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ПАЛЛИАТИВНОЕ ХИРУРГИЧЕСКОЕ ЛЕЧЕНИЕ 
С ПРИМЕНЕНИЕМ ФОТОДИНАМИЧЕСКОЙ 
ТЕРАПИИ БОЛЬНЫХ СО ЗЛОКАЧЕСТВЕННЫМИ 
НОВООБРАЗОВАНИЯМИ ЖЕЛЧЕВЫВОДЯЩЕЙ СИСТЕМЫ, 
ОСЛОЖНЕННЫМИ ОБСТРУКТИВНОЙ ЖЕЛТУХОЙ

А.Е. Цеймах1, А.Н. Мищенко2, В.А. Куртуков2, Я.Н. Шойхет1 
1Алтайский государственный медицинский университет, Барнаул, Россия
2Городская больница №5, Барнаул, Россия

PALLIATIVE SURGICAL TREATMENT USING  
PHOTODYNAMIC THERAPY FOR BILIARY CANCER 
COMPLICATED BY OBSTRUCTIVE JAUNDICE
Tseimakh A.Е.1, Mitshenko A.N.2, Kurtukov V.А.2, Shoykhet Ia.N.1

1Altai State Medical University, Barnaul, Russia
2State hospital №5, 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 α, 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 Ia.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.

Tseimakh A.Е., Mitshenko A.N., Kurtukov V.А., Shoykhet Ia.N.
Palliative surgical treatment using photodynamic therapy for biliary cancer complicated by obstructive jaundice

Резюме
В работе представлены результаты исследования выживаемости, маркеров гемостаза, протеолиза и опухолевой инвазии после ком-
плексного паллиативного лечения больных с гистологически верифицированными злокачественными новообразованиями желче-
выводящих протоков, осложненными обструктивной желтухой в двух сопоставимых группах больных. Целью исследования было 
оценить эффективность паллиативного хирургического лечения с применением фотодинамической терапии (ФДТ) у больных зло-
качественными новообразованиями желчевыводящей системы, осложненными обструктивной желтухой. У 10 пациентов основной 
группы проводилось паллиативное хирургическое лечение с применением ФДТ, у 20 пациентов группы сравнения проводилось пал-
лиативное хирургическое лечение без применения ФДТ. У пациентов основной группы наблюдалось статистически значимое увели-
чение продолжительности жизни по сравнению с группой сравнения на 104 дня (р=0,033). При этом выявлено статистически значи-
мое влияние маркера опухолевой инвазии – фактора некроза опухоли α на выживаемость (р=0,012) и уменьшение его уровня после 
ФДТ с 43,53±33,99 пг/мл до 28,33±26,12 пг/мл (p = 0,041). Таким образом, паллиативное лечение с применением ФДТ злокачественных 
новообразований желчевыводящих протоков, осложненных обструктивной желтухой, позволяет увеличить выживаемость пациен-
тов за счет уменьшения опухолевой инвазии.
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Tseimakh A.Е., Mitshenko A.N., Kurtukov V.А., Shoykhet Ia.N.
Palliative surgical treatment using photodynamic therapy for biliary cancer complicated by obstructive jaundice

Introduction
Biliary tract cancer is a rare oncological pathology, 

which includes distal and proximal cholangiocarcinoma, 
and gallbladder cancer [1, 2, 3]. 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”, 

Ключевые слова: злокачественные новообразования желчевыводящей системы, фотодинамическая терапия, выживаемость.

Контакты: Цеймах А.Е., е-mail: alevtsei@rambler.ru.

Для цитирования: Цеймах А.Е., Мищенко А.Н., Куртуков В.А., Шойхет Я.Н. Паллиативное хирургическое лечение с применением фото-
динамической терапии больных со злокачественными новообразованиями желчевыводящей системы, осложненными обструктив-
ной желтухой // Biomedical Photonics. – 2023. – Т. 12, № 2. – С. 4–10. doi: 10.24931/2413–9432–2023–12–2-4–10.
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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/cm2 with a power 
of 0.7 W and a radiation power density of 0.22 W/cm2 
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/cm2 with a programmed specialized two-wavelength 
laser apparatus with a power of 0.7 W and a radiation 
power density of 0.22 W/cm2 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).

To determine 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-α) 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 Elx808 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 a normal 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.

Таблица 1
Характеристика пациентов, включенных  
в исследование
Table 1
Characteristics of patients included in the study

Показатель
Value

Основная 
группа
Main group

Группа 
сравнения
Comparison 
group р

M± SD M± SD

Возраст, лет
Age, years 61,3±16,9 69,8±9,4 0,168

Число женщин
Number of 
women

2 5 0,879

Число мужчин
Number of men 8 15 0,879

Лейкоциты, 
*109/л
Leukocytes, 
*109/L

8,87±3,16 9,71±2,16 0,487

Тромбоциты, 
*109/л
Thrombocytes, 
*109/L

285,33±164,42 258,67±43,15 0,649

Общий 
билирубин, 
мкмоль/л
Common biliru-
bin, mcmol/L

197,32±173,09 115,00±56,19 0,210

АСТ, Ед/л
AST, U/L 96,83±63,07 53,17±29,51 0,097

АЛТ, Ед/л
ALT, U/L 98,99±73,51 58,22±41,79 0,206

Примечание: р –  статистическая значимость различий между 
основной группой и группой сравнения. 
Note: p – statistical significance of differences between the main 
group and the comparison group.
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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 IIIa 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 

Таблица 2
Сравнительная характеристика больных по локализации и распространенности новообразования
Table 2
Comparative characteristics of patients by localization and prevalence of tumor

Локализация злокачественного новообразования
Localisation of malignant tumor

Основная 
группа

Main group

Группа 
сравнения

Comparison 
group p

абс.
abs. % абс.

abs. %

Дистальная холангиокарцинома, в том числе
Distal cholangiocarcinoma including

2 20,00 9 45,00 0,348

стадия IIIa по классификации TNM (8 редакция)
stage IIIa according to the TNM classification (8th edition)

1 10,00 7 35,00 0,307

стадия IV по классификации TNM (8 редакция)
stage IV stage according to TNM classification (8 edition)

1 10,00 2 10,00 0,519

Проксимальная холангиокарцинома, в том числе
Proximal cholangiocarcinoma including

5 50,00 6 30,00 0,503

тип II по классификации Bismuth-Corlette 
Bismuth-Corlette type II

2 20,00 1 5,00 0,519

тип IIIa/IIIb по классификации Bismuth-Corlette
Bismuth-Corlette type IIIa/IIIb

2 20,00 5 25,00 0,879

тип IV по классификации Bismuth-Corlette 
Bismuth-Corlette type IV

1 10,00 0 0,00

стадия IIIa по классификации TNM (8 редакция)
stage IIIa according to the TNM classification (8th edition)

2 20,00 5 25,00 0,879

стадия IV по классификации TNM (8 редакция)
stage IV according to TNM classification (8 edition)

3 30,00 1 5,00 0,184

Аденокарцинома большого дуоденального сосочка, в том числе
Adenocarcinoma of big duodemal ampulla including

3 30,00 3 15,00 0,628

стадия IIIa по классификации TNM (8 редакция)
stage IIIa according to the TNM classification (8th edition)

2 20,00 2 10,00 0,849

стадия IV по классификации TNM (8 редакция)
stage IV according to TNM classification (8 edition)

1 10,00 1 5,00 0,796

Желчный пузырь
Gallbladder

0 0,00 2 10,00 0,796

стадия IV по классификации TNM (8 редакция)
stage IV according to TNM classification (8 edition)

0 0,00 2 10,00 0,796

Примечание: р –  статистическая значимость различий между основной группой и группой сравнения. 
Note: p – statistical significance of differences between the main group and the comparison group.
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wavelength of 630 nm with a light dose of 180 J/ cm2). 
At the same time, in a meta-analysis by Moole et al. [11] 
based on 9 studies of the eff ectiveness 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/cm2). A meta-analysis by Maswikiti 

et al. [13] based on 7 studies of the combined use of PDT 
with hematoporphyrin derivatives and chemotherapy 
provide other data that patients who received combined 
PDT and chemotherapy lived twice as long as patients 
who received these treatments separately. Signifi cant 
diff erences 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 infl ammation, hemostasis, 
and proteolysis in dynamics was carried out. There was a 
statistically signifi cant decrease in TNF-α after PDT from 
43.53±33.99 pg/ml to 28.33±26.12 pg/ml (p = 0.041) 
(Fig. 2).

TNF-α is known as a signifi cant 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-α and the growth rate 
of a malignant neoplasm, leading to a decrease in overall 
life expectancy [14, 15].

We confi rmed the literature data in the course of 
multiple linear regression analysis of factors aff ecting 
survival in patients with biliary cancer. A statistically 
signifi cant inversely proportional eff ect on survival of 
TNF-α 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 confi rm 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 signifi cantly increase life 
expectancy in the absence of side eff ects from therapy.

Таблица 3
Сравнительный анализ выживаемости больных 
Table 3
Comparative analysis of survival of patients

Группа
Group

Медиана выживания, дни
 Median survival, days 95% доверительный 

интервал
95% confi dence interval

р

Ме (Q1; Q3)

Основная
Main 170 (1648;113) -25,235-365,235

0,033
Сравнения
Comparison 66 (200;29) 33,13-98,87

Рис. 1. Общая выживаемость пациентов основной группы и 
группы сравнения.
Fig. 1. Overall survival of patients in the main group and 
comparison group.
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Рис. 2. Сравнительная характеристика показателей воспаления, 
гемостаза и протеолиза до и после фотодинамической терапии.
Fig. 2. Comparative characteristics of parameters of inflammation, 
haemostasis and proteolysis before and after photodynamic.

Таблица 4
Модель множественного линейного регрессионного анализа для оценки влияния значения TNF-α, TPA, PAI-1, 
общего билирубина до лечения на медиану выживаемости у пациентов основной группы
Table 4
Model of multiple linear regression analysis to assess the effect of TNF-α, TPA, PAI-1 and total bilirubin before treat-
ment on the median survival in patients of the main group

Показатель
Value β±σ p

Константа
Constant 2003,485±393,260 <0,001

TNF-α -17,074±5,659 0,012

TPA -3,940±3,436 0,276

PAI-1 -3,525±2,721 0,222

Общий билирубин
Common bilirubin -1,260±1,021 0,243

Медиана выживаемости = 2003,485 – (17,074 * Показатель TNF- α ) – (3,940 * Показатель TPA) – (3,525 * Показатель PAI-1) 
– (1,260 * Показатель общего билирубина)
Survival median = 2003,485 – (17,074 * Value of TNF- α) – (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.
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Резюме
В работе представлены результаты экспериментального исследования, посвященного выбору наиболее оптимального режима 
импульсного контактного лазерного воздействия полупроводникового лазера с длиной волны 445 нм в хирургии голосовых скла-
док (фонохирургии). Эндоларингеальная фонохирургия подразумевает собой максимальную сохранность анатомически и функцио-
нально значимых структур гортани в сочетании с радикальностью в отношении патологического процесса. С позиции мукоундуляр-
ной теории голосообразования волнообразные колебания голосовых складок возможны за счет подвижности покровного слоя голо-
совой складки (эпителий, поверхностный слой собственной пластинки) относительно ее тела (глубокий слой собственной пластинки, 
голосовая мышца). Таким образом, любая травматизация на уровне покровного слоя сопряжена с риском его избыточного рубце-
вания и потерей способности к волнообразному скольжению. Голосовые складки свиньи, по данным ряда авторов, имеют схожее 
строение с человеческими как по гистологическому строению (толщина слоев, соотношение коллагеновых и эластических волокон), 
так и по акустическим параметрам, что обосновывает рациональность их использования в качестве экспериментальной модели. В 
серии экспериментов с использованием лазера 445 нм проведены контактные импульсные воздействия на биологическую модель 
с длительностью импульсов 10, 20, 50 и 100 мс с последующей оценкой по данным гистологических срезов следующих параметров: 
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глубина и ширина кратера абляции, ширина зоны бокового термического повреждения. Таким образом, описаны наиболее оптималь-
ные для фонохирургических вмешательств режимы импульсных воздействий лазера с длиной волны 445 нм.  

Ключевые слова: фонохирургия, лазер 445 нм, дисфония, лазерная хирургия, ларингология.
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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 µm 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 μm 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 
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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 CO2 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 1 mm on average [5, 6, 7]. The depth of 
the epithelium of the true vocal fold, in this case, is about 
80–100 µm [8] and, thus, the depth of the cover layer of 
the vocal fold is on average 400–500 µm, 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 

Рис. 1. Макроскопические препараты голосовых складок сви-
ней после лазерного воздействия (а – 10 мс, b – 20 мс, c – 50 
мс, d – 100 мс).
Fig. 1. Macroscopic preparations of the pig vocal folds after laser 
exposure (a – 10 ms, b – 20 ms, c – 50 ms, d – 100 ms).

а

c

b

d
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Рис. 2. Зависимость глубины кратера абляции в мкм (слева, ось y) и толщины 
зоны бокового термического повреждения в мкм (справа, ось y) от длительности 
импульса лазерного воздействия в мс (ось x).
Fig. 2. Dependence of the ablation crater depth in µm (left, y-axis) and the thickness 
of the lateral thermal damage zone in µm (right, y-axis) on the laser exposure pulse 
duration in ms (x-axis).

Рис. 3. Зависимость ширины кратера аб-
ляции в мкм (ось y) от длительности им-
пульса лазерного воздействия мс (ось x).
Fig. 3. Dependence of the ablation crater 
width in µm (y-axis) on the laser exposure 
pulse duration in ms (x-axis).

Таблица 1
Зависимость глубины, ширины кратера абляции и зоны бокового термического повреждения от длительности 
импульсного лазерного воздействия с длиной волны 445 нм.
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.

Глубина кратера 
абляции, мкм

The depth of the 
ablation crater, 

μm

Зона бокового 
термического 

повреждения, мкм
The lateral thermal 
damage zone, μm

Ширина кратера 
абляции, мкм

The width of the 
ablation crater,

 μm

10 мс 
10 ms

Среднее значение 
(стандартное 
отклонение)

Mean value (standard 
deviation)

124,8 (32,9) 85,2 (20,0) 526,6 (55,2)

Мин; макс
min; max

104; 148 71; 104 485; 563

20 мс
20 ms

Среднее значение 
(стандартное 
отклонение)

Mean value (standard 
deviation)

312,5 (83,8) 126,8 (27,8) 564,0 (51,7)

Мин; макс
min; max

262; 365 107; 140 536; 593

50 мс 
50 ms

Среднее значение 
(стандартное 
отклонение)

Mean value (standard 
deviation)

498,6 (93,7) 152,4 (30,6) 548,7 (90,1)

Мин; макс
min; max

440; 592 138; 165 504; 604

100 мс
 100 ms

Среднее значение 
(стандартное 
отклонение)

Mean value (standard 
deviation)

730,3 (313,9) 235,7 (82,6) 673,4 (115,7)

Мин; макс
min; max

475; 926 168; 304 602; 737
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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.

Рис 4. Микрофотографии гистологических срезов голосовых складок свиней после 
нанесенных лазерных воздействий, окраска гематоксилином и эозином: а – дли-
тельность импульса 10 мс, масштаб 200 мкм; ареактивный (без воспалительного 
инфильтрата) язвенный дефект с некрозом всех слоев плоскоклеточного эпителия; 
b – длительность импульса 20 мс, масштаб 200 мкм; очаговый некроз ¼ собственной 
пластинки слизистой оболочки; c – длительность импульса 50 мс, масштаб 200 мкм; 
очаговый некроз голосовой складки с распространением на 2/3 глубины собствен-
ной пластинки слизистой оболочки; d – длительность импульса 100 мс, масштаб 400 
мкм; увеличение очага некроза за счет вовлечения большей площади эпителия и 
некроза 1/3 мышечных волокон голосовой складки. 
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 µm; areactive 
(without inflammatory infiltrate) ulcerative defect with necrosis of all layers of the 
squamous epithelium; b – pulse duration 20 ms, scale 200 µm; focal necrosis of the lamina 
propria and ¼ of the muscle fibers of the vocal fold; c – pulse duration 50 ms, scale 200 
µm; 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 µm; 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 
fibers of the vocal fold.

а

c
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d
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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/cm2 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.
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Резюме
Предложено аппаратно-программное и методическое обеспечение для оценки микроциркуляции, которое отличается неинвазив-
ностью, информативностью, а главное, возможностью проводить исследование в ходе фотоактивации, и может стать дополнением к 
существующим диагностическим методам как в исследовательских задачах, так и в клинической практике. Выявленные с помощью 
разработанного подхода функциональные принципы реакции сосудистой сети на фотодинамическое воздействие представляются 
полезными для повышения эффективности и безопасности фотодинамической терапии. Разработка и апробация методов видеока-
пилляроскопии и фотоплетизмографии для изучения ранних изменений микроциркуляции при фотодинамической активации. Раз-
работанная установка позволяет одновременно проводить фотодинамическое воздействие и исследование параметров микроцир-
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куляции методами видеокапилляроскопии и фотоплетизмографии. Фотодинамическое воздействие осуществляется через 3 ч после 
внутривенного введения фотосенсибилизатора на основе хлорина е6 (5 мг/кг) лазерным излучением с длиной волны 662 нм и плот-
ностью мощности 15 мВт/см2 в непрерывном и импульсном режимах. Визуализирующая система установки состоит из микроскопа с 
большим рабочим расстоянием, цифровой высокоскоростной камеры и оптического фильтра, отрезающего отраженное от исследу-
емой поверхности излучение фотоактивации. Осветительная система представлена диодным источником излучения с центральной 
длиной волны 532 нм. Зарегистрированные установкой изображения исследуемого участка кожи обрабатываются в разработанном 
авторами программном обеспечении для получения морфометрических и гемодинамических данных о микроциркуляции. Для срав-
нения предложенного подхода с существующими методами параметры кровотока регистрировали также лазерным доплеровским 
флоуметром. В ходе апробации разработанной установки на инъецированных фотосенсибилизатором крысах получены наборы карт 
действующих сосудов, фотоплетизмограмм и значений плотности сосудов кожи до, во время и после фотоактивации в двух режимах 
генерации. Проведен совместный анализ данных видеокапилляроскопии, фотоплетизмографии и лазерной доплеровской флоуме-
трии. Показано, что предложенный подход позволяет выявить различия в механизмах реакции микроциркуляции на фотодинамиче-
ские воздействие с малой плотностью мощности в различных режимах, в частности, несовпадение времени от начала экспозиции до 
остановки кровотока и начала восстановительного периода. 

Ключевые слова: фотодинамическая терапия, микроциркуляция, фотоплетизмография, видеокапилляроскопия, лазерная доппле-
ровская флоуметрия

Контакты: Гришачева Т.Г., e-mail: tgrishacheva@gmail.com 

Ссылка для цитирования: Гурылева А.В., Мачихин А.С., Гришачева Т.Г., Петрищев Н.Н. Применение видеокапилляроскопии для 
мониторинга микроциркуляции в коже при фотодинамической терапии // Biomedical Photonics. – 2023. – Т. 12, № 2. – С. 16–23.  
doi: 10.24931/2413–9432–2023–12–2-16–23.

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, 

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 MC in 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°С, 
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 × 1088 pixels, a 
pixel size of 5.5 × 5.5 μm, 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/cm2 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 

Рис. 1. Схема уста-
новки (К – камера, 
М – микроскоп, ПК 
– персональный ком-
пьютер, ОВ – опти-
ческое волокно, Л – 
лазерный аппарат,  
Ф – оптический 
фильтр, СП – стеклян-
ная пластина).
Fig. 1. Assembled 
setup (С – Camera, 
М – Microscope, PC 
– personal computer, 
OF – optical fiber, LS – 
laser, F – optical filter, 
GP – glass plate).

Guryleva A.V., Machikhin A.S., Grishacheva T.G., Petrishchev N.N.
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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 1 mm3, and the depth of probing 
microhemodynamics was up to 1 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/cm2.

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 

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

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 

Рис. 2. Протокол эксперимента (ВКС – видеокапилляроскопия, ФПГ – фотоплетизмография, ЛДФ – лазерная Допплеровская 
флоуметрия, ФДТ – фотодинамическая терапия, ФА –фотоактивация).
Fig. 2. Experimental design (VCS – videocapillaroscopy, PPG – photoplethysmography, PDT – photodynamic therapy, LDF – laser 
Doppler flowmetry).

Рис. 3. Алгоритм цифро-
вой обработки данных 
видеокапилляроскопии 
и фотоплетизмограмм 
(ППГ – фотоплетизмо-
графия, ПДС – плотность 
действующих сосудов, 
ПМ – показатель микро-
циркуляции, ФА – фото-
активация).
Fig. 3. Data processing 
pipeline (PPG – 
photoplethysmography, 
AVD – active vessel 
density, PDT – 
photodynamic therapy).

Guryleva A.V., Machikhin A.S., Grishacheva T.G., Petrishchev N.N.
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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 of image 
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/cm2. 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/
cm2. 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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Рис. 4. Морфометрические и гемодинамические параметры микроциркуляции, полученные методами видеокапилляроскопии, 
фотоплетизмографии и лазерной допплеровской флоуметрии, для периодов соответствующих: 1 – нормальному состоянию 
сосудов относительно значений ФПГ, 2 – фотоактивации, 3 – остановке кровотока, 4 – восстановительному периоду (ПМ – пока-
затель микроциркуляции, ППГ – фотоплетизмография, ПДС – плотность действующих сосудов, ФА – фотоактивация).
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 (MI – microcirculation index, PPG – photoplethysmography, AVD – active vessel density).

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 

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 
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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.
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EFFICACY OF PHOTODYNAMIC AND RADIODYNAMIC 
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ЭКСПЕРИМЕНТАЛЬНЫЕ ИССЛЕДОВАНИЯ IN VIVO 
ПРОТИВООПУХОЛЕВОЙ ЭФФЕКТИВНОСТИ 
ФОТОДИНАМИЧЕСКОЙ И РАДИОДИНАМИЧЕСКОЙ 
ТЕРАПИИ, А ТАКЖЕ ИХ СОЧЕТАНИЯ
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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, № 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 γ-radiation (192Ir) 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, λ=660±5 nm) at an exposure 
dose of 100 J/cm2 with a power density of 0.2 W/cm2 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 (Vav, cm3), 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 18th day of the experiment, Vav. in groups was 63.25±2.76 cm³; 29.03±6.06 cm³ (p=0.0002); 22.18±5.94 cm³ (р<0.0001); 11.76±3.29 
cm³ (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 60th and 90th 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.

Резюме
В рамках пилотного исследования авторами изучена противоопухолевая эффективность фотодинамической терапии (ФДТ) в комби-
нации с радиодинамической терапией (РДТ) в эксперименте in vivo на подкожно перевитой опухолевой модели лимфосаркомы Плисса 
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(ЛСП) у крыс. Фотосенсибилизатор (ФС) на основе хлорина е6 вводили внутривенно в дозе 2,5 мг/кг массы тела. Сеанс РДТ прово-
дили на установке для контактной лучевой терапии (КЛТ) однократно через 2,5–3 ч после окончания введения ФС с использованием 
γ-излучения (192Ir) в разовой очаговой дозе 6 Гр. Сеанс ФДТ осуществляли однократно непосредственно после воздействия ионизиру-
ющим излучением с помощью полупроводникового лазера «PDT diode laser» (OOO «Imaf Axicon», Беларусь, λ=660±5 нм) со световой 
дозой 100 Дж/см2 с плотностью мощности 0,2 Вт/см2 и мощностью 0,353 Вт. Все крысы были разделены на 4 группы по 6–7 особей в 
каждой: интактный контроль (ИК), ФС + ФДТ, ФС + КЛТ, ФС + КЛТ + ФДТ. Критерии оценки противоопухолевой эффективности: средний 
объем опухолей (Vср., см3), коэффициент абсолютного прироста опухолей (К, в относительных единицах (ОЕ), показатель торможения 
роста опухолей (ТРО, %), частота полной регрессии опухоли (ПР, %), доля излеченных крыс (%), показатель увеличения продолжитель-
ности жизни (УПЖ, %). Различия считались статистически значимыми при уровне значимости p<0,05. На 18-е сутки эксперимента Vср. в 
группах составил 63,25±2,76 см³; 29,03±6,06 см³ (р=0,0002); 22,18±5,94 см³ (р<0,0001); 11,76±3,29 см³ (р=0,0000), соответственно. Коэф-
фициенты К – 4516,86 ОЕ; 2638,09 ОЕ; 2024,45 ОЕ; 979,00 ОЕ. Показатель ТРО – 54,10% (ФС + ФДТ); 64,93% (ФС + КЛТ); 81,41% (ФС + КЛТ + 
ФДТ). Показатель УПЖ – 48,57% (ФС + ФДТ); 60,00% (ФС + КЛТ); 97,71% (ФС + КЛТ + ФДТ). На 60-е и 90-е сутки эксперимента частота ПР 
и доля излеченных крыс были одинаковыми и составили в группах 0%; 16,7%; 14,3% и 28,6%, соответственно. Полученные результаты 
свидетельствуют о перспективности и актуальности дальнейших исследований в данном научном направлении. 

Ключевые слова: экспериментальное исследование, крысы, перевивные опухоли, фотодинамическая терапия, радиодинамическая 
терапия, фотосенсибилизатор. 
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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 

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 γ-radiation (192Ir). 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 α/β = 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/cm2 with a power density of 0.2 W/cm2 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 
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tumors, which were not injected with PS and did not 
undergo any irradiation, acted as controls (intact control, 
IC) (Table 1).

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 (Vav, 
cm3), as well as the change in the coefficient of absolute 
tumor growth (K) and the index of tumor growth inhi-
bition (TGI, %). 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):

where
d1,2,3 – three mutually perpendicular tumor diameters 

(in cm);
π/6 = 0.52 – a constant value;
V – the volume of the tumor (in cm3).
The coefficient of absolute tumor growth (K) was cal-

culated by the following formula (2):

where
V0 – the initial volume of the tumor (before exposure);
Vt – 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):

TGI Vcontrol Vexperience
Vcontrol

% * %100

where
Vcontrol – the average volume of the tumor in the con-

trol group (in cm3);
Vexperience – the average volume of the tumor in the 

main group (in cm3).
The minimally significant criterion demonstrating the 

effectiveness of the treatment of transplanted tumors 
was considered TGI > 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 (LEI, %) were calculated 
using the formula (4):

LEI% ALEexperiment ALEcontrol
ALEcontrol

* %100

where
LEI – an indicator of the increase in the life expectancy 

of dead rats (in%);
ALEexperiment – the average life expectancy of dead rats 

in the experimental groups (per day);
ALEcontrol – the average life expectancy of dead rats in 

the control group (per day).

Statistical processing of the obtained data
Statistical processing of the results (Vav., K, and TGI) 

was performed using Excel, Origin Pro (version 7.0), and 

Таблица 1 
Дизайн экспериментального исследования 
Table 1
Experimental study design

Наименование группы
Study groups

Число 
крыс в 
группе, n
Number 
of rats
in the 
group, n

ИК
Intact control 6

ФС 2,5 мг/кг + КЛТ РОД 6 Гр
PS 2.5 mg/kg + CRT SFD 6 Gy 7

ФС 2,5 мг/кг + ФДТ 100 Дж/см2 0,2 Вт/см2

PS 2.5 mg/kg + PDT 100 J/cm² 0.2 W/cm² 6

ФС 2,5 мг/кг + КЛТ РОД 6 Гр+ ФДТ 100 Дж/см2 
0,2 Вт/см2

PS 2.5 mg/kg + CRT SFD 6 Gy + PDT 100 J/cm² 
0.2 W/cm²

7

* ФС – фотосенсибилизатор; КЛТ – контактная лучевая терапия;
РОД – разовая очаговая доза; ФДТ – фотодинамическая терапия.
* PS – photosensitizer; CRT – contact radiotherapy; SFD – single focal 
dose; PDT – photodynamic therapy.
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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/cm2 with 
a power density of 0.2 W/cm² 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 (р<0.05).

On the 18th day of the experiment, Vav. 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 LEI 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/cm² 
with a power density of 0.2 W/cm² 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-

Таблица 2
Критерии оценки противоопухолевой эффективно-
сти по коэффициенту торможения роста опухоли и 
частоте полных регрессий
Table 2
Criteria for evaluating antitumor efficacy in terms of 
the coefficient of tumor growth inhibition and the fre-
quency of complete regressions

Критерии 
противоопухолевой 

эффективности
Criteria of antitumor efficacy

Значения 
эффектив- 

ности
Values 

efficiency

ТРО < 20% 
TGI < 20% 0

ТРО < 20–50%
TGI < 20–50% ±

ТРО < 51–80%/
TGI < 51–80% +

ТРО < 81–90%
TGI < 81–90% ++

ТРО < 91–100% + < 50% ПР/
TGI < 91–100% + CR < 50% +++

ТРО > 91–100% + > 50% ПР/
TGI > 91–100% + CR > 50% ++++

* ТРО – коэффициент торможения роста опухоли; ПР – полная 
регрессия.
* TGI – tumor growth inhibition; CR – complete regression.
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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 

Таблица 3
Данные о динамике роста перевивных опухолей в эксперименте на крысах с ЛСП 
Table 3
Data on the growth dynamics of transplanted tumors in an experiment on rats with LSP 

Наименование 
группы
Groups

Cутки после перевивки
Days after tumors transplantation

ИССЛЕДУЕМЫЕ КРИТЕРИИ:
Средний объем, в см³ (M±m)

Коэффициент абсолютного прироста опухолей (К), в ОЕ
Коэффициент торможения роста опухолей (ТРО), в %

Уровень значимости различий по отношению к интактному контролю
RESEARCH CRITERIA:

Vav., cm3 (M±m)
Coefficient of absolute tumor growth (К), relative units (RU)

Coefficient of tumor growth inhibition (TGI), %
P vs. intact control

6 9 11 13 15 18

ИК
IC

0,014±0,001 1,23±0,19 10,29±0,71 19,85±0,65 47,19±0,74 63,25±2,76

– 86,86 734,00 1416,86 3369,71 4516,86

– – – – – –

– – – – – –

ФС + КЛТ 
PS + CRT 

0,011±0,002 0,33±0,13 1,46±0,51 3,88±1,15 15,92±4,58 22,18±5,94

– 29,00 131,73 351,73 1446,27 2024,45

– 73,17 85,81 80,45 66,26 64,93

>0,05 0,0018 0,00000 0,00000 0,00001 0,00002

ФС + ФДТ 
PS + PDT 

0,011±0,002 0,62±0,20 3,02±0,62 7,76±2,01 22,69±5,43 29,03±6,06

– 55,36 273,55 704,45 2061,73 2638,09

– 49,59 70,65 60,91 51,92 54,10

>0,05 0,046 0,000002 0,00007 0,0005 0,0002

ФС + КЛТ + ФДТ 
PS + CRT + PDT 

0,012±0,001 0,17±0,03 1,15±0,46 3,88±1,13 11,14±3,42 11,76±3,29

– 13,17 94,83 322,33 927,33 979,00

– 86,18 88,82 80,45 76,39 81,41

>0,05 0,00008 0,00000 0,00000 0,00000 0,00000

* ФС – фотосенсибилизатор; КЛТ – контактная лучевая терапия; ИК – интактный контроль; ФДТ – фотодинамическая терапия.
* PS – photosensitizer; CRT – contact radiotherapy; IC – intact control; PDT – photodynamic therapy.
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Таблица 4
Критерии оценки противоопухолевой эффективности по коэффициенту торможения роста опухоли и частоте 
полных регрессий
Table 4
Criteria for evaluating antitumor efficacy in terms of the coefficient of tumor growth inhibition and the frequency of 
complete regressions

Наименование 
группы
Groups

Критерии оценки эффективности 
Criteria for evaluating effectiveness

Показатель торможения 
роста опухолей (ТРО, %)

Tumor growth inhibition co-
efficient TGI, %

Частота 
полных регрессий, %

Frequency 
of complete regressions, %

Эффективность
Efficacy

ИК
IC – 0,0 0

ФС + ФДТ 
PS + PDT 54,10 16,7 +++

ФС + КЛТ 
PS + CRT 64,93 14,3 +++

ФС + КЛТ + ФДТ 
PS + CRT + PDT 81,41 28,6 +++

* ФС – фотосенсибилизатор; КЛТ – контактная лучевая терапия; ИК – интактный контроль; ФДТ – фотодинамическая терапия.
* PS – photosensitizer; CRT – contact radiotherapy; IC – intact control; PDT – photodynamic therapy.

Таблица 5
Показатели выживаемости крыс после комбинированного лечения
Table 5
Survival rates of rats after combined treatment

Наименование 
группы
Groups

Критерии оценки эффективности 
Criteria for evaluating effectiveness

Средняя продолжи-
тельностьжизни, сут

Аverage 
life expectancy, days

Увеличение средней продол-
жительности жизни, %

Increase in average life expec-
tancy, %

p относительно ИК
p vs. IC

ИК
IC 17,50±2,16 – –

ФС + ФДТ 
PS + PDT 26,00±3,48 48,57 0,058

ФС + КЛТ 
PS + CRT 28,00±3,86 60,00 0,034

ФС + КЛТ + ФДТ 
PS + CRT + PDT 34,60±3,75 97,71 0,0017

* ФС – фотосенсибилизатор; КЛТ – контактная лучевая терапия; ИК - интактный контроль; ФДТ – фотодинамическая терапия.
* PS – photosensitizer; CRT – contact radiotherapy; IC - intact control; PDT – photodynamic therapy.

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-
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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 IX, hematoporphyrin and 
its derivatives in experiments in vitro/in vivo (gliomas 
c6 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 (р<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 cancer tumor КР1. 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/HeSlc and 
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 µg/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 mm³, AO – 780 mm³, RT SFD of 5 Gy – 120 mm³ and 
AO + RT SFD of 5 Gy – 42 mm³ (p<0.05); for MDA-MB-231 
– 1060, 620, 1010 and 29 mm³ (p<0.05), and for PC-3 – 
530, 200, 45 and 14 mm³ (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 
RAGγ2C−/− 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: 3×2 Gy, 
5×2 Gy, and 5×3 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 × 3 Gy 3 times a week (73–83 days) vs. 
control (without exposure) (15-24 days), RT 3×2 Gy (41-
47 days) and RT 5×3 Gy (48-62 days) (р<0.05). In a com-
parative aspect, there was a tendency to optimize sur-
vival rates in the 5-ALA + RT 5×2 Gy group (53-67 days) 
to the RT 5×2 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 I 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/II 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 Münster, 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, 
task 3.05.3).
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СПЕКТРОСКОПИЧЕСКОЕ ИССЛЕДОВАНИЕ 
ФОТОФИЗИЧЕСКИХ СВОЙСТВ МЕТИЛЕНОВОГО  
СИНЕГО В БИОЛОГИЧЕСКИХ СРЕДАХ 

Д.В. Поминова1,2, А.В. Рябова1,2, И.Д. Романишкин1, И.В. Маркова2, Е.В. Ахлюстина2,  
А.С. Скобельцин1,2

1Институт общей физики им. А. М. Прохорова Российской академии наук, Москва, Россия 
2Национальный исследовательский ядерный университет «МИФИ», Москва, Россия

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/cm2, while in water at this concentration and dose photobleaching is not yet observed, and at a dose of 50 J/cm2 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 I photosensitization mechanism (electron transfer with the formation of semi-reduced and semi-oxidized MB+ radicals) rather than to the type 
II 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

For citations: Pominova D.V., Ryabova A.V., Romanishkin I.D., Markova I.V., Akhlustina E. V., Skobeltsin A.S. Spectroscopic study of methylene blue 
photophysical properties in biological media, Biomedical Photonics, 2023, vol. 12, no. 2, pp. 34–47. doi: 10.24931/2413–9432–2023–12-2-34–47.

Резюме
Проведено спектроскопическое исследование фотофизических свойств метиленового синего (МС) в водных растворах и биологиче-
ских жидкостях. Зарегистрированы спектры поглощения и флуоресценции, а также времена жизни флуоресценции. По зависимости 
интенсивности и формы спектров от концентрации удалось установить диапазоны концентраций МС для исследований in vitro и in 
vivo при которых не наблюдается агрегация (до 0,01 мМ, что соответствует 3,2 мг/кг).
Исследовано фотообесцвечивание МС под действием лазерного излучения. Исследования фотодеградации в биологических средах 
показали, что фотообесцвечивание более чем на 80% в плазме и культуральной среде наблюдается уже при дозе 5 Дж/см2, в то время 
как в воде при такой концентрации при дозе 5 Дж/см2 фотообесцвечивания еще не наблюдается, а при дозе 50 Дж/см2 фотообесцве-
чивание МС составляет порядка 30%. Установлено, что в средах, содержащих белки и обладающих щелочным рН, фотообесцвечива-
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ние происходит существенно быстрее, чем в нейтральных водных средах. Ионная сила раствора не оказывает влияния на скорость 
фотообесцвечивания. Такое фотообесцвечивание вызвано фотодеградацией МС, а не переходом в лейкоформу.
Проведена оценка эффективности генерации синглетного кислорода и фотодинамической активности in vitro. В исследуемом диапа-
зоне концентраций МС эффективность генерации синглетного кислорода достаточно низкая, так как положительно заряженный МС 
связывается с негативно заряженными мембранами клеток, что приводит к изменению типа фотодинамической реакции. Продемон-
стрировано возникновение в клетках других активных форм кислорода (АФК), отличных от синглетного кислорода. Генерация АФК и 
невысокий квантовом выход генерации синглетного кислорода свидетельствуют о склонности МС к механизму фотосенсибилизации 
I типа (перенос электрона с образованием полувосстановленных и полуокисленных радикалов MB+), а не к механизму II типа (перенос 
энергии к кислороду с образованием синглетного кислорода) в биологических средах и in vivo. 

Ключевые слова: метиленовый синий, спектроскопия, флуоресценция, поглощение, фотообесцвечивание, АФК, синглетный кислород.

Контакты: Поминова Д.В., e-mail: pominovadv@gmail.com

Для цитирования: Поминова Д.В., Рябова А.В., Романишкин И.Д., Маркова И.В., Ахлюстина Е.В., Скобельцин А.С. Спектроскопическое 
исследование фотофизических свойств метиленового синего в биологических средах // Biomedical Photonics. – 2023. – Т. 12, № 2. –  
С. 34–47. doi: 10.24931/2413–9432–2023–12–2-34–47.

Pominova D.V., Ryabova A.V., Romanishkin I.D., Markova I.V., Akhlustina E. V., Skobeltsin A.S.. 
Spectroscopic study of methylene blue photophysical properties in biological media

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 II photochemical reaction), 
which is 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 I 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 I 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. In the 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 λmax of the absorption 
band maximum for monomer is given in various works 
as 668 nm, 664 nm [11], 660 nm [12, 13]; λmax for dimer 
is 614 nm [12, 13], 605 nm [11]; λmax for trimer is 580 nm 
[11]. In the UV region for the monomer λmax = 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 I and III 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 1O2 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 μM 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 μM after oral administration of 
500 mg, 10 μM 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.

To investigate the lifetime of aqueous MB fluorescence 
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 × 1 cm optical cuvettes. The surface of 
the solution was uniformly irradiated with an LED source 
with a power density of 100 mW/cm2 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/cm2. 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/cm2 (10 min=150 J/cm2). As a 
result of the type II photosensitization mechanism, the 
formed 1O2 reacts irreversibly with biological molecules, 
resulting in a reduction of dissolved O2 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 (φΔ = 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 μM. SOSG (with final concentration of 50 
μM) was added to 10 mg/l MB aqueous solution, irradiated 
with a 660 nm laser at a power density of 250 mW/
cm2. 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/l of aluminum phthalocyanine.

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

6- Carbox y-2 ′ ,7 ′ - dichlorodihydrof luorescein 
diacetate (Carboxy-H2-DCFDA, Lumiprobe RUS Ltd, 
Russia) was used as an indicator of reactive oxygen 
species (ROS is specific for hydrogen peroxide H2O2 
and other ROS such as superoxide-anion O2·-, hydroxyl 
radical ·OH, hydroperoxides ROOH, and peroxynitrites 
ONOO-, but with much lower sensitivity compared 
to H2O2) 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 
μg/mL streptomycin (Life Technologies, Carlsbad, 
California, USA) in standard conditions (37°C, 5% 
CO2). 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 × 103/cm2 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 μM in 
FBS at 37°C, 5% CO2. 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 

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 

 
Рис. 1. Спектры поглощения МС в воде и биологических средах в зависимости от 

концентрации.  
Fig. 1. Absorption spectra of MB in water and biological media depending on the 

concentration.  
 
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. 

 
Рис. 2. Нормированные на максимум спектры поглощения МС в воде и 

биологических средах в зависимости от концентрации. 
Fig. 2. Normalized by their maximum absorption spectra of MB in water and biological 

media as a function of concentration. 
 
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. 

 

Рис. 1. Спектры погло-
щения МС в воде и 
биологических средах в 
зависимости от концен-
трации. 
Fig. 1. Absorption 
spectra of MB in water 
and biological media 
depending on the 
concentration. 

Рис. 2. Нормированные 
на максимум спектры 
поглощения МС в воде 
и биологических средах 
в зависимости от кон-
центрации.
Fig. 2. Normalized 
by their maximum 
absorption spectra of MB 
in water and biological 
media as a function of 
concentration.
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(estimated as the area under the fluorescence peak in 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 
dimers in plasma at low concentrations. At concentrations 
of 0.01-0.03 mM, there is a sublinear section 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 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.

 
Рис. 3. Зависимость отношения площадей под пиками соответствующими 

димерам и мономерам (отношение димер/мономер) от концентрации. 
Fig. 3. Dependence of the ratio of the areas under the peaks corresponding to dimers 

and monomers (dimer/monomer ratio) on concentration. 
 
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. 

 
Рис. 4. Спектры флуоресценции МС в воде в зависимости от концентрации. 

Fig. 4. Fluorescence spectra of MB in water as a function of concentration. 
 
To analyze aggregation and reabsorption, the fluorescence spectra in water and 

biological media were normalized to the fluorescence maximum (694 nm), Fig. 5. 

 
Рис. 5. Нормированные спектры флуоресценции МС в воде и биологических 

средах в зависимости от концентрации. 
Fig. 5. Normalized spectra of MB fluorescence in water and biological media as a 

function of concentration. 
 
The obtained spectra show that at a concentration of 0.01 mM (3.2 mg/kg) there is a 

shift of the maximum 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 most intense fluorescence is observed in saline and in water, Fig. 6. 

 

 
Рис. 3. Зависимость отношения площадей под пиками соответствующими 

димерам и мономерам (отношение димер/мономер) от концентрации. 
Fig. 3. Dependence of the ratio of the areas under the peaks corresponding to dimers 

and monomers (dimer/monomer ratio) on concentration. 
 
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. 

 
Рис. 4. Спектры флуоресценции МС в воде в зависимости от концентрации. 

Рис. 5. Нормирован-
ные спектры флуорес-
ценции МС в воде и 
биологических средах в 
зависимости от концен-
трации.
Fig. 5. Normalized 
spectra of MB 
fluorescence in water 
and biological media 
as a function of 
concentration.

Рис. 3. Зависимость отношения площадей под пиками 
соответствующими димерам и мономерам (отношение 
димер/мономер) от концентрации.
Fig. 3. Dependence of the ratio of the areas under the peaks 
corresponding to dimers and monomers (dimer/monomer 
ratio) on concentration.

Рис. 4. Спектры флуоресценции МС в воде в зависимости от 
концентрации.
Fig. 4. Fluorescence spectra of MB in water as a function of 
concentration.
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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 μM (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/cm2, while in water at such concentration there was 
no photobleaching yet at the dose of 5 J/cm2, and at the 
dose of 50 J/cm2 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/cm2 
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.

 
Рис. 6. Слева – спектры флуоресценции МС в различных биологических средах. 

Справа зависимость интегральной интенсивности флуоресценции (площади под пиком 
флуоресценции в диапазоне 650–800 нм) от концентрации МС. 

Fig. 6. Left – fluorescence spectra of MB in various biological media. Right—the 
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Таблица 1
Времена жизни флуоресценции МС в водных раство-
рах в зависимости от концентрации.
Table 1
Fluorescence lifetime of MB in aqueous solutions as a 
function of concentration.

C, mM / C, мМ τ, ns / τ, нс

0.001 0.3687

0.003 0.3700

0.01 0.3696

0.03 0.3696

0.1 0.3707
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The photobleaching rate in physiological solution is 
the same as in water, and in the RPMI medium is the 
same as in serum, indicating that the ionic strength of 
the solution has no effect on the photobleaching rate.

The higher rate of photobleaching in plasma and 
culture media may be due to a more alkaline pH: 
according to the published data, the efficiency of MC 
singlet oxygen generation is 5 times higher at pH 9 than 
at pH 7 [51].

However, based on a comparison of the 
photobleaching rate of an aqueous solution with the 
addition of NaOH to pH 8, we can conclude that the 
change in pH is not the only reason for the increased 
photobleaching rate.

The photobleaching rate in plasma as well as in 
water [43] depends on concentration, and at high 
concentrations is slower, Fig. 8.

The obtained dependencies indirectly indicate that 
photobleaching in plasma occurs due to interaction with 
singlet oxygen; the rate of photobleaching is limited by 
the rate of oxygen diffusion in the medium.

To check the effect of interaction with plasma proteins 
on the spectroscopic properties of MB over time without 
laser exposure, the absorption spectrum of MB in 
plasma was recorded 30 minutes after preparation, and 
no change in the spectrum was observed. Absorption 
spectra recorded after photobleaching suggest that the 
photobleaching is caused by photodegradation of MB 
and is not related to the transition to the leucoform, Fig. 9.

Assessment of photodynamic activity and efficiency 
of singlet oxygen generation in vitro

The value of photodynamic activity determined 
by irreversible quenching of singlet oxygen which is 
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MB proceeds according to type I, 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). 
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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 (φΔ = 
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 yield of singlet oxygen 
generation using the SOSG sensor in water demonstrated 
a similar value for the MB concentration of 10 mg/kg 
— φΔ 0.0028. Thus, it is shown that the photodynamic 
reaction in vitro in the presence of erythrocytes for MB 
proceeds according to type I, 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/cm2, 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 II photosensitization mechanism 
(energy transfer to oxygen with formation of singlet 

Рис. 10. Интегральная интенсивность 
(усреднение по всей картинке) флуо-
ресценции сенсора на АФК в клетках 
после накопления МС и облучения.
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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Рис. 10. Интегральная интенсивность (усреднение по всей картинке) 

флуоресценции сенсора на АФК в клетках после накопления МС и облучения. 
Fig. 10. Integral intensity (averaging over the whole picture) of the ROS sensor 

fluorescence in cells after MB accumulation and irradiation. 
 
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 
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oxygen) to type I 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/cm2, 
while in water at this concentration at a dose of 5 J/cm2 
there is no photobleaching yet, and at a dose of 50 J/cm2 
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 I, 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/cm2, 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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ФОТОДИНАМИЧЕСКАЯ ТЕРАПИЯ ПРИ АКНЕ 
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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/cm2), 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.

Contacts: Filonenko E.V., e-mail: elena.filonenko@list.ru
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Резюме
Акне – одна из самых распространенных в мире кожных патологий. Ряд исследований показал, что фотодинамическая терапия (ФДТ) 
безопасна и эффективна при воспалительной и невоспалительной форме акне и может значительно улучшить состояние кожи при 
этом заболевании. Эффективность ФДТ против акне в основном обусловлена уменьшением количества кожного сала, вырабатыва-
емого сальными железам, за счет снижения их активности в результате прямого фотодинамического повреждения сальных желез, 
эрадикацией Cutibacterium acnes и снижением уровня гиперкератоза. По сравнению с системной медикаментозной терапией лечение 
тяжелой формы акне методом ФДТ имеет следующие преимущества: быстрый результат, высокая эффективность, высокая селектив-
ность, отсутствие системных побочных реакций и лекарственной устойчивости, низкая частота рецидивов. Наиболее часто для ФДТ 
у больных акне применяют препараты на основе 5-аминолевулиновой кислоты (5-АЛК) и ее метилового эфира (МЭ-АЛК). На дан-
ный момент не существует единых рекомендаций по режимам ФДТ для лечения данной кожной патологии. Различные исследования 
демонстрируют высокую эффективность ФДТ с широким диапазоном доз 5-АЛК (3-20%) и МЭ-АЛК (4-16%), световых доз (15-120 Дж/
см2) и времени облучения (30-90 мин). Общая тенденция в исследованиях разных авторов сводится к тому, что щадящие низкоинтен-
сивные режимы ФДТ при акне демонстрируют такую же высокую эффективность при значительном снижении болевых ощущений в 
процессе облучения и местных кожных реакций (эритрема, отек, гиперпигментация).

Ключевые слова: фотодинамическая терапия, акне, 5-аминолевулиновая кислота, метиловый эфир 5-аминолевулиновой кислоты.
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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/cm2) under blue light irradiation provide short-term 
antimicrobial and immunomodulatory effects, while 
higher light doses (up to 150 J/cm2) 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/cm2. 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/cm2 and a power density of 10 mW/cm2 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/
cm2 and a power density of 105 mW/cm2. In a study by 
Calzavara-Pinton et al. [22], the light dose was reduced to 
37 J/cm2 at a power density of 10 mW/cm2. 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/cm2, 25 mW/cm2), 
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 

Filonenko E.V., Ivanova-Radkevich V.I. 
Photodynamic therapy of acne



54

R
E

V
IE

W
S

 O
F 

LI
TE

R
A

TU
R

E

BIOMEDICAL PHOTONICS    Т. 12, № 2/2023

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-

noin, who was treated with PDT (2-hour application of 
5% 5-ALA, irradiation 633±6 mm, 42 mW/cm2, 75.6 J/
cm2, 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/cm2). 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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