaHu B COYETaHMM C PafiMKaJibHOCTbIO B OTHOLLUEHWYM MaTonormyeckoro npouecca. C nosvunm MykoyHaynsap-
HOW TEOPWM roNI0CcO006Pa3oBaHNA BOHOO6Pa3Hble KOle6aHWs rofoCoBbIX CKNALoK BO3MOXHbI 33 CUET NOABUMXHOCTY NMOKPOBHOIO CJI05 FON0-
COBOW CKJTaAKM (3MUTeNunin, MOBEPXHOCTHBIN CNOV COBCTBEHHOW MIACTUHKM) OTHOCUTENBHO ee Tena (r1y6oKuii ciioi co6CTBEHHON NAACTUHKY,
rofocoBas MbilwUa). Takum obpa3om, nobas TpaBMaTM3aLUA Ha YPOBHE MOKPOBHOIO CJI0A COMPSXEHa C PUCKOM ero 136bITOYHOTo pyobLie-
BaHWUA 1 NoTepei CNOCOBHOCTM K BOTHOOOPA3HOMY CKOMbXeHMIo. [0n0coBble CKNafKn CBMHbW, MO AaHHbIM PAAA aBTOPOB, MMEIOT CXOXee
CTPOEHNE C YeNTOBeYECKNMU Kak MO r’MCTONIOrMYeCKOMy CTPOEHNIO (TOLLMHA C/I0EB, COOTHOLLIEHMWE KOMTareHOBbIX U 371aCTUUYECKNX BOJIOKOH),
Tak M MO aKyCTUYECKMM MapameTpam, YTo 060CHOBBIBAET PaLMOHaNbHOCTb UX MCMOJIb30BAaHUA B KauecTBe SKCneprMeHTanbHon mogenu. B
Cepvin 3KCNEePVIMEHTOB C UCMOJIb30BaHMEM Jla3epa 445 HM NpoBefeHbl KOHTaKTHbIe UMMYJIbCHblE BO3AENCTBNA Ha 6MOoNornyeckyo Moaenb
C ANUTeNbHOCTbIO MMNynbcoB 10, 20, 50 1 100 Mc ¢ nocneaytoLLen OLEHKON NO AaHHbIM MMCTONOMMYECKNX CPE30B CliefyoWnX napameTpos:

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T.12, N22/2023



V9]
-
O
l_
(2’4
<
<
<
O,
&
O

Ryabova M.A., Mitrofanova L.B., Ulupov M.Y., Stepanova V.A., Sterkhova K.A.
Pulsed exposure mode of the 445 nm semiconductor laser in phonosurgery: an experimental study

rny6uHa 1 W1prHa KpaTepa abnAauuy, WnpriHa 30Hbl GOKOBOIo TEPMUYECKOTO NoBpexaeHns. Takm 06pa3om, onvcaHbl Hanbonee onTmanb-
Hble AnA GOHOXUPYPrUYECKMX BMELIATENbCTB PEXUMbI UMMYNbCHBIX BO3AEVCTBIN la3epa C ANTMHON BOMHbI 445 HM.

KnioueBble cnoBa: GoHOXMPYPris, fasep 445 HM, AMCHOHUS, NTa3epHasn XMPYPIis, NAPUHIONOrs.

KoHTtakTbi: CrenaHoBa B.A., e-mail: valeriia.stepanoval5@gmail.com

[na untuposaHus: Pabosa M.A., MutpodaHosa J1.6., Ynynos M.IO., CrenaHoBa B.A., CtepxoBa K.A. IMMynbCHbI peXxnm BO3AeCTBUA NOMY-
NPOBOJHNKOBOTO Jla3epa C AJIMHON BOJTHbI 445 HM B GOHOXMPYPrn: SKCNepUMeHTanbHoe nccnefosaHue // Biomedical Photonics. — 2023. -

T.12,N2 2. - C. 11-15. doi: 10.24931/2413-9432-2023-12-2-11-15.

Introduction

Benign neoplasms of the larynx are the most common
pathology of the larynx, leading to persistent dysphonia,
which leads to a decrease in the quality of life and often a
loss in the productivity of professional activity. Treatment
of this pathology is possible only with the use of surgical
techniques.

Endolaryngeal phonosurgery implies the maximum
preservation of anatomically and functionally significant
structures of the larynx, combined with a radical approach
to the pathological process. The maximum preservation of
structures involves, first of all, the integumentary layer of
the vocal fold. From the standpoint of the biomechanics of
the vibrational oscillations necessary for the emergence of
a voice, the structure of the vocal folds is divided into the
so-called “integumentary layer” and “body”. The mucous
membrane (the epithelium and the surface layer of the
lamina propria) is the“integumentary layer”and represents
a single morphofunctional unit capable of self-sustaining
oscillations relative to the “body’, which is formed by a
deep layer of the lamina propria lying on the vocal muscle,
while the middle layer of the lamina propria is designated
as “transition zone” Later, some different divisions were
proposed, the differences in which mainly relate to the
position of the intermediate layer of the lamina propria,
although in any case, the main idea is that the “cover” and
“body” have different biomechanics [1]. The surface layer
of the lamina propria contains the least amount of fibrillar
proteins (collagen and elastin), which determines its high
mobility. Thus, any trauma at this level and stimulation of
fibroblast activity can lead to excessive scarring and limita-
tion of mobility of the vocal fold integumentary layer.

In phonosurgery for benign lesions of the vocal folds,
it should always be taken into account that surgical tissue
incision, excision, or ablation may themselves cause exces-
sive tissue scarring as a consequence of its healing [2].
Thus, the surgeon is always faced with the task of minimiz-
ing trauma to the tissues of the vocal folds during surgery,
which confirms the validity of the search and introduction
into practice of new, more gentle, methods of phonosurgi-
cal interventions [3].

Materials and methods
In the experimental part of the study, an assessment
was made of the impact of 445 nm semiconductor laser

radiation on a biological tissue model. The ex vivo vocal
folds of pigs (Sus scrofa domesticus) were used as a bio-
logical model, and were collected within 2 hours after the
humane death of animals in the slaughterhouse and then
stored at a temperature of 2°C to avoid biological tissue
degradation until the experiment.

For laser irradiation, an IPG Photonics laser system (Rus-
sia) with a wavelength of 445 nm was used. A reusable non-
sterile fiber instrument IPG Surgical Fiber Reusable (Russia)
with a core diameter of 400 um was used as an optical fiber.

The experiment was carried out after preliminary natu-
ral warming of the biological tissue to room temperature.
During the experiment, a semiconductor laser with a wave-
length of 445 nm was used in a pulsed mode by applying
individual point laser effects in the contact mode at a maxi-
mum power of 13 W with individual pulse durations of 10,
20, 50, and 100 ms. For each pulse mode, 10 separate laser
exposures were performed along the medial edge of one
vocal fold. Thus, 5 swine larynxes were used in the experi-
ment: 4 of which were for the experimental part, and 1 - as
a control.

After irradiation was completed, the biological tissue
samples were dissected (Fig. 1), then the material was fixed
in 10% buffered neutral formalin solution for 48 hours (the
ratio of the fixative and the studied samples was 10:1). Af-
terwards the biological material was cut into plates 5 mm
thick and fit into histological cassettes. Next, the sections
were decalcified in an acid solution (the ratio of the decal-
cifier and the samples under study was 50:1) and standard
alcohol wiring was embedded in paraffin according to the
generally accepted method [4]. Then, sections were made
from the blocks with a thickness of 2 um on a Leica DM1000
light microtome (Germany), followed by their staining with
hematoxylin and eosin according to the standard method.
Then, histological sections were digitized using an Aperio
AT2 scanning microscope (Germany). Morphometry was
performed using an Aperio ImageScope 12.4.6.5003 im-
age analyzer. Due to the high power density in the zone of
contact between the fiber and the tissue surface, a tissue
destruction (ablation) site (crater) is formed, the diameter
and depth of which were measured in the experiment, as a
result of which ranges of damage values were obtained for
each pulse duration. The area of laser exposure was con-
sidered to be an optically void area in which evaporation
of normal histological structures occurred and interruption

12

BIOMEDICAL PHOTONICS T.12, Ne2/2023



Ryabova M.A., Mitrofanova L.B., Ulupov M.Y., Stepanova V.A., Sterkhova K.A.
Pulsed exposure mode of the 445 nm semiconductor laser in phonosurgery: an experimental study

Puc. 1. MakpocKonuyeckue npenaparbl roJloCoBbIX CKNaA0K CBU-
HeW nocne nasepHoro Bosgencteus (a — 10 mc, b — 20 mc, ¢ - 50
mc, d — 100 mc).

Fig. 1. Macroscopic preparations of the pig vocal folds after laser
exposure (a-10ms, b - 20 ms, ¢c - 50 ms, d - 100 ms).

of normal stratified squamous nonkeratinized epithelium
with the formation of a specific ablation crater was objec-
tively noted, as well as tissue adjacent to the crater (lamina
propria, vocalis muscle) with signs of thermal damage in
the form of a violation of the nuclear structure and disori-
entation of the course of elastic and collagen fibers.
Statistical processing of the results was carried out on
the Jupyter Notebook platform using Python 3.9 with cor-
relation calculation using Spearman’s (r) coefficient.

Results and discussion

The gold standards of phonosurgery are interventions
using cold microinstruments and CO, laser. Speaking about
classical“cold” phonomicrosurgery, despite the active intro-
duction of minimally invasive techniques (microflap, mini-
microflap), it is worth noting that for many benign lesions
of the vocal folds, the volume of surgery is calculated in
micrometers, which makes it difficult for the surgeon to cal-
culate the accuracy of his actions using microsurgical scis-
sors, scalpel, and other instruments. Thus, the trauma of the
tissue of the vocal folds associated with the “cold” interven-
tion is potentially more pronounced due to the large size
of the instruments compared to the necessary sizes in the
micron range for radicalization in relation to the pathologi-
cal process.

As mentioned above, with regard to the most gentle
restoration of the vibrational oscillations of the vocal fold
during phonosurgery, it is important to perform inter-
vention within the epithelium and the surface layer of
the lamina propria, which will subsequently avoid exces-

sive scarring and impaired mobility of the cover layer of
the fold relative to its body. According to a number of
publications, the surface layer makes up about 30-40%
of the entire depth of the lamina propria, the thickness of
which, in turn, is T mm on average [5, 6, 7]. The depth of
the epithelium of the true vocal fold, in this case, is about
80-100 pum [8] and, thus, the depth of the cover layer of
the vocal fold is on average 400-500 um, within which
phonosurgical intervention is allowed to avoid binding
of the scar tissue to the body of the vocal fold and mobil-
ity restrictions.

Several researchers believe that in pigs it can be distin-
guished a tendency to a similar three-layered structure of
the lamina propria with a similar ratio of collagen and elas-
tic fibers throughout the entire depth of the lamina propria.
The thickness of the mucous membrane of the vocal folds
of pigs is on average 0.9 mm [9]. According to the acoustic
analysis of the natural phonation of animals, it was found
that the range of phonation frequencies in pigs is the clos-
est to that in humans [10,11].

Despite the anatomical and histological advantage of
porcine vocal fold models and the rationality of their use
as a scientific model for testing surgical techniques (due
to their easy availability in the slaughterhouse, without
the need to sacrifice animals for research purposes), there
are currently a small number of publications in which this
model is evaluated from the point of view of laser expo-
sure, which is used in human vocal fold phonosurgery.

In none of the articles, we found a histological assess-
ment to analyze point laser effects on biological tissue
using laser radiation with a wavelength of 445 nm on the
vocal folds of laboratory biological models, which deter-
mines the relevance of our experimental work.

When performing point pulsed laser actions using a la-
ser with a wavelength of 445 nm, an increase in the pulse
duration leads to an increase in the depth of the ablation
crater and an increase in the thickness of the lateral ther-
mal damage zone (Fig. 2), while there was no significant
increase in the width of the ablation crater (Fig. 3).

The data of the statistical analysis of the measurements
are presented in Table. 1.

The Spearman correlation coefficient for the relation-
ship between the pulse duration and the depth of the abla-
tion crater was 0.81, for the thickness of the lateral thermal
damage zone it was 0.74, and for the width of the ablation
crater — 0.45 (p<0.05). It follows from the presented data
that there is a relationship between the pulse duration and
each of the estimated parameters and it is statistically sig-
nificant. At the same time, this relationship is less typical for
the width of the ablation crater, which can be explained by
the physical properties of laser radiation, when, in the con-
tact mode of exposure, radiation absorption mainly occurs
deep into the biological tissue.

The presented histological sections clearly demon-
strate an increase in the depth and width of the zone of
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Puc. 2. 3aBUcCMMOCTb MyGUHBbI KpaTepa aGnsiuMM B MKM (cneBa, OCb y) M TOJLMHbI Puc. 3. 3aBMCUMOCTb LUMPUHDbI KpaTepa a6-
30Hbl GOKOBOI0 TEPMUYECKOro NOBPEXAEHUS B MKM (cnpaBa, oCb y) OT AJIUTENIbHOCTH NAUMM B MKM (OCb Yy) OT AJIUTENBHOCTU UM-
MMnynbca fa3epHoro BO3Ae1MCTBUA B MC (OCb X). nynbca na3epHoro BO3AenCTBUsA Mc (OCb X).

Fig. 2. Dependence of the ablation crater depth in pm (left, y-axis) and the thickness Fig. 3. Dependence of the ablation crater
of the lateral thermal damage zone in pm (right, y-axis) on the laser exposure pulse width in pm (y-axis) on the laser exposure
duration in ms (x-axis). pulse duration in ms (x-axis).

TaGnauua 1

3aBUCUMOCTb NYyGUHbBI, LUIMPUHbI KpaTepa abasunn u 30Hbl GOKOBOIO TEPMMUYECKOr0 NMOBPEXAEHUSA OT AJIUTENIbHOCTHU
MMMYNbCHOIO 1Ja3€pPHOro BO34eNCTBUA C AJIMHON BOJHbI 445 HM.

Table 1

Dependence of the depth, width of the ablation crater and the zone of lateral thermal damage on the duration of
pulsed laser exposure with wavelength of 445 nm.

ny6uHa KpaTtepa 3oHa 6okoBoOro LLinpuHa KpaTepa
aGnaunn, MKm Tepmmnyeckoro a6naunn, MKm

noBpexpeHusa, MKm

10 mc CpepHee 3HaueHne 124,8 (32,9) 85,2 (20,0) 526,6 (55,2)
10 ms (cTaHpgapTHOe
OTKJIOHEHMe)
Mean value (standard
deviation)

MwuiH; makc 104; 148 71; 104 485; 563
min; max

20 mc CpepfiHee 3HaueHmne 312,5(83,8) 126,8 (27,8) 564,0 (51,7)
20 ms (cTaHpapTHOe
OTKJIOHEHMe)
Mean value (standard
deviation)

MwH; makc 262; 365 107; 140 536; 593
min; max

50 mc CpepnHee 3HaueHne 498,6 (93,7) 152,4 (30,6) 548,7 (90,1)
50 ms (cTaHpapTHOE
OTKJIOHEHMe)
Mean value (standard
deviation)

MwuH; makc 440; 592 138; 165 504; 604
min; max

100 mc CpepHee 3HayeHve 730,3 (313,9) 235,7 (82,6) 673,4 (115,7)
100 ms (cTaHpapTHOE
OTKJIOHEHWE)
Mean value (standard
deviation)

MwuiH; makc 475; 926 168; 304 602; 737
min; max
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Puc 4. MukpodoTtorpadum ructonormyeckux Cpe3oB rolocoBbIX CKNaA0K CBUHEN nocne
HaHeCEeHHbIX la3epHbIX BO34EeNCTBUI, OKPacKa reMaToKCUIMHOM U 303UHOM: a — AJIU-
TenbHOCTb uMnynbca 10 mc, macwtab 200 MKM; apeaKTUBHbIN (6e3 BocnanuTenbHOro
MHdunbTPaTa) A3BEHHbIN AedEKT C HEKPO30M BCEX CNOEB MNIOCKOK/IETOYHOr0 3NUTENNS;
b — pnutenbHocTb UMNynbca 20 mc, Macwtad 200 MKM; o4aroBbii HEKPO3 % COGCTBEHHOWM
NAACTUHKMU CIU3UCTON 060JI0YKH; C — ANUTENbHOCTb MMNynbca 50 mc, macwwTtaé 200 MKM;
04YaroBblii HEKPO3 ro10COBOM CKNAaAKM € pacnpocTpaHeHueM Ha 2/3 rny6uHbl COGCTBEH-
HOW NNACTUHKMU CIN3UCTON 060/104KH; d — anuTenbHocTb MMmnynbca 100 mc, macwTta6 400
MKM; YBe/IMYeHUe o4yara HEKpo3a 3a cHeT BOBJIeYEHUS GOJblUEN MIOLWAAN INUTENUS U
HeKpo3a 1/3 MblleYHbIX BOIOKOH r010COBOM CKNaAKM.

Fig. 4. Micrographs of histological sections of the vocal folds of pigs after laser exposure,
stained with hematoxylin and eosin: a — pulse duration 10 ms, scale 200 ym; areactive
(without inflammatory infiltrate) ulcerative defect with necrosis of all layers of the
squamous epithelium; b — pulse duration 20 ms, scale 200 pm; focal necrosis of the lamina
propria and % of the muscle fibers of the vocal fold; ¢ — pulse duration 50 ms, scale 200
pum; focal necrosis of the vocal fold extending to 2/3 of the depth of the mucosal lamina
propria; d — pulse duration 100 ms, scale 400 um; an increase in the focus of necrosis due
to the involvement of a larger area of the epithelium and necrosis of 1/3 of the muscle

lateral thermal damage (Fig. 4, a-d).
At the same time, it is noticeable
that with a pulse duration of 100 ms,
the damage zone overcomes all lay-
ers of the lamina propria and most
of the muscle fibers of the vocal fold.

Conclusion

Thus, the pulse duration during
phonosurgical interventions should
be chosen directly by the surgeon,
depending on the pathological for-
mation of the vocal fold. In our opin-
ion, the most optimal modes of laser
exposure are radiation with a single
pulse duration of 10 ms and 20 ms,
which, with a high probability, will
effectively remove epithelial or sub-
epithelial formations within the sur-
face layer of the lamina propria of the
vocal fold. In cases of mass lesions
on a wide base, a mode with a single
pulse duration of 50 ms can be rec-
ommended, while a pulse duration
of 100 ms should be avoided during
phonosurgical intervention, given
the high probability of laser radiation
penetrating the entire thickness of
the vocal fold proper.

fibers of the vocal fold.
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VIDEOCAPILLAROSCOPIC MONITORING
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Abstract

The proposed approach to microcirculation assessment is non-invasive, informative, and can be implemented during photoactivation, and thus is
perspective both for research tasks and clinical practice. The functional principles of the vasculature response to photodynamic exposure, identi-
fied using this technique, also foster the efficiency and safety of photodynamic therapy. The developed setup allows simultaneous photodynamic
exposure and studying the microcirculation parameters by videocapillaroscopy and photoplethysmography techniques. Photodynamic action is
carried out by 662 nm laser radiation with a power density of 15 mW/cm? in continuous and pulsed modes. The imaging system of the setup con-
sists of a large working distance microscope, an optical filter, and a monochrome camera. The illumination system is based on LED with a central
wavelength of 532 nm. The acquired images were processed in order to obtain morphometric and hemodynamic microcirculation data in the
inspected skin area. To compare the proposed approach with existing methods, we measured blood flow parameters by a laser Doppler flowmeter.
We tested the developed setup on rats injected with a photosensitizer and obtained active vessel maps, photoplethysmograms, and skin vessel
density values before, during, and after photoactivation in both generation modes. The proposed approach allows to reveal differences in the
microcirculation response to photodynamic effects of low power densities in different modes, in particular, the discrepancy between the time from
the start of exposure to the cessation of blood flow and the start of the recovery period.

Key words: photodynamic therapy, microcirculation, photoplethysmography, videocapillaroscopy, laser Doppler flowmetry.
Contacts: Grishacheva T.G., e-mail: tgrishacheva@gmail.com
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NMPUMEHEHUE BUOEOK ANMUITNIAPOCKOINMUU
anga MOHHUTOPUHTA MUKPOLUUPKYIIALUNA
B KOXE NP $OTOONHAMUNHECKOU TEPATTNUA

A.B. Typbinesa', A.C. Maumxun', T.I. Tpuwauesa?, H.H. Metpuwes?
"Hay4Ho-TexHoNnormyeckmit LeHTP YHMKANbHOTO npubopoctpoeHms Poccuitckoi akagemmm
Hayk, Mocksa, Poccus

Mepsbint CankT-MNetepbyprckmit rocyaapCTBEHHBIM MEAULMHCKMIA YHUBEPCUTET UMEHM
akagemmka M.I. Masnosa» Munmctepctsa sapasooxpaHeruns Poceuickon Penepamu,
CankT-letepbypr, Poccus

Pe3lome
MpepnoxeHo annapaTHO-NPOrpamMMHOE 1 MeToauYeckoe obecrneyeHvie afif OLeHKN MAKPOLIMPKYALNM, KOTOPOe OTANYaeTCc HEMHBA3UB-
HOCTbIO, I/IH(I)OpMaTI/IBHOCTbIO, a rmaBHoeg, BO3MOXHOCTbIO MPOBOANTb NCCnenoBaHMe B Xxoge d)OToaKTVIBaLl,I/IVI, N MOXET CTaTb AOMOJIHEHNEM K
CyliecTByOLWMM ANarHoOCTUYEeCKNM MeTo4aM KaK B nccnefoBaTesibCKUX 3afavax, Tak U B KIMHUYeCKom npaKkTunKe. BbigBneHHbIe C nomMmoulbo
pa3paboTaHHOro nogxoga GyHKUMOHabHble MPUHLMMbI Peakuyn COCYAUCToN ceT Ha GOToANHaMYECKoe BO3L4eCTBME NPefCcTaBisaoTCs
nonesHbiMn AnA NoBblleHNA 3d>¢eKTI/IBHOCTVI 1 6e30nacHoOCTU (I)OTO,qVIHaMVIHeCKOVI Tepannn. Pa3pa60TKa n anp06aL|,|/m MeTO40B BUAeOKa-
nvmnﬂpOCKonmm n <|)0TOI'IJ1€TI/I3MOFpa¢I/II/I ana I/I3yLIeHI/IF| paHHI/IX I/I3MeHeHI/IIh MI/IKpOLl,I/IpKyHﬂLl,I/II/I I'Ipl/l ¢0T0,E|I/IHaMI/ILIecKOI2 aKTMBauunu. Pa3-
paboTaHHas yCTaHOBKa MO3BOJISIET OAHOBPEMEHHO NMPOBOAUTL GOTOAVHAMMYECKOE BO3AECTBME 1 UCC/IeAOBaHNe NapaMeTpoB MUKPOLP-
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KynsaiLuy MeTofamu BUAEoKanuapockonum n ¢otonnetuamorpadpum. GotoarHammueckoe Bo3aeriCTBME OCYLLECTBAAETCA Yepes 3 U nocne
BHYTPVBEHHOIO BBeeHNA GOTOCEHCOMNM3aTOPa Ha OCHOBE XNOPUHA €6 (5 MI/Kr) fla3epHbIM U3flyYeHeM C ASIMHOWN BOJHbI 662 HM 1 MNIOT-
HOCTbIO MOLIHOCTU 15 MBT/CM? B HEMpepbIBHOM 1 MMMYNIbCHOM peXxmmax. Brayanusnpytoljas cuctema yCTaHOBKM COCTOUT U3 MUKPOCKOMaA C
60MbLLIM PaboynM paccTofaHnEM, LbPOBOI BbICOKOCKOPOCTHOM KaMepbl 1 ONTUUYECKOTo GpUIbTPa, OTPE3atoLLEro OTPaXKeHHOe OT Uccneny-
MOl NOBEPXHOCTUN n3nyyeHre poToakTnBaummn. OcBeTUTENbHAA CUCTEMA NPefCTaBieHa AUOAHBIM UCTOYHUKOM M3yYeHWs C LieHTpasibHOM
LIMHOW BOJTHBI 532 HM. 3aperucTpupoBaHHble YCTaHOBKOW 1306paXKeHUA NCCNefyeMoro yyacTka Koxmn obpabaTbiBaioTcs B pa3paboTaHHOM
aBTOpamy MPOrpamMmMHOM obecrneyeHnm As NoslyYeHUss MOPPOMETPUYECKIX 1 FeMOAVUHAMUYECKMX JaHHbIX O MUKPOLMPKyAuMK. Ina cpas-
HeHMA NpeanoXeHHOro NoAxoAa C CyLLeCTBYOWMMI METOAaMM NMapaMeTpbl KPOBOTOKA PermcTpMpoBani Takxe flasepHbIM JOMNNepOBCKUM
¢dnoymeTpom. B xope anpobaLin pa3paboTaHHOI YCTaHOBKU Ha MHBELMPOBAHHBIX GOTOCEHCUMOUNM3aTOPOM KpbiCax MostyyeHbl HA6OPbI KapT
LEeNCTBYIOLWNX COCYA0B, GOTOMIETUIMOrPaMM 1 3HAUYEHWI NAIOTHOCTY COCYAOB KOXI 0, BO Bpems 1 nocsie GoToakTMBaLum B BYX PeXXMax
reHepauuu. NpoBefeH COBMECTHbIN aHann3 AaHHbIX BuaeoKanuinapockonuu, dotonnetmamorpadum n nasepHomn fonnepoBckon Gpnoyme-
Tpuu. [oKa3aHo, UTO NPefIoXKEeHHbI NMOAXOZ NO3BOMAET BbIABUTL Pa3fiMumMA B MEXaHM3MaX PeakLMn MUKPOLMPKYALMY Ha GOTOANHaMMYe-
CKure BO3AeNCTBME C Manol MIOTHOCTbIO MOLLHOCTU B Pa3fiMyHbIX PeXrMax, B YaCTHOCTM, HECOBMNAAEHVE BPEMEHU OT Hayana 3KCno3nyumn Ao

OCTAaHOBKMN KPOBOTOKa 1 Ha4aJsla BOCCTaHOBUTENIbHOIO nepunoaa.
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Introduction

Photodynamic therapy (PDT) is a treatment method
based on a combination of a light-sensitive pharmaco-
logical drug, a photosensitizer (PS), and exposure to elec-
tromagnetic radiation of a certain wavelength. PS pho-
toactivation initiates photochemical reactions, which are
accompanied by the formation of reactive oxygen spe-
cies (ROS), which have a cytotoxic effect on the cells of
the treated tissues. PDT is used to treat a number of der-
matological skin diseases, including acne, psoriasis, der-
matosis, and some forms of skin cancer, such as basal cell
and squamous cell carcinomas [1, 2]. The effect of PDT on
microcirculation (MC) in the skin is of great importance
for achieving a therapeutic effect.

The study of MC in the upper layers of the skin dur-
ing photoactivation (PA) provides information on its
functional response to PA, which is necessary to increase
its effectiveness and safety of treatment, as well as to
study the mechanisms of PDT action. Among the exist-
ing methods for studying MC in the skin to identify the
features of the vascular response in tumor damage after
PA, the most common method is laser Doppler flowm-
etry (LDF). It provides registration of changes in tissue
perfusion integrally from a certain area of the skin based
on the Doppler effect [3-5].

Laser spectroscopy is also used to analyze MC and
study the mechanisms of photodynamic action. It is based
on the use of spectral analysis of radiation reflected from
the skin to determine in real time the content of oxygen-
ated hemoglobin and deoxygenated hemoglobin in cap-
illaries, which is one of the key indicators of the effective-
ness of PDT [6]. There are known methods for assessing
blood flow dynamics using fluorescent contrast agents,

BIOMEDICAL PHOTONICS T.12, N22/2023

including with the use of confocal microscopy [7, 8], which
makes it possible to visualize in vivo the vascular network
with high resolution and evaluate responses to PDT both
at the level of vascular endothelial cells and at the level of
a separate vessel. Optical coherence tomography makes
it possible to visualize the capillary network and assess
vascular occlusion after PDT both in the tumor and in sur-
rounding healthy tissues [9].

Although most of the existing methods for diagnos-
ing MC during PDT are non-invasive and can provide
in vivo measurements, they do not allow monitoring
directly during PA. In addition, the methods have a num-
ber of disadvantages, such as dependence on the orien-
tation of the sensors and the experience of the operator,
the need to use coloring agents, as well as the complex-
ity and high cost of the equipment.

One of the promising methods for in vivo assessment
of the morphological and functional characteristics of
the capillary bed of the skin is video capillaroscopy (VCS)
[10,11]. It is based on the registration of a sequence of
skin images and their subsequent spatial-frequency
analysis. The result of videocapillaroscopic studies is a
map of active vessels with active blood flow, as well as
hemodynamic characteristics, including a map of the
speed of erythrocyte movement. VCS is featured in that
it does not require the use of tinting agents, provides a
spatial distribution of the studied parameters, is simple
and accessible in technical implementation, and also
provides comprehensive information on the morpho-
metric and hemodynamic parameters of the microvas-
culature. In a number of studies, VCS is used to evaluate
the PDT efficiency and determine the optimal photosen-
sitizer doses and radiation parameters [12].
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The equipment for VCS makes it possible to quantify
tissue perfusion by recording and analyzing photople-
thysmograms (PPGs). The amount of radiation reflected
from the skin changes along with the optical density of
the studied tissues, which in turn depends on the blood
supply [13]. PPG is a temporal periodic signal propor-
tional to the intensity of radiation reflected from the
skin, which characterizes tissue perfusion and is used to
assess MCin solving many biomedical problems [14-16].

An important property of the VCS methods and pho-
toplethysmography is the non-contact measurements,
which are important for monitoring during PA. How-
ever, to the best of our knowledge, no description of
the implementation of such a study has been provided
so far. In this paper, we consider the possibility of using
VCS and photoplethysmography to study early changes
in MC during PA, depending on the regime of laser radia-
tion generation.

Materials and methods

Experimental animals

The study was conducted on the basis of the Pavlov
First Saint Petersburg State Medical University of the
Ministry of Health of Russia. The work was performed
on male Wistar rats weighing 250 + 25 g, obtained
from the “"Rappolovo” Laboratory Animals Nursery” of
the National Research Centre “Kurchatov Institute” in
accordance with the EU directive (The European Coun-
cil Directive (86/609 /EEC)) on the observance of ethical
principles in work with laboratory animals. The animals
were kept on unlimited intake of food (standard diet for
laboratory rats K-120 (Informkorm, Russia)) and water at
a standard twelve-hour regimen (12 h in light, 12 h in
dark). The temperature was maintained within 22-25°C,
and the relative humidity was 50-70%. The duration of
the quarantine (acclimatization period) for all animals
was at least 14 days.

Before the start of the experiment, the animals were
anesthetized by intravenous administration of Zoletil 100
(VIRBAC, France) and Xyla (De Adelaar B.V., Netherlands)
in equal volumes at a dose of 0.5 ml/kg. Then the rat was

placed on a thermostated table TCAT-2 (Physitemp, USA)
with constant maintenance of rectal temperature within
37-37.5°C. The skin of the back was cleaned of coat
mechanically. The rats were divided into 2 groups. For the
first group, PA was performed in a continuous generation
mode, and for the second, in a pulsed generation mode.
Intact rats were used as controls. The study of MC in the
skin was carried out 3 hours after the administration of a
photosensitizer based on chlorin e6, radachlorin (RADA-
PHARMA, Russia), at a dose of 5 mg/kg into the tail vein.

Equipment

To assess the MC during PDT, a setup containing a
PDT laser source and a video conferencing system has
been developed and tested (Fig. 1). The VCS system
includes a LED source with a center wavelength of 520
nm and a bandwidth of 30 nm (LED), a microscope (M)
with a long working distance and x1.5 magnification, a
monochrome camera (C) (Allied Vision Procolica GT2000
, Germany) with a resolution of 2048 x 1088 pixels, a
pixel size of 5.5 X 5.5 um, a frame rate of up to 54 Hz,
a GigE interface, and a 12-bit ADC and a computer (PC).
The selected irradiation wavelength allows for increasing
the contrast of capillaries against the background of sur-
rounding tissues. The microscope and camera provide
high resolution, magnification, and frame-rate imaging
of the rat skin. To provide a sharp image throughout the
entire field of view, the region under study was covered
with a thin glass plate (GP). To obtain images under the
same conditions before, during, and after PDT, an optical
filter (F) was placed in front of the microscope to cut off
radiation in the spectral range above 570 nm. An optical
fiber (OF) with a microlens that transmits PA laser radia-
tion from an ALOD laser device (L) (Alkom Medica, Rus-
sia) with a wavelength of 662 nm and a power density
of 15 mW/cm? was fixed in a position that provides the
diameter of the laser spot of 3 cm on the tissue under
study.

Blood flow was measured using both the VSC and
LDF (Transonic Systems Inc., BLF21). The power of the
LDF diode radiation source with a wavelength of 780 nm

Puc. 1. Cxema ycra-
HOoBKM (K — kamepa,

M - mukpockon, MK

— NepcoHasbHbI KOM-
nbtotep, OB - onTu-
YyecKoe BOJIOKHO, J1 —
nasepHbli annapar,

® - onTruyeckum
bunbtp, CM - cTeknsaH-
Has nnacTuHa).

Fig. 1. Assembled
setup (C — Camera,

M - Microscope, PC

— personal computer,
OF - optical fiber, LS -
laser, F — optical filter,
GP - glass plate).
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did not exceed 2 mW. The flowmeter allowed to register
tissue perfusion from 0 to 100 ml/min per 100 g of tissue.
The results were evaluated in perfusion units (pf. un.).
The volume of the zone studied with the help of a laser
sensor did not exceed T mm?, and the depth of probing
microhemodynamics was up to T mm.

Experiment Protocol

The scheme of the experiment is shown in Fig. 2.
The MC parameters were estimated for two PA modes.
The exposure in the continuous mode was 1.5 min, the
exposure in the pulsed mode was 3 min, while the pulse
duration and the interval between pulses were 10 s. The
energy density in both groups was 1.35 J/cm?

Video capillaroscopic examination was performed
1.5 min before, during, and 20 min after PA. Before and
after PA, image sequences of 1000 12-bit frames were
recorded at a frame rate of 43 Hz. For a detailed analysis
of changes in the MC during the exposure, shooting was

Assembled setup / o
YctanoBka BKC n M %ﬁ

I

PDT/®OT

VCS & PPG/
BKC & onr

180 1200 ts/tc

Pulsed
irradiation /
pexum GA

1200 t s/t c

Continuous
wave /
pexum A

= PDT / ®4T :
VCS & PPG/ |
BKC & oMr |
-
I

carried out at the same frame rate, but for a time equal to
the duration of the PDT time pulse, i.e., 10s.

The fixation of blood flow parameters during PA
using LDF was not performed due to the contact nature
of the method; therefore, the data were recorded before
and after PA. To reduce the effect of interference, the
information was read three times for 1 min and the small-
est value was recorded. The MC index (IM) was recorded
before PA for 1 min and immediately after turning off the
laser radiation for 20 min. To exclude the effect of LDF
radiation on MC in the skin of PS-introduced rats, the
measurements on intact rats have been performed with-
out PS as an IM control.

Digital data processing algorithm for VCS

The image sequences obtained by the VCS method
were processed using the algorithm implemented in
MATLAB and described in detail in [17]. The main stages
of the algorithm are shown in Fig. 3. The pre-processing

LDF / na® @%

IR NNE| PDT/ AT
|:\F)Feﬂﬂ_o:

10 180, 1200 ts/toc :
:

_ PDT/oAaT !
LDF / 1A® |

90 1200 t,s/tc !

HenpepbiBHBIA AMNYNbCHBINA

Puc. 2. lpotokon akcnepumeHTta (BKC — Bugeokanunnsipockonus, ®Mr — ¢otronnetnamorpadus, IAP - nasepHasa JonnnepoBcKas
dnoymetpusa, ®AT — boToauHamuyeckas Tepanusi, PA —cboToakTUBaLMS).

Fig. 2. Experimental design (VCS - videocapillaroscopy, PPG - photoplethysmography, PDT - photodynamic therapy, LDF - laser
Doppler flowmetry).

Data preprocessing / MNpepsaputensHas obpaboTka AaHHbIX

|n|t|a||/||mage stack / Contrast Illumlnatlon alignment / Frames matching / Blood flow reveal /
CXoAHaA enhancement / BblpaBH/BaHue CoBMelLeHe KaapoB Monyuenue kaapos
NOCNeAoBaTeNbHOCTL Mok eHMe KoHTpacTa OCBELLEHHOCTU KpoBsoTOka
n3o6paxeHunin

v

PPG by
calculation / 1, {1 V1
pacuer MM

Puc. 3. Anroputm uudpo-
AVD calculation /

Active vessel map

Spatio-temporal filtration /

MpocTpaHCcTBEHHO- calculation / pacyet
BpemeHHas unsTpauns  KapTbl AEACTBYOLMX
< cocyaoB

Map binarization /
BuHapusauvs kapTbl

Pacyet MNAC

BOM 06PaBGOTKM JaHHbIX

BUAEOKaNUINAPOCKONUU
u ¢poTonseTuamorpamm
(NNr - dotonneTuamo-
rpacdwus, NAC — nnoTHOCTb

-- o
Blood flow lack /

[

S

Vascular

activation /

AxTuBauus
cocynos

Vessel maps /
KapTbl cocynos

OeNCTBYIOLWMUX COCYAO0B,
MM - noKa3aTenb MUKPO-
umnpkynauum, A - doro-
aKTuBauuma).

Fig. 3. Data processing
pipeline (PPG -

Image stacks, acquired
before, during and after PDT /
MocnepgoBaTtenbHOCTU
M3006paxXeHNii, NonyYeHHble
[0, BO Bpems 1 nocne ®A

Vessel state determination /
OnpepeneHue cocTosHne
MUKPOLIMPKYNSLMK MO KapTam
cocynos
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photoplethysmography,
AVD - active vessel
density, PDT -
photodynamic therapy).

Long-term PPG and AVD signal /
Ipacbukm MM, @M w NAC
3a BCce BpeMsi HabnoaeHus
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data is used to improve images, in particular, to expand
the dynamic range, eliminate illumination nonunifor-
mity, compensate for sample displacement, etc.

Enhanced images consist of pixels related to vessels
and their surrounding tissues. Within each sequence
in the pixels related to the vessels, there is a periodic
change in intensity associated with the movement of red
blood cells. The intensities of the pixels of the tissues sur-
rounding the vessels have practically unchanged values.
With the help of spatial frequency analysis, vessel maps
were calculated for each image sequence. For each such
map, the density of active vessels measured as a percent-
age can be calculated as the ratio of pixels belonging to
the active capillary network to the total number ofimage
pixels. The time points associated with the onset of vas-
cular shutdown, complete stopping of blood flow, and
vascular activation were determined using a visual analy-
sis of the resulting map, based on which the graph was
further marked.

A decrease or increase in the optical density of the
studied area, modulated by heart rate and blood sup-
ply, leads to a corresponding change in the intensity of
image pixels from frame to frame. Averaging the pixel
intensity of each image of all registered sequences makes
it possible to obtain a set of points equal to the number
of frames. Such points form a PPG that describes perfu-
sion during the experiment and is measured in relative
units (rel. un.). Further, the low-frequency component is
removed from the PPG signal and only the amplitude of
local periodic changes in the signal associated with the
heart rhythm is analyzed. However, in the present work,
for long-term perfusion analysis, the low-frequency com-
ponent is also a useful signal. The PPG signal was sub-
jected only to smoothing by the sliding window method
to eliminate the noise component.

Results

Data on the state of MC in the skin during PDT using
the developed VCS and LDF setups are shown in Fig. 4.
Maps of vessels, PPG, curves of changes in vascular den-
sity, blood flow velocity, and MC (IM) are shown on one
graph for two PA modes. The graphs are marked with col-
ors following the state of the vessels based on the analy-
sis of maps and vessel density.

According to LDF data, the IM in the skin before
exposure ranged from 2.3 to 6.5 pf. un., and the aver-
age value was 4.7£0.5 pf. un. Immediately after PA in
the continuous mode of laser generation, a decrease in
the IM to 0.4 + 0.4 pf. un. was observed. During the first
7 minutes there was a gradual increase in IM and by 8
minutes this indicator was 3.7 £ 0.3 pf. un. During the
subsequent registration of blood flow for 10 min, there
was a significant increase in the IM in the skin up to 9.9
+ 0.7 pf. un. On the 20th min of registration, the IM was
7.2 £0.4 pf.un.

In the group of rats that were exposed to the pulse
mode, immediately after PA, a decrease in IM to 0.6 +
0.4 pf. un. was registered. By 4 min of observation of
MCR in the skin, the IM was 4.7 + 0.3 pf. un. Then there
was an increase in IM to 14.5+0.8 pf. un. By the end
of the time of monitoring the blood flow, the IM was
7.4+0.4 pf. un.

Before PA, the initial values of PPG and AVD were,
respectively, from 0.4 to 0.8 rel. un. and from 7.1% to
11.9%. During laser exposure, a decrease in AVD and an
increase in PPG amplitude were observed. The decrease
in AVD in the group with continuous PA occurred on
average by 39 s of laser exposure, which corresponds to
0.585 J/cm?. In the group with the pulsed generation, a
decrease in the same values was recorded on average
by 44 s, that is, when the energy density reached 0.33 J/
cm? At the same time, the complete absence of blood
flow in the group of continuous irradiation was recorded
on average for 96 s, that is, 6 s after the termination of
laser exposure. In the pulse mode group, the complete
absence of blood flow was registered at 128 s, which
means during PA.

The recovery period, accompanied by the appear-
ance of blood flow, in the group with a continuous mode
of exposure began on average 8 minutes after the start
of laser exposure, which coincided with the moment
when the PPG values began to increase. Registration of
restoration of blood flow in the pulsed mode occurred
4.7 minutes after the end of laser exposure, however, an
increase in PPG values occurred later, on average, after
7.5 minutes.

Discussion

PDT has established itself as an effective method for
the treatment of malignant neoplasms and a number
of non-tumor diseases [18,19]. During PA, the energy of
laser radiation is absorbed and transferred to the con-
jugated system of the PS molecule. The interaction of a
photoactivated PS molecule with an oxygen molecule
leads to the transfer of electronic excitation energy to
the molecular oxygen of the medium, followed by its
transfer to a more reactive state and the formation of
ROS, causing lipid and protein peroxidation in cell mem-
branes, causing their damage and death. In addition,
in the mechanism of biological action in PDT, the viola-
tion of the MCR, as well as the local response to immune
reactions, is important. The state of the MCR provides a
certain content of oxygen necessary for the formation of
its active forms in the PA zone, as well as the delivery of
immune-competent cells.

One of the parameters influencing the result of
photodynamic action is the mode of radiation gen-
eration. In practice, as a rule, a continuous mode of
radiation generation is used, which consists in irradi-
ating a skin area during the entire exposure time with
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radiation with constant characteristics and leading to
intense depletion of ROS as a result of photochemi-
cal reactions [20, 21]. The pulse mode, which is char-
acterized by successive periods of turning the laser
source on and off during exposure, makes it possible
to reduce this effect [23, 24]. Evaluation of the influ-
ence of different regimens on MC remains relevant,
allowing to increase the effectiveness of therapy. In
the work, a multiparametric analysis of MC blood flow
was carried out by various methods.

The reflectivity of the skin is largely determined by
the filling of tissue with blood and its oxygenation. With
an increase in blood supply and oxygenation, there is
an increase in absorption and a decrease in the reflec-
tivity of the tissue. An increase in PPG corresponds to a
greater amount of radiation incident on the sensor of
the video camera and hence reflected from the surface
under study. A rise in the PPG value in the first min-
utes of PA (Fig. 4, red zone) may indicate a decrease in
the amount of blood in the measured area of the skin,
together with the degree of its oxygenation. The dose
of laser PA was insignificant, therefore, for some time
after the end of PA, the mechanism of autoregulation
was triggered. The decrease in the value of PPG during
the period of complete cessation of blood flow (Fig. 4,
black zone) is due to the activation of regulatory mech-
anisms and changes in MC in the deeper layers of the
skin, causing a rush of oxygenated blood to the site of

Continuous wave / HenpepbIBHbIN pexxum OA

080 101

o~ o055~ oL

10 15

MI, PPG, AVD,
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M, nnr,  nac,

nd. en.  oTH. ea %

exposure. An increase in the IM values recorded by LDF
corresponds to the same processes. The result of regu-
latory processes after the termination of PA is the resto-
ration of blood flow in the vessels accessible for visual-
ization by VCS (Fig. 4, yellow zone) and the subsequent
return to an equilibrium state with an increase in PPG
and a decrease in IM to values close to the initial ones
(Fig. 4, green zone).

In both continuous and pulsed modes, PA led to a
stop in the movement of erythrocytes through the ves-
sels, as well as to a change in the values of PPG, IM, and
AVD, which returned to their original or close values 15
min after the beginning of PA. However, the nature of
the response of rat skin microvessels to low doses of PA
turned out to be different for the two regimens. In the
group of animals subjected to PA in the pulsed mode, the
beginning of the recovery period (Fig. 4, yellow zone),
i.e., the return to the initial values of PPG, IM, and AVD,
was observed earlier than in the group with continuous
PA. Moreover, in the recovery period for the pulsed PA
group, a local increase in IM by more than 3 times rela-
tive to the norm was observed, followed by a decrease
to normal values.

The data obtained, showing the return of PPG and
AVD to the initial values in the recovery period, cor-
relate with the corresponding increase in IM obtained
using LDF. At the same time, during the period of com-
plete stoppage of blood flow in the superficial vessels

Pulsed irradiation / mnynbcHbIM pexnm GA

Microcirculation parameters /
MNapameTpbl MUKPOMPKYNALMKI

B _Aciivé_\:ré_ssel_ _n_w_a_p /
KapTta pevcTeyloLlux cocyaos

Puc. 4. MopdomeTpuyeckue n remoguHaMmyeckne napameTpbl MUKPOLIMPKYASILMK, NONYHEHHblIE METOJaMU BUAEOKaNWIISPOCKONUK,
doTonnetnamorpadpun u nasepHoi AonnIepoBCcKon (proymeTpumn, ANls NEPUOAOB COOTBETCTBYIOWMX: 1 — HOPMaJbHOMY COCTOSIHUIO
COCYAOB OTHOCUTENbLHO 3Ha4YeHuin PII, 2 — poToaKTUBaALMK, 3 — OCTAHOBKE KPOBOTOKA, 4 — BOCCTaHOBUTeIbHOMY nepuogy (MM - noka-
3atenb MUKkpouupkynauuu, MM — dotonnetnamorpadus, NAC — nnoTHOCTb AeicTBYOWMX cocyaoB, PA — doToaKTUBaLMSA).

Fig. 4. Morphometric and hemodynamic microcirculation parameters acquired by means of videocapillaroscopy, photoplethysmography,
and laser Doppler flowmetry: 1 — normal vessel functioning, 2 — photodynamic activation, 3 — cessation of blood flow, 4 — vascular
activation (Ml — microcirculation index, PPG — photoplethysmography, AVD - active vessel density).
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and zero values of the AVD, the IM had non-zero val-
ues. Such differences may indicate the registration of
MC parameters from different depths relative to the
skin surface by different methods. Thus, with the help
of LDF, blood flow parameters in the skin are examined
at a depth of up to 1 mm, that is, in the capillaries and
superficial arteriovenular plexus [20]. At the same time,
VCS provides visualization of vessels lying at a depth of
up to 0.5-1 mm [25, 26].

Conclusion

The results of this study showed the fundamental
possibility of using the developed setup and method for
monitoring skin MC during PDT, including directly dur-
ing PA. The data obtained correlate with modern ideas
about the mechanisms of the reaction of MC to PA and
with the results obtained by methods common in prac-
tice [27, 28].

A methodical approach and its hardware-software
implementation have been developed and tested, pro-
viding non-invasive obtaining of vascular maps, PPG,
and AVD graphs before, after, and most importantly,
during PA. A study of the mechanisms of skin reaction in
different modes of generating photodynamic exposure
at low doses of PA was performed using the proposed
approach. For two modes of generation, the difference
in time intervals between the beginning of PA, the stop-
page of blood flow in the vessels, and the beginning of
the recovery period, as well as in the duration of the lat-
ter, is shown. The described method of multiparametric
assessment of the vasculature can serve as a valuable
addition to the existing methods for the analysis of MC
in research tasks and clinical practice.

The study was carried out within the State Assignment
of the STC Ul RAS (project FFNS-2022-0010).
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EXPERIMENTAL IN VIVO STUDIES OF THE ANTITUMOR
EFFICACY OF PHOTODYNAMIC AND RADIODYNAMIC
THERAPY AND THEIR COMBINATIONS

Tzerkovsky D.A.', Kozlovsky D.A.!, Mazurenko A.N.!, Adamenko N.D.?, Borichevsky F.F.3
'N.N. Alexandrov National Cancer Center of Belarus, Lesnoy, Republic of Belarus
%Vitebsk State University named after P.M. Masherov, Vitebsk, Republic of Belarus

3Minsk Regional Clinical Hospital, Lesnoy, Republic of Belarus

Abstract

The authors studied the antitumor efficacy of photodynamic therapy (PDT) in combination with radiodynamic therapy (RDT) in an in vivo experi-
ment. The study was approved by the Ethics Committee of the N.N. Alexandrov National Cancer Center of Belarus (protocol dated February 25,
2022, N2 180). The work was performed on 26 white non-linear rats weighing 200 + 50 g. Pliss lymphosarcoma (PLS) was used as a tumor model,
which was transplanted subcutaneously. Photosensitizer (PS) «Photolon» (RUE «Belmedpreparaty», Belarus) was administered intravenously at a
dose of 2.5 mg/kg of body weight. The RDT session was performed by the contact method (CRT) once 2.5-3 times after the end of the infusion of
the PS on the «microSelectron-HDR V3 Digital apparatus» (Elekta, Sweden) using y-radiation ("?Ir) in a single focal dose 6 Gy. A PDT session was
performed once immediately after exposure to ionizing radiation using a «PDT diode laser» (LTD Imaf Axicon, Belarus, A=660+5 nm) at an exposure
dose of 100 J/cm? with a power density of 0.2 W/cm? and a power of 0.353 watts. All rats were divided into 4 groups of 6-7 animals each: intact
control (IC), PS + PDT, PS + CRT, PS + CRT + PDT. The criteria for evaluating antitumor efficacy were: the average volume of tumors (V_, cm?), the
coefficient of absolute growth of tumors (K, in RU), the coefficient of tumor growth inhibition (TGI, %), the frequency of complete tumor regressions
(CR, %), the proportion of cured rats (%), an increase in the average duration of dead rats (%). Differences were considered statistically significant
at p<0.05. On the 18" day of the experiment, V_.in groups was 63.25+2.76 cm?; 29.03+6.06 cm? (p=0.0002); 22.18%5.94 cm’ (p<0.0001); 11.763.29
cm’ (p=0.0000), respectively. Coefficients K - 4516.86 RU; 2638.09 RU; 2024.45 RU; 979.00 RU. TGI coefficients — 54.10% (PS + PDT); 64.93% (PS +
CRT); 81.41% (PS + CRT + PDT). An increase in the average duration of dead rats indicator — 48.57% (PS + PDT); 60.00% (PS + CRT); 97.71% (PS +
CRT + PDT). On the 60™ and 90 days of the experiment, the frequency of PR and the proportion of cured rats were the same and amounted to
0%; 16.7%; 14.3%, and 28.6%, respectively. The results obtained indicate the prospects and relevance of further research in this scientific direction.

Key words: experimental research, rats, transplanted tumors, photodynamic therapy, radiodynamic therapy, photosensitizer.
Contacts: Tzerkovsky D.A., e-mail: tzerkovsky@mail.ru

For citations: Tzerkovsky D.A., Kozlovsky D.A., Mazurenko A.N., Adamenko N.D., Borichevsky F.F. Experimental in vivo studies of the antitumor effi-
cacy of photodynamic and radiodynamic therapy and their combinations, Biomedical Photonics, 2023, vol. 12, no. 2, pp. 24-33. doi: 10.24931/2413-
9432-2023-12-2-24-33.

SKCMEPUMEHTAJIbHBIE MCCITEQOBAHUA IN VIVO
MPOTUBOOIMYXOJIEBOU 3DPPEKTUBHOCTH .
OOTOAMNHAMUNYECKOU N PAONOONHAMUYHECKOMU
TEPATMUU, A TAKXKE NMX COYHETAHUA

A.A. Uepkosckuit', .M. Koznoeckmit!, A.H. Masypenko', H.[. Anamenko?, P.®D. bopuuesckuin®
"PecnyBnmKaHCKMi HAYYHO-MPAKTUYECKMI LEHTP OHKOMOMMUM M MEAMLMHCKOM PAAMONIOTMM

wm. H.H. Anekcanaposa, ar. JlecHom, Pecnybnuka benapyce

2Butebckuin rocynapcteeHHbin yHnsepcuteT um. [1.M. Mawepoea, r. Butebck,

Pecnybnuka benapycs

3Munckas obnacTtHas knuHmdeckas bonbHuua, ar. Jlecnoit, Pecnybnuka benapycs

Pesiome
B pamkax nM1noTHoro ncciefoBaHNa aBTopami 13ydeHa NpoTrBoomnyxonesas 3GPpeKTMBHOCTL GoTognHammnyeckon Tepanuu (OAT) B Komou-
Hauuu ¢ pagroarHamuyeckoii Tepanvert (PAT) B sKkcneprmeHTe in vivo Ha MOJKOXHO NepeBuTO onyxonesor moaenu numdocapkombl Mnucca
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(€M) y kpbic. ®otoceHcnbunuzatop (OC) Ha OCHOBE XOprHa €6 BBOAWAN BHYTPMBEHHO B Ao3e 2,5 Mr/Kr macchl Tena. CeaHc PAT nposo-
OVNN Ha YCTaHOBKeE [NA KOHTaKTHOM nyyeBon Tepanuu (KJTT) ogHoKpaTHO Yepes 2,5-3 4 nocsie okoHYaHuA BBeaeHna OC ¢ ncnonb3oBaHMeM
y-u3nyyeHus (**?Ir) B pasoBoi oyarosoii fose 6 Ip. CeaHc OT ocyLecTBAANN OAHOKPATHO HEMOCPECTBEHHO NOC/IE BO3AENCTBIA NOHN3NPY-
IOLMM U3TyYEHVEM C MOMOLLbIO MOJTyNpoBoAHMKoBoOro Nazepa «PDT diode laser» (OO0 «Imaf Axicon», benapycb, A=660+5 HM) co cBETOBOM
po3ont 100 k/cm? ¢ nnoTHoCTbio MowHocTH 0,2 BT/cm? n molwyHocTbio 0,353 BT. Bce Kpbichl 6binv pa3aeneHbl Ha 4 rpynnbl no 6-7 ocobei B
KaXkAoW: MHTaKTHbIN KoHTposb (UK), OC + OAT, OC + KJIT, ©C + KT + OAT. KpuTepun oLeHKM NpoTUBOOMYX0NeBO 3GPEeKTUBHOCT: CPefHNN
obbem onyxonei (V(p., cm?), KoaddUUMEHT abconioTHOro NprpocTa onyxonen (K, B oTHocuTenbHbIx egnHuuax (OE), nokasaTtenb TOpMOXKeHus
pocTa onyxoneii (TPO, %), yactoTa nonHow perpeccun onyxonu (MNP, %), aona nsneyeHHbIX KpbIC (%), NOKasaTenb yBennYeHs NPOAoSIKUTENb-
HocTu Xun3Hu (YITK, %). Pasnnuna cumtanucb CTaTMCTMYeCKn 3HaUMMbIMU MPU ypoBHe 3HaunmMocTn p<0,05. Ha 18-e cyTKu aKcneprmeHTa ch. B
rpynnax coctaBun 63,25+2,76 cm’; 29,03+6,06 cm® (p=0,0002); 22,18+5,94 cm® (p<0,0001); 11,76+3,29 cm® (p=0,0000), cooTeTCTBEHHO. KO3d-
duumeHTbl K - 4516,86 OF; 2638,09 OF; 2024,45 OE; 979,00 OE. NMoka3zatenb TPO - 54,10% (OC + OAT); 64,93% (OC + KIT); 81,41% (OC + KNT +
®AT). Nokasatenb YIMXK - 48,57% (OC + OAT); 60,00% (OC + KIIT); 97,71% (OC + KIIT + OAT). Ha 60-e 1 90-e cyTkm 3KcnepumeHTa yactoTa [P
1 [OJIA N3MeYEHHDBIX KPbIC OblN OANHAKOBBIMY 1 COCTaBUAM B rpynnax 0%; 16,7%; 14,3% u 28,6%, COOTBETCTBEHHO. MoslyuyeHHble pe3ynbTaThl
CBUAETENbCTBYIOT O MEPCMNEKTVBHOCTU U aKTyanbHOCTY AallbHENLLNX NCCIEA0BAHNI B JAHHOM Hay4YHOM HanpaBfieHuK.
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KnioueBble c/loBa: SKCNEPUMEHTASIbHOE NCCIIEA0BAHME, KPbIChI, MEPEBUBHbIE OMyxou, GOToANHAMUYECKas Tepanus, PagvognHaMmyeckas
Tepanus, oToceHcnMbunmzaTop.

KonTtakTbi: LiepkoBckuin [.A., tzerkovsky@mail.ru

Ana untnposanua: Llepkosckuin [1.A., Kosnosckuin [1.1., MasypeHko A.H., Agamerko H.[l., BopnueBckuin ©.Q. SkcneprmeHTanbHble nccne-
[OBaHVA in vivo NpOTNBOOMNYX0eBON 3PpPEeKTUBHOCTU GOTOANHAMNYECKON 1 PaAVIOANHAMUYECKON Tepaniy, a TakkKe Ux couetaHus // Bio-

medical Photonics. - 2023. - T. 12, N2 2. — C. 24-33. doi: 10.24931/2413-9432-2023-12-2-24-33.

Introduction

Photodynamic therapy (PDT) is a method for the
treatment of precancerous diseases and malignant neo-
plasms, the effectiveness of which has been proven and
confirmed by the results of numerous preclinical stud-
ies on cell cultures and laboratory animals with trans-
planted tumors, as well as clinical studies, i.a. multicenter
randomized studies including a significant number of
patients with various nosological forms of oncological
pathology [1, 2]. PDT is based on the use of special drugs
- photosensitizers (PS), the activation of which in patho-
logically altered tissues is realized by exposure to laser
radiation with a certain wavelength [3, 4, 5]. However, in
recent years, scientific projects have actively explored
the possibility of using other physical factors, such as
ultrasound (“sonodynamic therapy”), hyperthermia
(“thermodynamic therapy”), electric fields (“electrody-
namic therapy”), and ionizing radiation (“radiodynamic
therapy”) as ways to launch complex physicochemical
reactions at the molecular and cellular levels, leading to
the transition of PS molecules from the ground state to
an excited state, similar to PDT, followed by the destruc-
tion of tumor cells, in particular, and tumor death, in gen-
eral[6,7,8].

In order to increase the antitumor efficacy of PDT, it
is advisable to use the method in combination with tra-
ditional approaches in the treatment of malignant neo-
plasms, in particular, with radiation therapy (RT) [9, 10].
The combined use of PDT and RDT makes it possible to
use subtherapeutic modes of laser and ionizing radia-
tion. Such modes lead to an increase in the effect of each
of the therapeutic methods due to a synergistic effect
with a significant reduction in the risk of several adverse

BIOMEDICAL PHOTONICS T.12, N22/2023

reactions that occur when high doses of these physical
factors are used, primarily, of RT.

Materials and methods

Laboratory animals

The pilot study was performed on 26 white nonlin-
ear outbred male rats obtained from the vivarium of N.
N. Alexandrov National Cancer Centre of Belarus, with a
body weight of 200+50 g, aged 2.5-3 months. The dura-
tion of quarantine before inclusion in the experiment was
14 days. The rats were kept under standard conditions of
food and drink rations ad libitum, with 12-hour illumi-
nation, at a temperature of 20-22°C and a humidity of
50-60% in individual cages, 6-7 individuals in each. The
conditions for keeping rats in the laboratory, as well as
indicators of humidity, temperature, and illumination in
the room, corresponded to the current sanitary rules for
the arrangement, equipment, and maintenance of vivar-
iums (Sanitary rules and regulations 2.1.2.12-18-2006
“Arrangement, equipment and maintenance of experi-
mental biological clinics (vivariums)”, Decree of the Chief
State Sanitary Doctor of the Republic of Belarus, dated
October 31,2006 No. 131) and Interstate standards: State
Standard 33216-2014 (“Guidelines for keeping and car-
ing for laboratory animals. Rules for keeping and caring
for laboratory rodents and rabbits” and State Standard
33215-2014 “Guidelines for the maintenance and care
of laboratory animals. Rules for the equipment of prem-
ises and organization of procedures’, approved by the
Resolution of the Interstate Council for Standardization,
Metrology and Certification, a protocol of December 22,
2014, No. 73-P).
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Tumor strain

Pliss lymphosarcoma (PLS) obtained as a cell culture
(Russian Collection of Cell Cultures, Institute of Cytology
RAS, St. Petersburg, Russian Federation) was used as a
tumor strain.

Tumor model

PLS cell culture was inoculated subcutaneously in
rats and maintained by passivation in vivo. Subcutane-
ous inoculation of the experimental study included the
introduction under the skin of the left inguinal region of
0.5 ml of a suspension of tumor cells in 20% Hanks solu-
tion, obtained after taking and homogenizing tumor
pieces from a donor rat. PLS is one of the rapidly growing
tumors with a short latent period. In this regard, rats with
PLS were included in the experiment on the 6th day after
transplantation, when the diameter of the tumor node,
on average, was 3-5 mm.

Ethical aspects

Experimental studies were carried out in accordance
with international legislation and the regulatory legal
acts in force in the Republic of Belarus for conducting
experimental studies with laboratory animals, namely:

1. European Convention for the Protection of Ver-
tebrate Animals used for Experimental or Other Scien-
tific Purposes (Strasbourg, France, of 18.03.1986), as
amended in accordance with the provisions of the Proto-
col (ETS No. 170 of 02.12.2005).

2. Directive 2010/63/EU of the European Parliament
and the European Union on the protection of animals
used for scientific purposes (dated 22.09.2010).

3. Technical Code of Common Practice No 125-2008
“Good Laboratory Practice” (GLP) (Decree of the Ministry
of Health of the Republic of Belarus No. 56 dated March
28, 2008).

The nature of the studies performed was consistent
with the principles of “3Rs” developed by W.M. Russell
and R.L. Berch (1959), namely:

1) “Reduction” - reduction in the number of labora-
tory animals used in the experiment.

2) “Refinement” — improvement of the methodology
of the experiment through the use of painkillers and
non-traumatic methods.

3) “Replacement” - replacement (transition from
animal research to methods that do not use living
beings).

Before irradiation, rats were anesthetized (neuro-
leptanalgesia: 0.005% fentanyl solution + 0.25% dro-
peridol solution, in a ratio of 2:1, 0.2 ml per 100 g of
body weight, intramuscularly). After the end of the
observation period, the rats were sacrificed using gen-
erally accepted methods of euthanasia (aether pro nar-
cosi) in compliance with the humane methods of han-
dling laboratory animals.

The study was approved by the Ethics Committee of
N. N. Alexandrov National Cancer Centre of Belarus (extract
from the protocol dated February 25, 2022 No. 180).

Photo- and radiosensitizer

As a drug, an injectable form of PS based on chlorin
e6 photolon (RUE “Belmedpreparaty’, Minsk, Republic of
Belarus, registration number 16/11/886 dated November
08, 2016, 100 mg) was used. Before use, PS powder was
diluted with 0.9 % sodium chloride solution and admin-
istered once by intravenous infusion into the tail vein of a
rat in a darkened room at a dose of 2.5 mg/kg.

Radiodynamic therapy

The irradiation of inoculated tumors was carried out
by the contact method (contact radiation therapy, CRT)
using a microSelectron-HDR V3 Digital apparatus (Elekta,
Sweden) using y-radiation (*?Ir). The source had a high
activity (at the beginning of the experiments it was 5.2
Ci), which determined the high dose rate and short dura-
tion of irradiation sessions required for rats in a state of
drug sleep. To conduct CRT on the area of the inoculated
tumor, a Leipzig applicator was used, which was fixed on
the surface of the tumor with soft rubber holders. Irradia-
tion was performed once at a single focal dose (SFD) of 6
Gy, which is equivalent to 10.8 Gy at a/f = 3, 2.5-3 hours
after the end of the infusion. The time of the irradiation
session was calculated using the Oncentra Brachy v4.5.2
planning system (Elekta, Sweden) on an empty series of
images using the TG-43 algorithm without taking into
account the reflection and scattering of radiation inside
the applicator. The CRT technique was used with normal-
ization to a point located at a distance of 5 mm from the
therapeutic surface of the applicator, in accordance with
the size of the target and the recommendations of GEC-
ESTRO ACROP and others. The used method of irradia-
tion made it possible to apply the planned SFD to trans-
planted tumors in rats without over-irradiation of normal
tissues surrounding the tumor.

Photodynamic therapy

PDT sessions were performed once right after expo-
sure to ionizing radiation (IRT) using a PDT diode laser
(LTD Imaf Axicon, Minsk, Republic of Belarus) with a wave-
length of 660 + 5 nm. Irradiation of grafted tumors was
started 2.5-3 hours after the end of PS infusion with a light
dose of 100 J/cm? with a power density of 0.2 W/cm?and a
power of 0.353 W.The duration of exposure was 8 minutes.

Study design

All exposures were performed on the 6th day after
PLS inoculation when the diameter of the tumor node
was at least 3-5 mm. All rats, 26 individuals (males),
included in the study, were randomly distributed into 4
groups of 6-7 individuals in each. Rats with transplanted

26

BIOMEDICAL PHOTONICS T.12, Ne2/2023



Tzerkovsky D.A., Kozlovsky D.A., Mazurenko A.N., Adamenko N.D., Borichevsky F.F.
Experimental in vivo studies of the antitumor efficacy of photodynamic and radiodynamic therapy and their combinations

tumors, which were not injected with PS and did not
undergo any irradiation, acted as controls (intact control,
IC) (Table 1).

Ta6nuua 1

[n3aitH aKcnepumeHTaNbHOro uccnefoBaHus
Table 1

Experimental study design

Yucno
KpbIC B
rpynne, n

HanmeHoBaHme rpynnbi

MK 6
Intact control

®OC 2,5 mr/kr + KNT POJ 6 Tp 7
PS 2.5 mg/kg + CRT SFD 6 Gy

OC 2,5 mr/kr + OAT 100 Ox/cm? 0,2 Bt/cm? 6
PS 2.5 mg/kg + PDT 100 J/cm? 0.2 W/cm?

®OC 2,5 mr/kr + KINT PO 6 Tp+ OAT 100 Ox/cm?

0,2 Bt/cm? 7

PS 2.5 mg/kg + CRT SFD 6 Gy + PDT 100 Jfem?
0.2 W/cm

* OC - poToceHcmbunusatop; KJT — KoHTaKTHasA nyyeBas Tepanus;
PO[] - pa3oBas ouarosas fo3a; OAT - poTogMHaMmMyecKas Tepanms.
* PS - photosensitizer; CRT - contact radiotherapy; SFD - single focal
dose; PDT - photodynamic therapy.

Criteria for evaluating
antitumor efficacy

The antitumor efficacy of the interventions was
assessed according to the indicators generally accepted
in experimental oncology, which characterize the
dynamics of changes in the average tumor volume (V_,
cm?), as well as the change in the coefficient of absolute
tumor growth (K) and the index of tumor growth inhi-
bition (TG, %). The growth dynamics of transplanted
tumors was recorded starting from the 6th day after
transplantation of the PLS tumor strain for 2 weeks with
an interval of 2-3 days.

Tumor volume was calculated using the following
formula (1):

v=Laxdxdxd,
6 4

where

d,,,- three mutually perpendicular tumor diameters
(incm);

/6 = 0.52 — a constant value;

V - the volume of the tumor (in cm?3).

The coefficient of absolute tumor growth (K) was cal-
culated by the following formula (2):

where

V,- the initial volume of the tumor (before exposure);

V.- the tumor volume for a certain period of observa-
tion.

The value of the index K > 0 (V at the correspond-
ing period of observation exceeded its initial value) was
regarded as continued tumor growth; -1 <K< 0 (V at the
corresponding observation period was less than its initial
value) was regarded as inhibition of tumor growth; and
K =-1-as complete tumor regression.

The coefficient of tumor growth inhibition (TGI) was
calculated by the following formula (3):

Vcontrol — Vexperience

TGI% = *100%

Veontrol

where

V_ ..~ the average volume of the tumor in the con-

trol group (in cm?3);
weperience ™ the average volume of the tumor in the
main group (in cm?3).

The minimally significant criterion demonstrating the
effectiveness of the treatment of transplanted tumors
was considered TGl > 50%.

The frequency of complete tumor regressions (CR)
was assessed 60 days after the end of exposure by the
absence of visual and palpatory signs of tumor growth.

The proportion of cured rats in the groups was
determined 90 days after the end of exposure by the
absence of visual and palpatory signs of tumor growth.

Quantitative criteria for assessing the inhibitory effect
on grafted tumors in rats were as follows (Table 2) [11]:

The evaluation of the antitumor effect by increasing
the lifespan was carried out at the end of the experiment
and the death of all rats. The average life expectancy
(ALE, days) in the groups was determined and the indica-
tors of life expectancy increase (LEl, %) were calculated
using the formula (4):

ALEexperiment — ALEcontrol
ALEcontrol

LEI% = *100%

where

LEI - anindicator of the increase in the life expectancy
of dead rats (in%);

ALE, oriment ~ the average life expectancy of dead rats
in the experimental groups (per day);

ALE - the average life expectancy of dead rats in

control

the control group (per day).

Statistical processing of the obtained data
Statistical processing of the results vV, K and TGI)
was performed using Excel, Origin Pro (version 7.0), and
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Ta6nmua 2

Kputepun oueHKu npoTtuBoonyxosieBor 3PpPeKTUBHO-
CTU NO KO3GOULUEHTY TOPMOXKEHUSA pPOCTa ONyXoau M
YyacToTe NOoJIHbIX perpeccuin

Table 2

Criteria for evaluating antitumor efficacy in terms of
the coefficient of tumor growth inhibition and the fre-
quency of complete regressions

3HauyeHunA
3¢ peKTuB-
HOCTHU

Kputepun
NpPOTNBOOMNYX0NIeBOI

3¢ peKTUBHOCTUN

TPO < 20% 0
TGl < 20%
TPO < 20-50% o
TGI < 20-50% -
TPO < 51-80%/ n
TGl < 51-80%
TPO < 81-90% 4y
TGI < 81-90%
TPO < 91-100% + < 50% [P/ .t
TGl < 91-100% + CR < 50%
TPO > 91-100% + > 50% [P/ e

TGI > 91-100% + CR > 50%

*TPO - Ko3ddULMEHT TOpMOXKeHUA pocTa onyxonu; MNP - nonHas
perpeccus.
*TGI - tumor growth inhibition; CR - complete regression.

Statistica (version 10.0) software packages. Data are pre-
sented as M+m (mean = error of the mean). To assess the
significance of differences, the Mann-Whitney U test was
used. Overall survival was assessed using the non-para-
metric Kaplan-Meier method. The date of tumor inocula-
tion was taken as point 0, the death of a rat was consid-
ered an event, and the end of observation was the death
of all rats in the experimental group. Comparative data
analysis was performed using a nonparametric log-rank
test. Differences were considered statistically significant
at p<0.05.

Results

The inoculation of the tumor strain was 100% (26 out
of 26 rats had visual and palpatory signs of tumor growth
at the time of the start of therapeutic interventions, on
the 6th day after inoculation).

Adverse reactions and complications associated with
intravenous administration of PS, as well as PDT and CRT
sessions, were not registered.

In the experiment, the antitumor efficacy of the
method of combined therapy of transplantable tumors
was evaluated, including systemic (intravenous) admin-
istration of a PS based on chlorin e6, followed by a sin-
gle exposure to ionizing radiation in the SFD of 6 Gy

and laser radiation with a light dose of 100 J/cm? with
a power density of 0.2 W/cm? in comparison with each
of the components of the method (PS + CRT, PS + PDT)
and IC.

As can be seen from Table 3, during the entire period
of evaluation of indicators characterizing the change in
the growth dynamics of transplanted tumors (from 6 to
18 days after therapeutic exposure), its statistically sig-
nificant inhibition was noted both in the combination
therapy group and in the groups of rats that were treated
in monomodes (PS + PDT and PS + CRT), compared with
the IC group (p<0.05).

On the 18th day of the experiment, V_in the com-
bination therapy group was statistically significantly
less: 5.38 times compared with IC (p=0.00001), 2.47
times compared with PS + PDT (p=0.025), and tended to
decrease compared with the PS + CRT group (1.89 times;
p=0.15).

Antitumor effectiveness of impacts on a semi-
quantitative scale of assessment [11] is presented in
Table 4.

Table 5 presents data on the survival rates of dead rats
in this series of experiments. The results obtained testify
to the high antitumor efficacy of the developed method
of combined therapy: a statistically significant LEl was
achieved in comparison with IC and a tendency to opti-
mize the studied parameters was noted in comparison
with each of the components of the method (p=0.12 - PS
+ PDT and p=0.24 - PS + CRT).

Thus, the developed method of combined therapy,
which includes intravenous administration of a PS based
on chlorin e6 at a dose of 2.5 mg/kg of body weight, fol-
lowed, after 2.5-3 hours, by a single session of CRT in
the SFD of 6 Gy and PDT with a light dose of 100 J/cm?
with a power density of 0.2 W/cm? demonstrated high
antitumor efficacy. On the 18th day after the session of
treatment of animals, the coefficient K was 979.00 RU;
the value of TGI, compared with the IC was 81.41%. On
the 60th and 90th days, the CR and cure rates were 28.6%
and 28.6%, respectively. ALE and LEI indicators were
34.60+3.75 days and 97.71%, respectively. The effective-
ness of the impact on a semi-quantitative scale of assess-
ment was “+++"

Discussion

As already mentioned, in recent years, the possibil-
ity of using such physical factors as ultrasound, hyper-
thermia, electric fields, etc., as trigger mechanisms for
the activation of the PS molecule in pathologically
altered cells and tissues has been actively studied [6, 7,
8]. One of the most relevant areas of scientific research
in experimental and clinical oncology is radiodynamic
therapy (RDT) - a method of treating malignant neo-
plasms based on the combined use of PS and their
derivatives and ionizing radiation with certain param-
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eters. PS traditionally used for PDT may have radiosen-
sitizing properties, and in this case, they can be consid-
ered as radiosensitizing agents that increase the anti-
tumor efficacy of RT. It is well known that tumor physi-
ology is characterized by low oxygen tension (hypoxia,
anoxia), low glucose and high lactate levels, interstitial
hypertension, and extracellular acidosis. The vascu-

lar network of the tumor is characterized by the pro-
nounced proliferation of endotheliocytes, which leads
to the development of structural defects and functional
failure of microcapillaries, as a result of which the intra-
tumoral blood flow becomes chaotic with the presence
of areas of insufficient vascularization. Hypoxic tumor
cells have an increased resistance to ionizing radiation

Ta6nuya 3
[laHHble 0 AUHaMKUKe pocTa NepeBUBHbIX ONYX0Jien B IKCNepumeHTe Ha Kpbicax ¢ JICI

Table 3
Data on the growth dynamics of transplanted tumors in an experiment on rats with LSP

NCCNEAYEMbBIE KPUTEPUN:
CpepHuii o6bem, B cm® (M£m)
Koa¢dpuumeHT abconoTHoro npupocra onyxoneii (K), B OE
Koa¢pdpuuymneHT TopmokeHuns pocra onyxoneii (TPO), B %

HaumeHoBaHue YpoBeHb 3HaYMMOCTI Pa3NNYuii MO OTHOLEHMIO K NHTAKTHOMY KOHTPOJIIO

rpynnbi

0,014::0,001 1,23+0,19 10,20+0,71 19,85+0,65 47,19+0,74 63,25+2,76
UK - 86,36 734,00 1416,86 3369,71 4516,86
IC ) B B B B B
0,010,002 0,33+0,13 1,460,51 3,88+1,15 15,92+4,58 22,18+5,94
©C + KT - 29,00 131,73 351,73 1446,27 2024,45
PS+CRT - 73,17 85,81 80,45 66,26 64,93
0,05 0,0018 0,00000 0,00000 0,00001 0,00002
0,010,002 0,62+0,20 3,02+0,62 7,76+2,01 22,69+5,43 29,03+6,06
GO - 55,36 273,55 704,45 2061,73 2638,00
PS+PDT - 49,59 70,65 60,91 51,92 54,10
50,05 0,046 0,000002 0,00007 0,0005 0,0002
0,012:£0,001 0,17+0,03 1,1540,46 3,88+1,13 11,14+3,42 11,76+3,29
OC + KT + OITT - 13,17 94,83 322,33 927,33 979,00
PS+CRT + PDT - 86,18 88,82 80,45 76,39 81,41
0,05 0,00008 0,00000 0,00000 0,00000 0,00000

* OC - poToceHcmbUnusaTop; KJT — KoHTakTHasA nyyeBaa Tepanus; MK — MHTaKkTHbIN KoHTponb; OAT - poToanHamuyeckas Tepanms.
* PS - photosensitizer; CRT - contact radiotherapy; IC - intact control; PDT - photodynamic therapy.
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and require the use of high doses of radiation, leveling
this effect, which, as a result, can lead to the develop-
ment of radiation reactions and damage to normal tis-
sues surrounding the tumor. The key to preventing this
situation is the use of radiosensitizers that modify the
antitumor efficacy of RT (in particular, PS) or a combina-
tion of RT with other therapeutic options (for example,
PDT) using reduced doses of radiation [8, 9, 10, 12].

When interpreting the main mechanisms underlying
tumor cell damage with the combined use of PS and ion-
izing radiation, the authors conclude that the key link in
the realization of the antitumor effect of RDT is free radical
oxidation, which develops as a result of exposure to radia-
tion on the water in the cell with subsequent transfer of
PS molecules from the ground state to the excited state
and the formation of a significant amount of free radi-

Ta6nuua 4

KpuTepun oueHKU NPoTUBOONYX0JieBoW 3GGEKTUBHOCTU NO KO3GPULMEHTY TOPMOMKEHHUSA POCTa OMYyXOaU U YacToTe

MOJIHbIX Pperpeccum
Table 4

Criteria for evaluating antitumor efficacy in terms of the coefficient of tumor growth inhibition and the frequency of

Kputepumn oueHku 3¢ppeKTUBHOCTHN

complete regressions

HanmeHoBaHuMe
rpynnbl NMokasaTenb TOPpMOXKEHUA

pocTa onyxoneii (TPO, %)

K
IC

OC+oaT
PS + PDT il
OC + KT
PS + CRT 64,93
OC + KNT + OAT

PS + CRT + PDT AT

Yacrorta
NONHbIX perpeccnii, %

3¢ PeKTUBHOCTb

0,0 0
16,7 4+
14,3 —
28,6 +++

* ®OC - poToceHcmbunmnsatop; KJT — KoHTakTHaA nyyeBaa Tepanua; MK — MHTaKkTHbIN KoHTponb; OAT - poToanHammuyeckas Tepanms.
* PS - photosensitizer; CRT - contact radiotherapy; IC - intact control; PDT - photodynamic therapy.

Ta6nuua 5

MoKa3aTenn BbXXKMBAEMOCTHU KPbIC NOC/I€ KOMOUHUPOBAHHOIO NeYeHus

Table 5
Survival rates of rats after combined treatment

HanmeHoBaHue

rpynnel CpeaHAA NPOAOIIKI-

TeJIbHOCTbXKWN3HN, CYyT

l,/'CK 17,50+2,16

%g: S@J 26,00+3,48
“;gjé‘,’;l 28,00+3,86
BsLCRTLpOY 34,60£375

Kputepun oueHkun 3¢pPpeKTnBHOCTI

YBenunueHune cpegHen npoaon-
KNUTENbHOCTM XKU3HU, %

p otHocuTenbHo VK

48,57 0,058
60,00 0,034
97,71 0,0017

* OC - poToceHcnbrnmsatop; KNT — KoHTakTHaA nyyeBas Tepanus; VK - MHTaKTHbIN KoHTponb; OAT — poToaMHaMmnyecKas Tepanus.
* PS - photosensitizer; CRT - contact radiotherapy; IC - intact control; PDT - photodynamic therapy.

30

BIOMEDICAL PHOTONICS T.12, Ne2/2023



Tzerkovsky D.A., Kozlovsky D.A., Mazurenko A.N., Adamenko N.D., Borichevsky F.F.
Experimental in vivo studies of the antitumor efficacy of photodynamic and radiodynamic therapy and their combinations

cals (reactive oxygen species — ROS) [13, 14]. Absorbing
radiation, the PS molecule enters into a cascade of reac-
tions, which leads to the formation of a hydroxyl radical,
superoxide anion, and singlet oxygen in the cell, which are
also accumulated due to the radiation radiolysis of water.
Later, lethal damage to cellular components (cytoplasmic
membranes, granular endoplasmic reticulum, mitochon-
dria, DNA, etc.) occurs at the level of physicochemical pro-
cesses. Possessing a high oxidative potential, ROS inter-
act with membrane lipids of tumor cell organelles with
the formation of oxidation products, destabilization, and
subsequent destruction of the cell as a whole. The conse-
quence of the above reactions to the combined effect is
an oxidative stress syndrome that induces apoptosis [15].

In the available literature, there are few publications
devoted to the study of the radiodynamic activity of
PS based on protoporphyrin 1X, hematoporphyrin and
its derivatives in experiments in vitro/in vivo (gliomas
¢6 and U-373 MG, gliosarcoma 9L; squamous cell carci-
noma of the human esophagus OE-21, adenocarcinoma
human esophagus OE-33, human bladder carcinoma
RT4, and colon adenocarcinoma HT-29) [13, 14, 16 17,
18]. The authors report a statistically significant reduc-
tion in the number of viable tumor cells and inhibition
of the growth of grafted tumors in the combination ther-
apy groups compared with RT alone.

Thus, American researchers (Panetta J.V. et al.) from
the Fox Chase Cancer Center (USA) presented the results
of the use of RDT with protoporphyrin IX in mice with an
orthotopic model of human prostate carcinoma PC-3.
5-aminolevulinic acid (5-ALA), which causes the forma-
tion of endogenous PS protoporphyrin IX, was admin-
istered orally at a dose of 100 mg/kg 4 hours before
the start of irradiation of subcutaneously transplanted
tumors, which was carried out once at a dose of 4 Gy. The
authors reported that after 7 and 14 days from the start of
therapeutic interventions in the RDT group, the average
tumor volume was 24+9% and 21+8% less compared to
the RT group in monomode, respectively (p<0.05) [ 19].

In their later study, D.M. Yang et al. (Fox Chase Can-
cer Center, USA) proved the presence of radiosensitiz-
ing properties in protoporphyrin IX in an experiment on
C57BL/6 linear mice with a subcutaneously transplanted
small cell lung cancertumor KP1. 5-ALA was administered
orally at a dose of 100 mg/kg 4 hours before the start
of irradiation of subcutaneously transplanted tumors,
which was carried out once in the SFD of 4 Gy. After 14
days from the start of treatment in the RDT group, inhi-
bition of the growth of grafted tumors by 52.1%, 48.1%
and 57.9% was registered compared with the groups of
5-ALA (p<0.001), RT in monomode (p<0.001) and intact
control (p<0.001), respectively [20].

Another study by Takahashi J. et al. (Health and Medi-
cal Research Institute, Japan) presents the results of RDT
with protoporphyrin IX human glioblastomas U251MG

and U87MG in BALB/c nu/nu mice. 5-ALA was admin-
istered orally at doses of 60 and 120 mg/kg 4 h before
the start of irradiation of subcutaneously transplanted
tumors, which was carried out at SFD of 2 Gy 5 times a
week for 6 weeks until a SFD of 60 Gy was reached. The
authors report that the proposed method of irradiation
had a pronounced inhibitory effect on the growth of both
models of transplanted tumors during the entire obser-
vation period (42 and 70 days, respectively), causing the
development of irreversible damage in the tumor tissue,
registered according to a morphological study [12].

Y. Matsuyama et al. (Mie University Graduate School
of Medicine, Japan) in their in vivo experiments studied
the effect of ionizing radiation on the antitumor prop-
erties of a photosensitizing substance, acridine orange
(AO). As objects of study, the authors used C3H/HeSIcand
BALB/cSlc-nu/nu linear mice with transplanted tumors:
LM8 mouse osteosarcoma, PC-3 human prostate cancer,
and MDA-MB-231 human breast cancer. AO was injected
subcutaneously along the perimeter of tumors at a dose
of 1 ug/mL. Irradiation was performed once per SFD of
5 Gy. The authors reported that RDT with AO showed a
pronounced cytostatic effect against all types of tumors.
On the 14th day after the start of therapeutic effects, the
average volume of LM8 tumors in the control group was
890 mm?, AO - 780 mm?, RT SFD of 5 Gy — 120 mm® and
AO + RT SFD of 5 Gy - 42 mm? (p<0.05); for MDA-MB-231
- 1060, 620, 1010 and 29 mm? (p<0.05), and for PC-3 -
530, 200, 45 and 14 mm? (p<0.05), respectively [21].

And finally, C. Dupin et al. (Bordeaux Institute of
oncology, France) presented the experience of using
the RDT method in an experiment on immunodeficient
RAGy2C—/— mice with an orthotopic model of human
glioblastoma P3. 5-ALA was used as a photosensitizing
agent and was administered intraperitoneally at a dose
of 100 mg/kg. Irradiation of transplanted tumors was car-
ried out 3 times a week in the following modes: 3x2 Gy,
5%2 Gy, and 5x3 Gy; 2.55 Gy/min. Based on the analy-
sis of the obtained results according to the criterion of
survival, the optimal effect was fractionated irradiation
in the mode of 5 x 3 Gy 3 times a week (73-83 days) vs.
control (without exposure) (15-24 days), RT 3x2 Gy (41-
47 days) and RT 5x3 Gy (48-62 days) (p<0.05). In a com-
parative aspect, there was a tendency to optimize sur-
vival rates in the 5-ALA + RT 5x2 Gy group (53-67 days)
to the RT 5x2 Gy group (p=0.24) [22].

Several clinical trials have been initiated in large
cohorts of patients to evaluate the safety and tolerabil-
ity of RDT. Thus, the clinical trial “A Phase | Dose Finding
Study Of Low-dose Radiation With Sensitization Using
5-aminolevulinic Acid In Advanced Malignancies”, which
is based on the determination of optimal doses of RT and
PS in patients with various nosological forms of malig-
nant neoplasms (solid tumors of the head and neck,
chest and abdominal cavities, small pelvis) was launched
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by Fox Chase Cancer Center (USA) in July 2020. The study
is planned to include 130 patients. As a PS, 5-ALA is
used in 3 doses. Irradiation is carried out fractionally, the
course of therapy is carried out once and is 21 days. In
the future, patients are under dynamic observation for
56 days to assess the frequency and severity of adverse
reactions, as well as preliminary data on the antitumor
efficacy of the method [23].

A clinical trial “Phase I/ll Dose Escalation Trial of
Radiodynamic Therapy (RDT) With 5-Aminolevulinic Acid
in Patients With First Recurrence of Glioblastoma” led by
Prof. Stummer W. (University Hospital Miinster, Germany)
started in October 2022. It is planned to include 34
patients with a recurrent form of gioblastoma (the first
recurrence after combined or complex treatment). 5-ALA
is used as a PS. Irradiation will be fractionated, and the
aim of the study will be to determine the maximum toler-
ated doses of PS and RT, as well as the optimal number
of RDT sessions. Patient survival rates (overall 6-month
survival, 6-month progression-free survival, etc.) will be
studied as criteria for antitumor efficacy [24].

The analyzed data testify to the significant prospects
of this direction in experimental oncology. The results
obtained in experiments in vitro/in vivo allow to conclude
that several PS have radiosensitizing properties, which
creates prerequisites for optimizing and further improv-

ing the combined and complex therapy of patients with
malignant neoplasms of various localizations.

Conclusion

PDT is a method of therapy for precancerous diseases
and malignant neoplasms, demonstrating high antitu-
mor efficacy against these diseases in experimental and
clinical oncology [25, 26, 27]. Nevertheless, to optimize
the use of PDT, it is advisable to use it in combination
with a number of other methods of therapy. Pilot data
obtained on the basis of an analysis of the immediate and
long-term results of an experimental study on transplant-
able tumors in rats indicate a pronounced trend towards
a higher antitumor effect of combined treatment, includ-
ing the use of PS followed by RDT and PDT sessions with
a single irradiation regimen compared to RDT and PDT
in monomodes. No publications devoted to the study of
the effectiveness of the combined use of PS of the chlorin
series and these methods of therapy, demonstrating pos-
itive results, were found in the available literature sources,
which allows to conclude that it is necessary and promis-
ing to develop deeper research in this direction.

This work was financially supported by the National
Academy of Sciences of Belarus (grant no. 2021-61-284,
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Abstract

A spectroscopic study of the photophysical properties of methylene blue (MB) in aqueous solutions was carried out. Absorption and fluorescence
spectra as well as fluorescence lifetime were recorded. The concentration dependence of the intensity and shape of the spectra allowed establishing
the ranges of MB concentrations for in vitro and in vivo studies at which aggregation is not observed (up to 0.01 mM, which corresponds to 3.2 mg/kg).
Studies of photodegradation in biological media showed that photobleaching of more than 80% in plasma and culture media is observed already
at a dose of 5 J/cm?, while in water at this concentration and dose photobleaching is not yet observed, and at a dose of 50 J/cm? photobleaching
of MB is about 30%. It was found that in media containing proteins and having an alkaline pH, photobleaching occurs significantly faster than
in neutral aqueous media. The ionic strength of the solution has no effect on the photobleaching rate. Such photobleaching is caused by the
photodegradation of MB rather than the transition to the leucoform.

The efficiency of singlet oxygen generation and photodynamic activity were evaluated in vitro. In the investigated range of MB concentrations, the
efficiency of singlet oxygen generation is rather low, because positively charged MB binds to negatively charged cell membranes, which leads to
a change in the type of photodynamic reaction. The emergence of other reactive oxygen species (ROS), different from singlet oxygen, in cells has
been demonstrated. The generation of ROS and the low quantum yield of singlet oxygen generation indicate the tendency of MB to provide the
type | photosensitization mechanism (electron transfer with the formation of semi-reduced and semi-oxidized MB* radicals) rather than to the type
Il mechanism (energy transfer to oxygen with the formation of singlet oxygen) in biological media and in vivo.

Keywords: methylene blue, spectroscopy, absorption, fluorescence, photobleaching.
Contacts: Pominova D.V., e-mail: pominovadv@gmail.com
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CMNEKTPOCKOIMUNHECKOE UCCJIEOOBAHME
DPOTODPHN3NYECKMX CBOUCTB METUITIEHOBOTO
CHUHETO B BUOJIOTUHECKHX CPEOAX

0.B. Momunosa'?, A.B. Paboea'?, N.[. Pomanuwkmn', U.B. Mapkoea?, E.B. AxnioctnHa?,

A.C. Ckobenbumn'?

"Muctutyt obuen dusmkn um. A. M. Npoxoposa Poceurickoi akagemun Hayk, Mocksa, Poccus
2HaumoHanbHbIM MCCnefoBaTensCkuit aaepHslin yHnsepeuteT « MNPy, Mocksa, Poccus

Pesome

MpoBeaeHo CNeKTPOCKONUYeckoe nccneaoBaHe Gpotodpusnyeckrnx CBONCTB MeTUIEHOBOTO crHero (MC) B BOAHbIX pacTBOpax 1 buonorunye-
CKVX >KMAKOCTAX. 3apervcTpripoBaHbl CMEKTPbI MOMMOLEeHUA 1 GIIyopecLeHLnM, a TakKe BpeMeHa )13Hu dryopecueHLyn. Mo 3aBucmmocTy
VNHTEHCMBHOCTY U GOPMbI CMEKTPOB OT KOHLEHTPALUM YAanocb YCTaHOBUTb Avana3oHbl KoHUeHTpaunii MC gna nccnegoBaHui in vitro v in
Vivo Npu KOTOpbIX He HabntofaeTca arperayma (go 0,01 MM, uto cooTBeTCTBYET 3,2 MI/KT).

MccnepgoBaHo ¢poToobecuBeunsarme MC nog feiicTBMEM NTa3epHOro n3nydeHus. iccnepoBaHua poTtogerpaganuy B G1oiornyeckmnx cpesax
rokasanu, 4to potoobecLiBeunBaHme 6onee Yem Ha 80% B MiasmMe 1 KynbTypasbHON cpefe HabnoaaeTca yxe npu fose 5 [Ix/cm?, B To Bpema
KakK B BOAe Npvi TaKoN KOHLeHTpauuy npu gose 5 [k/cm? potoobecBeuriBaHUA elle He HabnogaeTcs, a npu gose 50 [k/cm? poToobecLiBe-
ymBaHue MC cocTaBnseT nopsgka 30%. YCTaHOB/EHO, UTO B CpefiaX, COpepKaLLmx 6enku 1 obnagaroLmx wenoyHbim pH, potoobectiBeunsa-
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HVe NPOUCXOANT CYLEeCTBEHHO bbiCTpee, YeM B HeMTpanbHbIX BOAHbIX cpefax. MloHHasA cuna pacTBopa He oKa3blBaeT BIMAHWA Ha CKOPOCTb
doToobecuBeumsaHua. Takoe poToobecliBeurBaHme Bbi3BaHO poToferpapaumein MC, a He nepexofjom B Iefikopopmy.

MpoBeaeHa oLeHKa 3pGEKTUBHOCTN reHepaLy CUHINIETHOTO KNCIopoAa 1 GOTOANHAMMYECKO aKTUBHOCTW in vitro. B nccnepyemom anana-
30He KoHUeHTpauuit MC 3¢beKTMBHOCTb reHepauy CUHIIETHONO KUC0pOoAa 4OCTaTOUHO HM3Kas, Tak Kak MONOXMTENIbHO 3apsKeHHbIn MC
CBA3bIBAETCA C HETaTVBHO 3apAXKeHHbIMV MeMOpaHamu KIETOK, YTO MPUBOAWT K U3MEHEHMIo Tuna poToArHaMn4eckon peakumu. lMpoaeMoH-
CTPUPOBAHO BO3HMKHOBEHME B KNeTKaX APYrix akTiBHbIX popm Kuciopopa (ADK), oTnUHbIX OT CUHINETHOro Kncnopoaa. leHepauua AOK n
HEeBbICOKMI KBaHTOBOM BbIXOJ, FeHepaLi CUHINIETHOrO KACOPOAa CBUAETENbCTBYIOT O CKNOHHOCTU MC K MexaHn3My poToceHCcnbmnnmsaumm
| TMna (nepeHoc aneKkTpoHa c 06pa3oBaHMEM NOJTyBOCCTAHOBIEHHbIX 1 MONYOKMCIEHHbIX paavkanos MB?*), a He K mexaHu3my |l Trna (nepeHoc
SHEpPrun K Kncnopogy ¢ 06pasoBaHMeM CUHINIETHOTO K1CI0pofa) B 61iofornyeckrx cpeaax v in vivo.

KnioueBble cnoBa: METVIEHOBbIN CUHWIA, CMIEKTPOCKONWSA, dnyopecueHLms, norolueHve, otoobeciseunsarme, ADK, CUHFIETHbIN KCIOPOA.
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Introduction

Photodynamic therapy (PDT) is a very promising
therapeutic method for treatment of tumors and non-
malignant diseases. The method is based on use of
photosensitizer (PS), which is selectively localized in target
tissue, and irradiation with light. The PS absorbs the light
and can then transfer the energy to molecular oxygen and
create singlet oxygen (type Il photochemical reaction),
whichis extremely phototoxic, causing photodamage and
subsequent cell death. Another way is the participation
of PS in electron-transfer reactions initiating formation
of hydroxyl radicals and hydroperoxides and radical-
induced damage in biomolecules (type | photochemical
reaction) [1, 2]. For the vast majority of clinically approved
PS, singlet oxygen is the main cytotoxic agent that
determines the mechanism of photodynamic effect and
causes cell death in PDT [3]. The type | photochemical
reaction may be preferable for therapy of tumors which
are hypoxic [1]. However in vivo it is difficult to establish
without doubt which of these mechanisms is more
prevalent, both processes can ultimately lead to cell
death [4], but the knowledge how these processes are
affected by biological environments is important [5].

Due to the popularity of fluorescence diagnostic
methods and PDT [6-9], there is interest in the study of
various dyes that can be used as PS. One of the actively
studied PS is methylene blue (MB) - a heterocyclic
aromatic phenothiazine dye discovered in 1876 by
Heinrich Caro.Inthe dry state MB appears as odorless dark
blue crystals, soluble in water, chloroform, and alcohol.
Its molecular weight is 319.85 g/mol [10]. In its oxidized
state, MB is blue in color because the phenothiazine
molecule strongly absorbs in the 600-700 nm region. In
aqueous solutions, the wavelength A__ of the absorption
band maximum for monomer is given in various works
as 668 nm, 664 nm [11], 660 nm [12, 13]; )\maX for dimer
is 614 nm [12, 13], 605 nm [11]; )\max for trimer is 580 nm
[11]. In the UV region for the monomer 7\max= 292 nm
[13]. The oxidized form can be easily reduced to colorless

leucomethylene blue (LMB) in the absence of oxygen
[14] or by interaction with NAD(P)H [15, 16] or reduced
glutathione [17]. LMB predominantly absorbs in the UV
region (256 nm).

MB redox properties are important because,
depending on its form, it can be both an electron donor
and an electron acceptor, changing rapidly from one state
to another [18]. For example, MB interacts directly with
the mitochondrial electronic circuit, donating electrons
to complexes | and Ill and/or providing partial restoration
of the Krebs cycle [19], whenever NADH is oxidized by
MB or even resuscitation of the mitochondrial electronic
circuit. The redox properties of MB are of great interest to
researchers and make it possible to use it to treat various
pathologies, for example, to treat methemoglobinemia
by reducing iron to its divalent state [20-23], to relieve
septic shock [24, 25], to treat lactoacidosis [26], and as
an antidote for carbon monoxide poisoning [27] or
cyanide [28, 29]. MB also increases oxygen consumption
by tissues with aerobic glycolysis and tumors, while
the effect of MB is approximately proportional to the
enzymatic capacity of tissues [30], which is promising in
terms of photodynamic therapy because the efficiency
of singlet oxygen generation obviously depends on
oxygen concentration.

The ability of MB to fluoresce is used to label tumors
and other blobjects in order to visualize them [31]. For a
long time, MB has been actively used for photodynamic
therapy of neoplasms [32-36], photodynamic
inactivation of pathogens [37-40], including antibiotic-
resistant microflora [41-44].

The photophysical properties of MB in solutions are
actively studied. Although its photochemical properties
in isotropic solution are well established, its effect in
vivo needs further study. Most of the results reported
in the literature are obtained for MB in ethanol or water.
Many papers report that efficient intersystem crossing is
observed with quantum yields around 0.5 [2, 45], but it
should be noted that this value was obtained in isotropic
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ethanol solutions [46]. The quantum yield and generation
of '0, decreases to values close to zero if MB dimerizes
due to a fast nonradiative decay (3-4 ps) of the excited
dimer population [47, 48], favoring electron transfer
reactions and consequent generation of radical species
[45, 49, 50]. Dimerization could also lead to fluorescence
quantum yield decrease [45, 50]. Another parameter
which affects the singlet oxygen generation efficiency
is the pH. According to literature data the production of
singlet oxygen is approximately five times more efficient
in alkaline than in acidic medium [51]. The ratio of
monomer to dimer depends significantly on the solution
composition as well as MB concentration [52, 53, 53-60].
According to literature data, in 20 pM aqueous solution
only MB monomers are present, at higher concentration
dimerization was observed, however at concentrations
below ~20 ppm [61] or ~70 ppm [57] the existence of
trimeric or tetrameric aggregates can be neglected.

The state of MB aggregation in aqueous solution is
also sensitive to the ionic strength [52], it was shown that
the increase of the inert salts concentration indicates the
decreasing tendency of the MB molecules to undergo
aggregation. The concentration of surfactant also
influences the dimerization. The polarity of the solvent,
concentration of surfactants [50], binding of molecules
in membranes and interaction with surfaces [62] can
cause the changes in ratio of monomer to dimer as well
as the singlet oxygen production.

A large number of interrelated factors affecting
the photophysical and photochemical properties of
methylene blue make it difficult to study and implement
in clinical practice, despite a number of unique properties
that can be very useful for improving the effectiveness of
photodynamic therapy. For clinical use, it is important to
study the photophysical and photochemical properties
of MB under conditions closest to real biological ones.
In this regard, in this work, the absorption, fluorescence,
photobleaching, and singlet oxygen generation efficiency
of MB in biological media (serum and RPMI medium for
cell cultivation) were studied using modern spectroscopic
methods. The range of concentrations was chosen based
on literature data on MB concentrations in blood after
a typical daily dose: 19 uM after oral administration of
500 mg, 10 uM after intravenous administration of 100
mg [63, 64]. The data obtained for biological media were
compared with aqueous solutions to determine the main
mechanism of photodynamic activity.

Materials and methods

Materials

Methylene blue solution purchased in a pharmacy
was used for the studies: Methylene blue, 1% aqueous
solution, the active substance methylthioninium
chloride (Samaramedprom, Russia). Spectroscopic
studies were performed for aqueous MB solutions with

concentrations in the range of 0.001-0.05 mM, which
corresponds to 0.32-16 mg/kg.

Measurements were performed in distilled water
(PanEco, Russia), blood serum (newborn calf blood
serum, PanEco, Russia), cell culture medium RPMI
(PanEco, Russia) with 10% calf blood serum added, and
saline (0.9% sodium chloride, infusion solution, Grotex,
Russia). pH of the solutions was controlled using indicator
paper (Johnson universal indicator paper, pH 1-11). For
water and saline, the pH was 7, for cell culture medium
RPMI—8, for plasma—9. To analyze the effect of pH on
the spectroscopic properties of MB we also used water
with pH adjusted to 8 using 1M NaOH solution.

Absorption spectroscopy

Absorption spectra in the range 200-1000 nm were
recorded using a Hitachi U3400 spectrophotometer
(Hitachi, Japan) in quartz cuvettes with optical path
lengths of 1 cm (for water and NaCl) and 2 mm (for
plasma and RPMI medium). To compare the results
obtained with each other, all optical density values were
multiplied by the corresponding coefficients (0.1 and 0.5
for the centimeter and 2-mm cuvette, respectively) and
scaled to the optical density value for a 1-mm cuvette.
The analysis of absorption spectra allows studying
the transition of the basic form of MB into its reduced
form (LMB) under the influence of external factors,
photodegradation, and aggregation of MB.

To analyze aggregation, the absorption spectrum
shape was approximated in the 500-800 nm range by
two Gaussian peaks with maximums at wavelengths
corresponding to dimers and monomers, then the
ratio of areas under these peaks was considered as a
characteristic of dimerization. A linear approximation of
the baseline was performed to account for scattering.

Fluorescence spectra and lifetime measurements

The fluorescence spectra of MB aqueous solutions
were measured using a LESA-01-Biospec fiber
spectrometer (Biospec, Russia) equipped with a longpass
edge filter (LP640) in the wavelength range of 650-850
with HeNe laser excitation, 15 mW power output from
the fiber.

Toinvestigate the lifetime of aqueous MBfluorescence
solutions, a system of Hamamatsu streak camera and
streak scope (C9300 and C10627-13) was used to carry
out measurements with picosecond resolution.

Study of photobleaching in biological media

To study the laser effect on the solutions, irradiation
was performed in 1 x 1 cm optical cuvettes. The surface of
the solution was uniformly irradiated with an LED source
with a power density of 100 mW/cm? and a wavelength
near the MB absorption maximum of 664 nm. The light
source was controlled using a programmable timer, which
enabled studying the dependence of the effect on the
light dose in increments of 0.5 to 5 J/cm?. The irradiation
was performed in cyclic mode, the fluorescence intensity
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was measured in pauses between irradiation windows
when excited by a 632.8 nm laser. The MB photobleaching
rate was estimated by the decrease in integral
fluorescence intensity (area under the fluorescence peak
in the wavelength range of 650-800 nm) as a function of
light dose density. Fluorescence intensity was determined
using a LESA-01-BIOSPEC fiber optic spectrometer
(Biospec, Russia).

Assessment of photodynamic activity of MB in vitro

The photodynamic activity of MB was determined
by measuring the oxygen content in erythrocyte
solution with MB by the hemoglobin oxygenation
level [65]. We measured the deoxygenation rate of PDT
with MB on erythrocyte suspension with registration
of MB fluorescence under 660 nm laser irradiation at a
power density of 250 mW/cm? (10 min=150 J/cm?). As a
result of the type Il photosensitization mechanism, the
formed '0, reacts irreversibly with biological molecules,
resulting in a reduction of dissolved O, in the sample.
We calculated the relative quantum yield of singlet
oxygen generation for MB concentrations of 1-100 mg/
kg by comparing with experimental data for aluminum
phthalocyanine with the known quantum yield of
singlet oxygen generation in aqueous medium from
the literature (pA = 0.38) [66].

Assessment of singlet oxygen generation efficiency
in PDT with MB using the Singlet oxygen sensor green

Singlet oxygen sensor green (SOSG, Invitrogen, USA)
reagent was dissolved in methanol to make a stock
solution of 500 uM. SOSG (with final concentration of 50
pM) was added to 10 mg/I MB aqueous solution, irradiated
with a 660 nm laser at a power density of 250 mW/
cm?. SOSG fluorescence was measured with a LESA-01-
BIOSPEC fiber spectrometer in the range of 550-600 nm
with 532 nm laser excitation. To quantify the generation
of singlet oxygen, we compared it with the experimental
data for the 1 mg/I of aluminum phthalocyanine.

Evaluating the efficiency of MB generation of
reactive oxygen species in vitro

6-Carboxy-2',7'-dichlorodihydrofluorescein
diacetate (Carboxy-H2-DCFDA, Lumiprobe RUS Ltd,
Russia) was used as an indicator of reactive oxygen
species (ROS is specific for hydrogen peroxide H,0,
and other ROS such as superoxide-anion 02--, hydroxyl
radical -OH, hydroperoxides ROOH, and peroxynitrites
ONOO-, but with much lower sensitivity compared
to H,0)) in living cells after PDT with MB. Hela cells
were grown on RPMI-1640 medium (PanEco, Russia)
supplemented with 10% fetal bovine serum (FBS,
BioSera, Nuaille, France), 100 U/mL penicillin and 100
pg/mL  streptomycin (Life Technologies, Carlsbad,
California, USA) in standard conditions (37°C, 5%
CO,). Cells were subcultured every third day. For
confocal microscopy, cells were seeded in a POC-
R2 glass-bottomed Petri dish (PeCon GmbH, Erbach,

Germany) at a density of 100 x 10%/cm? one day
before the experiment. Twenty-four hours later, MB
at a concentration of 20 mg/L was added to the cells
120 minutes before the microscopic examination. 30
minutes before the microscopic examination Carboxy-
H2-DCFDA was added at a concentration of 25 uM in
FBS at 37°C, 5% CO,,. The cells were washed three times
with prewarmed phosphate-buffered saline, replaced
with fresh culture medium, and examined with a laser
scanning fluorescence microscope. Sensor fluorescence
was excited with a 514 nm laser and detected in the
530-600 nm range. MB fluorescence was excited with
a 633 nm laser and detected in the 650-730 nm range.

Results and discussion

Concentration effects on absorption, fluorescence,
and fluorescence lifetime of MB in various biological
media

Absorption spectra of aqueous solutions of MB as a
function of concentration are shown in Fig. 1.

Characteristic peaks are observed in the red (664
nm—monomer, shoulder at 615 nm—aggregates) and
ultraviolet (250, 290, and 320 nm) parts of the spectra.
Additional peaks in the absorption spectra of MB in
plasma and medium are associated with their absorption
(415 nm—plasma, 560 nm—phenol red in culture
medium). There was also strong absorption in the UV
region for plasma and culture medium, which makes it
impossible to analyze the MB absorption peaks in this
range.

To analyze the aggregation, the absorption spectra
were normalized by their maximum, to observe how the
spectrum shape changes with increase in concentration,
Fig. 2.

The shape of the absorption spectrum changes at
concentrations above 0.01 mM (3.2 mg/kg) for water
and NaCl and at 0.03 mM (9.6 mg/kg) for serum and
RPMI media, which appears as a dimer peak of MB in the
spectral region of 600-630 nm.

To quantify and compare aggregation in different
solutions, the spectrum was decomposed and the
relationship between the areas under the peaks
corresponding to monomers and dimers was determined
depending on the concentration, Fig. 3.

In water, the most rapid increase in aggregation with
increasing concentration is observed. At the same time,
at low MB concentrations, the degree of aggregation is
higher in serum solutions.

Fluorescence spectra of MB in water as a function of
concentration are shown in Fig. 4.

To analyze aggregation and reabsorption, the
fluorescence spectra in water and biological media were
normalized to the fluorescence maximum (694 nm), Fig. 5.

The obtained spectra show that at a concentration
of 0.01 mM (3.2 mg/kg) there is a shift of the maximum
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to the long-wavelength region, which indicates the
presence of aggregation as well as reabsorption at
higher concentrations. The shape of the spectrum
does not change in this case. More rapid shift of the
fluorescence maximum to the long-wavelength region
in case of serum confirms higher aggregation at low
concentration.

Comparison of the MB fluorescence spectra
registered in various biological media shows that the

~—0.001 mM - 0.32 mg/kg / 0.001 MM - 0.32 mr/kr

most intense fluorescence is observed in saline and in
water, Fig. 6.

The decreased fluorescence intensity of MB in culture
medium and in plasma may be due to both interaction
with plasma proteins and more alkaline pH. At the same
time, the fluorescence intensity in culture medium is
higher (pH = 8) than in pure plasma (pH = 9). The shape of
the fluorescence spectrum did not change in the studied
media. Analysis of the integral fluorescence intensity
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(estimated as the area under the fluorescence peakin the
650-800 nm range) shows that in all the studied media
the dependence on concentration is nonlinear, a linear
section is observed up to the concentration of 0.01 mM
for all media, except for plasma, in which a deviation from
the linear dependence is observed already at 0.003 mM,
which presumably is associated with a large number of
dimersin plasma atlow concentrations. At concentrations
of 0.01-0.03 mM, there is a sublinear section followed by

m H,0
1 © Nacl
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® serum / nnasma *
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1
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dimer/monomer ratio /
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aumep/MOHOMED) OT KOHLEHTpaLuu.

Fig. 3. Dependence of the ratio of the areas under the peaks
corresponding to dimers and monomers (dimer/monomer
ratio) on concentration.

saturation, which could be associated with reabsorption
of excitation in solution as well as with small penetration
depth of laser irradiation in solution.

A study of the MB fluorescence lifetime depending
on concentration was carried out. No significant
differences in lifetime were observed for all investigated
concentrations (Table 1), which may indicate that the
aggregates formed at high concentrations of MB do not
fluoresce.
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Fig. 4. Fluorescence spectra of MB in water as a function of
concentration.
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Table 1

Fluorescence lifetime of MB in aqueous solutions as a
function of concentration.

0.001 0.3687
0.003 0.3700
0.01 0.3696
0.03 0.3696
0.1 0.3707

Influence of laser exposure on absorption and
fluorescence

We studied the dependence of MB fluorescence
intensity in biological media on the light dose density

for MB concentration of 10 uM (3.2 mg/kg). The studies
of photodegradation in biological media showed that
photobleaching by more than 80% in plasma and
culture medium was already observed at the dose of 5
J/cm?, while in water at such concentration there was
no photobleaching yet at the dose of 5 J/cm?, and at the
dose of 50 J/cm? the photobleaching of MB was about
30%, Fig. 7.

The results of previous studies also show that MB
is photostable in water, the photodegradation of
molecules when irradiated with doses up to 50 J/cm?
does not exceed 40% [43], while for lower concentrations
of MB photobleaching occurs more rapidly, which is
presumably due to the large volume of the irradiated
area at low concentrations, at high concentrations of
the drug is absorbed most of the radiation in a thin layer
due to high optical density. Due to the small amount of
oxygen in the thin layer, the photobleaching rate at high
concentrations slows down because it is limited by the
oxygen diffusion rate.
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The photobleaching rate in physiological solution is

photobleaching rate of an aqueous solution with the
addition of NaOH to pH 8, we can conclude that the

The obtained dependencies indirectly indicate that

photobleaching is caused by photodegradation of MB
and is not related to the transition to the leucoform, Fig. 9.

the same as in water, and in the RPMI medium is the  photobleaching in plasma occurs due to interaction with w
same as in serum, indicating that the ionic strength of  singlet oxygen; the rate of photobleaching is limited by 5
the solution has no effect on the photobleaching rate. the rate of oxygen diffusion in the medium. Q
The higher rate of photobleaching in plasma and To check the effect of interaction with plasma proteins =
culture media may be due to a more alkaline pH: on the spectroscopic properties of MB over time without o
according to the published data, the efficiency of MC  laser exposure, the absorption spectrum of MB in <
singlet oxygen generation is 5 times higher at pH 9 than  plasma was recorded 30 minutes after preparation, and —
atpH 7 [51]. no change in the spectrum was observed. Absorption %
However, based on a comparison of the spectra recorded after photobleaching suggest that the =
O

%

change in pH is not the only reason for the increased
photobleaching rate.

Assessment of photodynamic activity and efficiency

The photobleaching rate in plasma as well as in  of singlet oxygen generation in vitro
water [43] depends on concentration, and at high The value of photodynamic activity determined
concentrations is slower, Fig. 8. by irreversible quenching of singlet oxygen which is
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Fig. 9. Absorption spectra of MB before and after irradiation in various biological media.
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equivalent to the quantum yield of singlet oxygen
generation for MB in the concentration range of 1-100
mg/kg relative to aluminum phthalocyanine (A =
0.38) was 0.0065 + 0.0014. In the investigated range
of MB concentrations, the efficiency of singlet oxygen
generation is rather low.

The measured quantum vyield of singlet oxygen
generation using the SOSG sensor in water demonstrated
a similar value for the MB concentration of 10 mg/kg
— ¢A 0.0028. Thus, it is shown that the photodynamic
reaction in vitro in the presence of erythrocytes for MB
proceeds according to type |, when not singlet oxygen
but other reactive oxygen species are formed. We assume
that this is caused by the positively charged MB binding

to negatively charged cell membranes, which leads to a
change in the type of photodynamic reaction [36].

This is verified by the ROS generation test performed
on the cell culture (Fig. 10).

After incubation with MB, cells show staining for ROS
diffusely in the cytoplasm and brightly in some vesicles.
After irradiation of cells with accumulated MB at 660
nm, 50 J/cm?, the intensity of the ROS sensor in vesicles
becomes brighter. In control cells without MB, the ROS
sensor is not detected, even after irradiation.

The results on ROS generation and low quantum
yield of singlet oxygen generation confirm the tendency
of MB to shift from type Il photosensitization mechanism
(energy transfer to oxygen with formation of singlet
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Fig. 10. Integral intensity (averaging
over the whole picture) of the ROS
sensor fluorescence in cells after MB
accumulation and irradiation.
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oxygen) to type | mechanism (electron transfer with
formation of MB* semi-reduced and semi-oxidized
radicals) [50].

Conclusion

Absorption and fluorescence spectra in water,
saline, blood plasma and cell-culturing medium RPMI
were measured for MB concentrations 0.001-0.05 mM,
fluorescence lifetime was determined for different
concentrations. The analysis of the spectrum shape
indicates weak aggregation at concentrations above 0.01
mM (3.2 mg/kg), which manifests in the appearance of the
MB dimer peak in the spectral region of 600-630 nm.

The obtained spectra of MB fluorescence in aqueous
solutions show that at a concentration of 0.01 mM (3.2
mg/kg) there is a shift of the maximum to the long-wave
region, indicating the presence of reabsorption and
aggregation at higher concentrations. The shape of the
spectrum in this case does not change. Comparison of
MB fluorescence spectra recorded in various biological
media shows that the most intense fluorescence is
observed in saline and in water. The decrease of MB
fluorescence intensity in the culture medium and in
plasma may be due to both the interaction with plasma
proteins and more alkaline pH. At the same time, the
fluorescence intensity in culture medium is higher (pH 8)
than in pure plasma (pH 9). The shape of the fluorescence
spectrum does not change in the studied media. The
analysis of integral fluorescence intensity dependence
on MB concentration shows that in all the studied media
it is non-linear, the linear section is observed up to the
concentration of 0.01 mM for all the media, except for
plasma, in which the deviation from linear dependence
is observed up to 0.003 mM (presumably due to large
number of dimers in plasma at low MB concentrations
in comparison to water). At concentrations of 0.01-0.03
mM, the sublinear section of the dependence begins
followed by saturation, which could be associated with
reabsorption of excitation in solution as well as with
small penetration depth of laser irradiation in solution.

A concentration-dependent MB  fluorescence
lifetime study was performed. No differences in the
lifetime were observed for all studied concentrations,
which may indicate that the aggregates formed at high
concentrations of MB do not fluoresce.

Studies of photodegradation in biological media
showed that more than 80% photobleaching in plasma
and culture media is already observed at a dose of 5 J/cm?,
while in water at this concentration at a dose of 5 J/cm?
there is no photobleaching yet, and at a dose of 50 J/cm?
the photobleaching of MB is about 30%.

The photobleaching of MB under the effect of laser
radiation was investigated. For lower concentrations of
MB the photobleaching occurs more rapidly, which is
presumably associated with a larger volume of irradiated
area at low concentrations: at high concentrations of the
drug most of the radiation is absorbed in a thin layer due
to high optical density. The obtained relations indirectly
indicate that photobleaching in plasma occurs due to
interaction with singlet oxygen; the rate of photobleaching
is limited by the diffusion rate of oxygen in the medium.

In media containing proteins with alkaline pH,
photobleaching is significantly faster than in neutral
aqueous media. The ionic strength of the solution has
no effect on the photobleaching rate. The absorption
spectra recorded after photobleaching suggest that
the photobleaching is not due to the transition to the
leucoform but is caused by the photodegradation of MB.

The efficiency of singlet oxygen generation and
photodynamic activity were evaluated in vitro. In the
investigated concentration range the efficiency of
singlet oxygen generation is quite low. We assume
that this is because the photodynamic reaction for MB
proceeds according to type |, when not singlet oxygen
is formed, but other reactive oxygen species. This is
because the positively charged MB binds to negatively
charged cell membranes, which leads to a change in
the type of photodynamic reaction. It is demonstrated
that in addition to the generation of singlet oxygen,
the presence of other ROS in the cells is observed. After
incubation with MB, cells show staining for ROS diffusely
in the cytoplasm and brightly in some vesicles. After
irradiation of cells with accumulated MB at 660 nm, 50
J/cm?, the sensor intensity for ROS in vesicles becomes
brighter. In control cells without MB the ROS sensor is not
detected even after irradiation.
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Photodynamic therapy of acne

PHOTODYNAMIC THERAPY OF ACNE

Filonenko E.V.!, Ivanova-Radkevich V.2

'P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC of the Ministry
of Health of the Russian Federation, Moscow, Russia

2RUDN University, Moscow, Russia

Abstract

Acne is one of the most common skin conditions in the world. A number of studies have shown that photodynamic therapy (PDT) is safe and effec-
tive for both inflammatory and non-inflammatory acne and can significantly improve skin conditions in this disease. The effectiveness of PDT against
acne is mainly due to a decrease in the amount of sebum produced by the sebaceous glands due to a decrease in their activity as a result of direct
photodynamic damage to the sebaceous glands, eradication of Cutibacterium acnes, and a decrease in the level of hyperkeratosis. Compared with
systemic drug therapy, PDT treatment of severe acne has the following advantages: fast results, high efficiency, high selectivity, no systemic adverse
reactions and drug resistance, and low recurrence rate. Most often for PDT in patients with acne, drugs based on 5-aminolevulinic acid (5-ALA) and its
methyl ester (ME-ALA) are used. At the moment, there are no unified recommendations on PDT regimens for the treatment of this skin pathology. Vari-
ous studies demonstrate the high efficiency of PDT with a wide range of doses of 5-ALA (3-20%) and ME-ALA (4-16%), light doses (15-120 J/cm?), and
exposure time (30-90 min). The general trend in studies by different authors is that gentle low-intensity PDT regimens for acne demonstrate the same
high efficiency with a significant reduction in pain during irradiation and local skin reactions (erythrema, edema, and hyperpigmentation).

Key words: photodynamic therapy, acne, 5-aminolevulinic acid, 5-aminolevulinic acid methyl ester.
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E.B. Punonenko', B.U. Msanoea-Pagkesmny?

1«MOCKOBCKMIN HOYYHO-MCCNEAOBATENBCKMIA OHKONOMMYECKMI MHCTUTYT uM. [1.A. TepueHa
— dunman OIBY «<HaumoHanbHbIM MEAMUMHCKMIA MCCNENOBATENLCKMM LEHTP PAAMONOTUMY»
MurucrepcTea sagpasooxpanerns Poceuitckoin Penepaunm, Mockea, Poccus
2Poccumitckmit YumnsepeuteT apyxbul Hapoaoes, Mocksa, Poccus

Pesiome

AKHe — 0fiHa 13 caMbIX pacnpOCTPaHEHHbIX B MUPE KOXHbIX NaTonorui. PAa nccneposaHnin nokasan, 4to ¢otoarHammnyeckasn tepanuva (OAT)
6e3omnacHa 1 3GPeKTUBHA NPV BOCMAIUTENIbHONM 1 HEBOCNANIUTENIbHOV pOPME aKHE 11 MOXKET 3HAUUTESIbHO YNYYLLNTb COCTOAHMNE KOXNW Npu
5ToM 3aboneBaHnun. dpdekTnBHocTb OAT NPOTVB akKHE B OCHOBHOM OOYC/IOBJIEHA YMEHbLUEHVIEM KONMYECTBA KOXKHOTO Cana, BbipabaTbiBa-
€MOro CanbHbIMU Xene3aMm, 33 CYET CHIPKEHNA X aKTUBHOCTU B pe3ysibTaTe NPAMOro GOTOANHAMNYECKOTO NMOBPEXAEHWA CaNlbHbIX »Kenes,
spapvKauuei Cutibacterium acnes n CH/XXeHNEM YPOBHSA rmnepKkepatosa. [1o cpaBHEHMIO C CUCTEMHON MeAVKaMEeHTO3HO Tepanueil ieyeHve
TAXenon opmbl akHe metogom OAT meeT cnefyioLye NPerMyLLECTBa: ObICTPbIN Pe3ynbTaT, BbIcOKasA 3pGEKTUBHOCTb, BbICOKas CENEKTHB-
HOCTb, OTCYTCTB/E CUCTEMHbIX MOGOYHbIX peakLnii 1 NeKapCTBEHHON YCTOMYMBOCTU, HM3KasA YacToTa peunansos. Hanbonee yacto ana OOT
y 60IbHbIX aKHe MPUMEHSAIOT NpenapaTbl Ha OCHOBE 5-aMUHONEBYNMHOBON KucnoTbl (5-AJIK) 1 ee meTtunosoro a¢upa (M3-AJIK). Ha paH-
HbIi MOMEHT He CyLeCTBYeT efjuHbIX pekoMeHAauuii no pexvimam OAT ana neyeHna faHHOW KOXKHON naTosiornu. PasnuyHble nccnepgoBaHna
[EMOHCTPYPYIOT BblCOKYI0 3ddekTuBHOCTE OAT ¢ Wmpokum granasoHom Ao3 5-AJIK (3-20%) n M3-AJIK (4-16%), cBeToBbix A03 (15-120 [/
cm?) 1 BpemeHU 06sydeHns (30-90 MuH). O6Lan TeHAEHLUMA B NCCNeA0BaHNAX Pa3HbIX aBTOPOB CBOAUTCA K TOMY, UTO LWAAALLME HU3KOUHTEH-
cuBHble pexkumbl O[IT Npu akHe AEMOHCTPUPYIOT TaKyH0 e BbICOKYIO 3PpHEKTUBHOCTb NPW 3HAUMTENBHOM CHUXKEHNM GONEBBIX OLLYLIEHNN B
npouecce 061y4YeHNs N MECTHbIX KOXHbIX peakLuii (3puTpema, oTeK, rnepnurmeHTaums).

KnioueBble cnoBa: poToamHamnueckas Tepanus, akHe, 5-aMyHONEBYIMHOBAsA KMCI0Ta, METUIOBbIN 3bUP 5-aMVHONIEBYIMHOBO KNC/OTbI.
KonTakTbi: QunoHeHko E.B., e-mail: elena.filonenko@list.ru

Ana yntnposanua: OunoHexko E.B., iBaHoBa-Pagkesny B./. ®otoarnHammnyeckas Tepanua npu akHe // Biomedical Photonics. - 2023.-T. 12,
Ne 2. - C. 48-56. doi: 10.24931/2413-9432-2023-12-2-48-56.
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Acne (acne vulgaris) is a chronic inflammatory skin
disease characterized by overgrowth of the microorgan-
ism Cutibacterium acnes, formerly known as Propioni-
bacterium acnes, in the sebaceous glands [1].

Epidemiology

Acne affects approximately 600 million people world-
wide every year, making it the eighth most common skin
disease in the world [1]. Acne occurs in 70-75% of prepu-
bertal children up to 12 years of age (usually at 9-11 years
of age). Up to 80-85% of teenagers and young adults
suffer from acne. In older age groups, the percentage
decreases, but still, almost one in ten adults over 25 suf-
fers from acne [2]. Although acne is not a life-threatening
disease, serious psychological consequences have been
reported in various studies in patients, which can affect
sociability, cause phobias, and lead to depressive symp-
toms [1].

Etiology and pathogenesis

Acne can occur against the background of seborrhea,
which is characterized by a change in the chemical com-
position of sebum and increased secretion of sebum by
the sebaceous glands. As a result, acne occurs in areas
of the skin that are richest in sebaceous glands [2]. Acne
pathogenesis involves four main mechanisms: follicular
hyperkeratosis (epithelial proliferation with thickening
of the stratum corneum of the sebaceous gland chan-
nels), increased secretion of sebum, C. acnes coloniza-
tion, and localized inflammation [3]. It is believed that
it is the colonization of C. acnes that plays a key role in
the development of acne [3]. C. acnes is a Gram-positive,
anaerobic, slow growing bacterium that metabolizes
triglycerides and produces cytokines that induce inflam-
matory responses [3,4].

Classification

According to the ICD-10 classification, the following
types of acne are distinguished: L.70.0 Acne vulgaris;
L.70.1 Acne globose; L.70.2 Smallpox acne; L.70.3 Tropi-
cal eels; L.70.4 Children acne: L.70.5 Excoriated acne;
L.70.8 Other acne and L.70.9 Acne unspecified. There is
also a classification of acne vulgaris according to the type
of lesions: 1. Non-inflammatory acne: closed and open
comedones; 2. Inflammatory acne (superficial: papu-
lopustular; deep: indurative, conglobate; complicated:
nodular cystic, abscessing, phlegmonous, keloid, scar-
ring, complicated by sinus tracts) [2].

The Leeds acne severity score takes into account acne
lesions on the face, back, and chest and classifies them as
inflammatory or non-inflammatory. Leeds scores range
from 0 (least severe) to 10 (most severe). There are modi-
fied Leeds scales, the maximum score for which is 12
[5,6]. The Pillsbury Acne Rating Scale ranks acne severity
from 1 (least severe) to 4 (most severe) [7,8].

Acne therapy

Traditional acne therapy includes topical and sys-
temic antibiotics, such as tetracyclines and isotretinoin,
as well as retinoids [1]. The use of antibiotics is signifi-
cantly limited by the growth of antibiotic resistance in C.
acnes, and the use of retinoids is limited by their serious
side effects associated with teratogenicity, spontane-
ous abortion, skin irritation, cheilitis, photosensitivity,
arthralgia, hypertriglyceridemia, inflammatory bowel
disease, pancreatitis, and depression [3,9]. Acne therapy
is very long. Thus, according to Cunliffe et al., for com-
plete resolution of mild to moderate acne, 3-4 years of
treatment are required, and in the case of severe acne,
8-12 years may be required. According to Cunliffe, in 7%
of patients with disease manifestation in adolescence,
the manifestations of the disease can last up to 45-50
years [10]. Long-term use of antibiotics can cause a vari-
ety of side effects, including dysbiosis and an increased
chance of infection with opportunistic pathogens. Long-
term use of isotretinoin can cause dry skin and mucous
membranes, increase blood lipid levels, and lead to
impaired liver function, depression, and suicidal tenden-
cies. In addition, this drug has a teratogenic effect and
cannot be recommended in women of childbearing age
[11]. The topical application of these drugs may cause
skin irritation. It is also important that their use requires
adherence to a clear regimen of administration, and in
real clinical practice there is often a violation of the rules
of admission by the patient.

Low efficacy, side effects, and duration of treatment
with antibiotics and retinoids are prerequisites for find-
ing new, safe, and effective ways to treat acne. In this
context, various safe and effective physiotherapy pro-
cedures are becoming a new trend in the treatment of
acne. One of the possible alternative methods of treat-
ment can be photodynamic therapy (PDT) [1,11].

PDT in the treatment of acne

PDT is used for various tumor and precancerous skin
pathologies [12,13,14]. A number of studies have shown
that PDT is safe and effective in both inflammatory and
non-inflammatory acne and can significantly improve
skin conditions in this disease. Moreover, since the reac-
tive oxygen species produced by PDT do not have any
specific molecular target, PDT makes it possible to easily
bypass drug resistance in microorganisms, which gives
this therapy an advantage over antibiotic treatment.
The effectiveness of PDT against acne is mainly due to
a decrease in the amount of sebum produced by the
sebaceous glands due to a decrease in their activity as a
result of direct photodynamic damage to the sebaceous
glands, eradication of C. acnes and a decrease in the level
of hyperkeratosis [1,15].

The first edition of the 2002 European Clinical
Guidelines for Local PDT contained information on the
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possibility of using PDT for the treatment of warts and
acne, with 5-amnolevulinic acid (5-ALA) being listed as
the most widely used PDT drug. The recommendations
also contained an indication of the possibility of using
both coherent and incoherent light sources for PDT [16].
By 2008 [17], PDT for the treatment of acne, warts, and
cutaneous leishmaniasis was rated clinical recommenda-
tion level IB (strength of recommendation B, quality of
evidence I). In the latest edition of the European Clinical
Guidelines for Local PDT, severe acne remains indicated
as an indication for PDT with an IB level [11].

Guo et al.,, based on almost 20 years of experience in
the clinical use of PDT for the treatment of severe acne,
conclude that, compared with systemic drug therapy,
the treatment of severe acne with PDT has the following
advantages: fast results, high efficiency, high selectivity,
no systemic adverse reactions, drug resistance, and low
recurrence rate [1]. Picone et al. [18] also indicate that the
undoubted advantage of PDT for the treatment of acne is
the absence of scars after treatment.

Interestingly, low concentrations of the photosensi-
tizer, short incubation time, and low light doses (about
13 J/cm?) under blue light irradiation provide short-term
antimicrobial and immunomodulatory effects, while
higher light doses (up to 150 J/cm?) of red light addition-
ally cause destruction of the sebaceous glands. An addi-
tional effect of all PDT modes, leading to a decrease in
follicle obstruction and a decrease in sebum secretion, is
an increase in epidermal renewal [4].

In recent years, several large clinical studies have
been conducted on the efficacy and safety of PDT in the
treatment of acne using 5-ALA and 5-ALA methyl ester
(ME-ALA) (Table). Even though there were no reports on
the use of chlorin derivatives for PDT in patients with
acne in clinical practice, in vitro and in vivo studies using
chlorins also showed satisfactory results [19]. Phthalocy-
anines, to the best of our knowledge, have not yet been
investigated for the treatment of this skin pathology.

We searched for published results of studies on the
clinical efficacy of PDT in acne patients over the past 10
years using the Pubmed database. We included in the
analysis only studies conducted with the participation
of 10 or more patients, in which PDT was performed
in mono mode using standard sources and irradiation
modes. Selected clinical cases of interest are further
described below. The analysis made it possible to iden-
tify 9 studies that present data obtained in total in the
treatment of 368 patients with acne (Table). Most studies
have used 5% of 5-ALA as an application for 1-4 hours for
PDT. In one study, the concentration of 5-ALA was lower
- 3.6%. Three studies used ME-ALA for PDT at a standard
concentration of 16% or a lower concentration of 4%. For
irradiation, red light was most often used. Light doses
ranged from 15 to 120 J/cm?. All studies have shown an
overall improvement in acne after PDT.

The main task in the development of the PDT method
in the field of acne treatment at the moment is the search
for regimens that reduce pain and the development of
local reactions in the area of irradiation while maintain-
ing the high treatment efficiency achieved in previous
studies.

A number of studies demonstrate a significant reduc-
tion in the intensity of pain during an irradiation session
and other adverse events while maintaining high treat-
ment efficiency during low-intensity PDT. For example,
in a study by Chen et al, [21] PDT with a light dose of
120 J/cm? and a power density of 10 mW/cm? caused
significant pain, burning, erythrema, and edema that
persisted up to 4 days after PDT in 28% of patients and
temporary pigmentation in 12% of patients. Liu et al.
[3] reported the development of adverse events (mod-
erate pain, erythrema, and edema lasting up to 5 days)
in 92% of patients after PDT with a light dose of 127 J/
cm? and a power density of 105 mW/cm?. In a study by
Calzavara-Pinton et al. [22], the light dose was reduced to
37 J/cm? at a power density of 10 mW/cm?. The authors
of the study did not report significant pain sensations or
other adverse events. Only 4% of patients with skin type
IV developed areas of hyperpigmentation at the treat-
ment site.

Pain sensations are also reduced with the use of
5-ALA and ME-ALA at lower concentrations than usual.
For example, in a study by Dessinioti et al. [24] ME-ALA
cream was used for PDT with a concentration 4 times
lower than the standard (4%). Side effects were limited to
mild transient erythema at the treatment sites and lasted
several hours. Edema, pustules, crusting, or persistent
erythema were not observed. Patients did not report
pain. At the same time, the effectiveness of treatment
was quite high - immediately after 2 courses of PDT, the
number of acne foci decreased by an average of 35%
from the initial level.

Many researchers note that the use of high concen-
trations of 5-ALA for acne PDT causes significant side
effects. For example, Pollock et al. [27] reported on the
use of 5-ALA in 10 patients with acne at a concentration
of 20% with application for 3 hours. Despite the rather
sparing irradiation regimen (15 J/cm? 25 mW/cm?),
patients experienced significant pain during the irra-
diation session and erythrema. The effectiveness of the
treatment was even lower than when using lower con-
centrations of 5-ALA: after the second course of treat-
ment, a statistically significant decrease in the number of
inflammatory foci of acne was observed in the treatment
area compared to the baseline, but not in comparison
with the control areas. As a result of the treatment, no
statistically significant amount of C. acnes or the level of
sebum secretion was obtained.

Some researchers recommend shortening the appli-
cation time of 5-ALA as a way to reduce the intensity of
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pain during irradiation. Thus, the results of one recent
small-scale study in which 5% 5-ALA cream was used in
patients with acne showed that a reduction in the appli-
cation time from 90 to 30 minutes led to an almost com-
plete absence of pain during irradiation in patients with
the same effectiveness of treatment [28]. Chinese der-
matologists also give the results of studies demonstrat-
ing that PDT with a 5-ALA concentration of 3-5% and a
shorter application time (30 min) can effectively improve
the condition of moderate to severe acne vulgaris with
minimal pain and other adverse reactions [29].

The use of a ventilator, air cooling, and possible short
breaks in irradiation may also be used to reduce treat-
ment-related pain during PDT. Local anesthesia can usu-
ally be used before and after PDT [30].

A separate promising area of application of PDT in
patients with acne is PDT after ineffective acne treatment
by other methods, in particular, after an exacerbation
of the disease during isotretionine treatment. Despite
the fact that no large-scale studies of the effectiveness
of PDT in this group of patients have been conducted,
several interesting clinical cases have been described in
the literature. Thus, Liu J. et al. [31] report the success-
ful treatment of a patient with acne flare-ups after treat-
ment with isotretionin. Acne exacerbation develops in a
small proportion of patients at the start of oral isotreti-
noin. Clinically, it usually manifests as painful, ulcer-
ated, and hemorrhagic lesions. Traditional therapy in
this case is the ingestion of corticosteroids. However, in
some patients, such therapy can also be accompanied by
side effects, such as metabolic disorders, suppression of
immune function, and other effects. The authors report a
young man with acne exacerbation after taking isotreti-
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noin, who was treated with PDT (2-hour application of
5% 5-ALA, irradiation 633+6 mm, 42 mW/cm?, 75.6 J/
cm?, 7 cycles). The result of the treatment was rated as
a complete cleansing of the skin with an excellent cos-
metic result). Picone et al. [18] report another case of
successful treatment of acne exacerbation while tak-
ing isotretionine. PDT was performed in a patient with
ulcerative and hemorrhagic lesions from acne on the
face and trunk with an exacerbation of the disease after
the start of treatment with isotretinoin, which did not
respond to systemic prednisolone in combination with
topical application of clindamycin and disinfectants. The
patient underwent 6 courses of PDT with ME-ALA (appli-
cation of 16% ointment) with red light irradiation (630
nm, light dose 39 J/cm?). At a 6-month follow-up, the
patient showed no active lesions, only scarring, and no
side effects were reported during and after each treat-
ment session.

Conclusion

In recent years, the method of acne treatment, PDT,
has been actively developed, demonstrating high effi-
ciency and a satisfactory safety profile. For acne PDT,
5-ALA and ME-ALA are used. Both drugs show high
efficacy in both inflammatory and non-inflammatory
lesions, in mild, moderate, and severe forms of acne, as
well as after ineffective acne treatment by other meth-
ods, in particular after an exacerbation of the disease
during treatment with isotretionine. The main direction
in the development of PDT in acne patients is the search
and development of low-intensity PDT schemes to mini-
mize pain and local reactions to radiation.
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