
BIOMEDICAL PHOTONICS    Т. 13, № 2/2024

O
R

IG
IN

A
L 

A
R

TI
C

LE
S

9

Pominova D.V., Ryabova A.V., Skobeltsin A.S., Markova I.V., Romanishkin I.D. . 
Photodynamic therapy with methylene blue and chlorin e6 photosensitizers: study on Ehrlich carcinoma mice model

ФОТОДИНАМИЧЕСКАЯ ТЕРАПИЯ  
С ФОТОСЕНСИБИЛИЗАТОРАМИ МЕТИЛЕНОВЫЙ 
СИНИЙ И ХЛОРИН е6: ИССЛЕДОВАНИЕ  
НА МЫШИНОЙ МОДЕЛИ КАРЦИНОМЫ ЭРЛИХА

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

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

PHOTODYNAMIC THERAPY WITH METHYLENE BLUE  
AND CHLORIN e6 PHOTOSENSITIZERS: STUDY  
ON EHRLICH CARCINOMA MICE MODEL

Pominova D.V.1,2, Ryabova A.V.1,2, Skobeltsin A.S.1, Markova I.V.2, Romanishkin I.D.1

1Prokhorov General Physics Institute of Russian Academy of Sciences, Moscow, Russia
2National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),  
Moscow, Russia

Abstract
Hypoxia negatively a�ects the e�ectiveness of all types of anticancer therapy, in particular photodynamic therapy (PDT). In this regard, various 
approaches to overcome the limitations associated with hypoxia are widely discussed in the literature, one of them is the use of photosensitizers 
(PS) operating through the �rst mechanism of the photodynamic reaction, such as methylene blue (MB). Previously, we have demonstrated that 
MB can have a positive e�ect on tumor oxygenation. In this work, we investigated the photodynamic activity of MB and a combination of MB with 
chlorin e6 on a tumor in vivo using a model of Ehrlich carcinoma. PDT was studied with the joint and separate administration of chlorin e6 and 
MB. The accumulation and localization of MB and its combination with chlorin e6 in vivo was assessed using video �uorescence and spectroscopic 
methods, and the e�ect of laser exposure on accumulation was analyzed. After the PDT with chlorin e6, MB and a combination of MB with chlorin 
e6, a good therapeutic e�ect and a decrease in the tumor growth rate were observed compared to the control, especially in groups with PDT with 
MB and with the simultaneous administration of chlorin e6 and MB. The level of tumor oxygenation on days 3 and 5 after PDT was higher for groups 
with irradiation, the highest oxygenation on the 5th day after PDT was observed in the group with PDT only with MB. Phasor diagrams of tumors 
after PDT show a deviation from the metabolic trajectory and a shift towards a longer lifetimes compared to the control tumor, which indicates 
the presence of lipid peroxidation products. Thus, tumor regression after PDT is associated with the direct destruction of tumor cells under the 
in�uence of reactive oxygen species formed during PDT. Thus, the e�ectiveness of PDT with the combined use of MB and chlorin e6 has been 
demonstrated, and the main mechanisms of the antitumor e�ect of the combination of these PS have been studied.
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Резюме
Гипоксия негативно влияет на эффективность всех видов противоопухолевой терапии, в частности фотодинамической терапии (ФДТ). 
В связи с этим в литературе широко обсуждаются разные подходы для преодоления ограничений, связанных с гипоксией. Одним 
из них является использование фотосенсибилизаторов (ФС), работающих по первому механизму фотодинамической реакции, таких 
как метиленовый синий (МС). Ранее нами было показано, что МС может положительно влиять на оксигенацию опухоли. В данной 
работе мы провели исследование фотодинамической активности МС и МС в комбинации с хлорином е6 на опухоли in vivo на модели 
карциномы Эрлиха. Была исследована ФДТ при совместном и раздельном введении хлорина е6 и МC. Выполнена оценка накопле-
ния и локализации МС и МС в комбинации с хлорином е6 in vivo при помощи видеофлуоресцентных и спектроскопических методов, 
проанализировано влияние лазерного воздействия на накопление. После проведения ФДТ с хлорином е6, МС и комбинации МС с 
хлорином е6 отмечен хороший терапевтический эффект и уменьшение скорости роста опухоли по сравнению с контролем, особенно 
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Introduction
Hypoxia is commonly associated with poor outcome 

in most cancer types and treatment modalities [1, 2, 
3]. In recent years, it was shown that hypoxia plays an 
important role in the interaction between cancer cells, 
stroma and immune cells [4, 5, 6]. Hypoxia inducible 
factors (HIFs) are the major regulators of cancer cell 
survival [7, 8, 9, 10] and the role of hypoxia can be crucial 
in treatment resistance [11, 12].

Strategies to overcome hypoxia are widely discussed 
in many papers and reviews [13, 14, 15]. Strategies to 
increase oxygenation during photodynamic therapy 
(PDT), a promising approach for cancer treatment 
with low systemic toxicity and minimal invasiveness 
that has already demonstrated e�cacy and safety in 
clinical use, are gaining increasing attention [16, 17, 18, 
19]. During PDT, a special drug – photosensitizer (PS) 
– generates reactive oxygen species (ROS) under the 
action of light, which can damage biological structures 
and act as regulators of cell proliferation, metabolism, 
and apoptosis [20]. There are two types of reactions 
that result in the formation of ROS: the participation 
of PS in electron transfer reactions initiating the 
formation of hydroxyl radicals and hydroperoxides (type 
I photochemical reaction) and the energy transfer from 
PS to molecular oxygen, which results in the creation of 
singlet oxygen (type II photochemical reaction) [21]. The 
majority of clinically approved photosensitizers utilize 
the type II photochemical reaction, but less oxygen-
dependent type I PDT is discussed as a strategy for the 
treatment of hypoxic tumors [22, 23]. Other strategies 
to overcome tumor hypoxia for enhancing PDT e�cacy 
were summarized in recent review [24] and include 
delivering exogenous oxygen to tumor, generation of 
oxygen in tumor, reducing tumor oxygen consumption, 
normalizing tumor vasculature and inhibiting HIF-1 
signaling pathway to relieve tumor hypoxia.

Our previous studies have shown that the methylene 
blue (MB) PS can be used to increase oxygenation of 
tumors via its redox properties [25, 26]. We assume that 

the changes in oxygenation are caused by interaction of 
MB with NADH [26, 27, 28]. A high ratio NADH/NAD+ has 
been reported to be a key feature of malignant cells [29] 
and can re�ect the inhibition of the electron transport 
chain [30]. When interacting with NADH, MB is reduced 
to the leucoform, while and NADH is oxidized to NAD+, 
providing an increase of pyruvate:lactate (associated 
with shift from glycolysis to oxidative phosphorylation) 
and alpha-ketoglutarate (α-KG) to 2- hydroxyglutarate 
(HG) ratio (associated with decrease of reductive stress), 
suppression of 2-HG production [31] and reactivation of 
electron transport chain [30, 32]. The negative aspect 
is that he leucoform lacks absorption in the red part of 
the spectrum, making it photodynamically inactive. 
Consequently, the idea of utilizing a combination of 
two photosensitizers, MB and chlorin e6, to enhance 
the e�ectiveness of PDT arose. The intent is to increase 
the tumor oxygenation through the use of MB, and 
then carry out PDT with chlorin e6. In addition, the 
mutual in�uence of photosensitizers when administered 
together was studied, in particular, the e�ect of chlorin 
e6 on the transition of MB to the leucoform, as well as the 
synergistic e�ects caused by the use of two PS.

According to systematic review of preclinical studies 
[33] photodynamic therapy with MB is e�ective against 
di�erent types of cancer including colorectal tumor, 
carcinoma, and melanoma. However, the results were 
promising not for all tumor types, a modest decrease 
in tumor size was observed for breast cancer and HeLa 
models, as well as no inhibition of osteosarcoma growth 
in mice [34]. Authors of review hypothesized that the 
bioavailability of MB in di�erent target tissues is not equal. 
We assume that this may also be due to the transition of 
MB to the leucoform, which reduces its photodynamic 
activity. 

Chlorin e6 is a second generation photosensitizer 
approved by FDA which has demonstrated high ROS 
generation ability and anticancer potency against many 
types of cancer [35]. It is commercially available and widely 
used for PDT in medical institutions in Russia [36, 37, 38].
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в группах с ФДТ с МС и при одновременном введении хлорина е6 и МС. Уровень оксигенации опухоли на 3-е и 5-е сутки после ФДТ 
был выше в группах с облучением, самая высока оксигенация на 5-е сутки после ФДТ отмечена в группе с ФДТ с МC. На фазорных 
диаграммах опухолей после проведения ФДТ наблюдается отклонение от метаболической траектории и сдвиг в сторону более длин-
ного времени жизни по сравнению с контрольной опухолью, что указывает на наличие продуктов перекисного окисления липидов. 
Следовательно, регрессия опухоли после ФДТ связана с прямым разрушением опухолевых клеток под воздействием активных форм 
кислорода, образующихся при ФДТ. Таким образом, продемонстрирована эффективность ФДТ при совместном применении МВ и 
хлорина е6 и исследованы основные механизмы противоопухолевого действия комбинации этих ФС.

Ключевые слова: фотодинамическая терапия, метиленовый синий, подавление роста опухоли.
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Interest in the combined use of MB and chlorin e6 
is due to the proximity of their absorption wavelengths 
in the near-infrared I part of the spectrum: 660 nm for 
chlorin e6 [39] and 664 nm for MB [40]. Excitation in this 
range allows for the reduction of auto�uorescence and 
scattering from the biological tissue, thus facilitating 
deeper penetration into the tumor. The use of a single 
laser wavelength for both PS excitation is convenient 
and results in a production of a large number of ROS in 
the tumor cells and more e�ectively induces apoptosis, 
as was shown by Alimu et al [41]. However, this study was 
conducted on cells in vitro under normoxia conditions. 
In addition, liposomes loaded with two PS were 
studied, which, on the one hand, ensures simultaneous 
accumulation of drugs in the target area, but excludes 
the possibility of taking advantage of the e�ect of MB on 
tumor metabolism.

In this work, we conducted a study of PDT with the use 
of a combination of MB and chlorin e6 in vivo in a mouse 
model of Ehrlich carcinoma. In vivo research is of great 
importance because the oxygen distribution in tumors is 
highly heterogeneous, with hypoxia levels ranging from 
mild, almost non-hypoxic, to severe and anoxic levels [42]. 
The dynamic pattern of hypoxia levels that induces cellular 
responses and controls interactions between tumor 
cells, stroma and immune cells in the microenvironment 
cannot be simulated in vitro and at the same time is 
critical for assessing the e�ectiveness of photodynamic 
treatment. Intravenous joint and separate administration 
makes it possible to study the e�ect of each PS on the 
microenvironment and oxygenation, as well as the 
synergistic e�ects when two PS are used together.

Materials and methods
The photosensitizer used was a 0.35% solution 

of radachlorin (OOO RADAPHARMA, Russia) and 
a 1% aqueous solution of methylene blue (OJSC 
Samaramedprom, Russia).

Male BALB/c mice weighing 25–30 g and aged 8–10 
weeks were used in experiments. The mice were kept in 
standard cages at a temperature of 21°C with a 12-hour 
light-dark cycle. They were given ad libitum access to 
standard laboratory feed and water. Ehrlich carcinoma 
was used as a model tumor; experiments were carried out 
on the 12th day after intramuscular grafting of the tumor 
onto the right hind paw. Tumor size was determined by 
direct measurement of its dimensions, and the volume 
was calculated using the formula: V = 0.5 (L×W2), where 
V – volume, L – length and W – width. Tumor growth was 
assessed at the beginning of the experiment and on the 
third and �fth days after therapy. All measurements were 
done in triplicate. At the beginning of the experiment, 
the tumor size for all mice was about 1 cm3.

The mice were divided into �ve groups based on 
concentrations of MB and chlorin e6 and irradiation dose. 

There were 4 groups with irradiation (wavelength 660 
nm, light dose 60 J/cm2): 1) with intravenous injection of 
10 mg/kg of MB, 2) 5 mg/kg of e6, 3) 10 mg/kg of MB and 
5 mg/kg of e6 simultaneously, 4) 5 mg/kg of e6 and 10 
mg/kg of MB separately with the time interval between 
injection. The 200 μl of photosensitizer aqueous solution 
in saline with concentration calculated to achieve a total 
dose were administered intravenously into the tail vein 
under �uorescence control. Irradiation was carried out 
an hour after the introduction of photosensitizers. In the 
group with separate administration of MB and e6, chlorin 
e6 was �rst administered intravenously, an hour later MB 
and immediately irradiated. Groups with administration 
of 10 mg/kg MB, 5 mg/kg e6 without irradiation, as well 
as mice without administration of photosensitizers and 
irradiation were used as controls. Each group consisted 
of three mice. 

The accumulation of MB, e6 and its combination in 
tumor was measured spectroscopically using a LESA-01-
Biospec �ber-optic spectrometer (Biospec, Russia) with 
�ber-optic probe, consisting of a central illuminating 
�ber and six peripheral collecting �bers for the scattered 
and �uorescence radiation. MB �uorescence was excited 
with a He-Ne laser at 632.8 nm and 5 mW. Using an 
optical �lter, the �uorescence was observed in the same 
dynamic range as the backscattered laser radiation. 
Fluorescence measurements were taken at �ve locations 
in tumor. After this, the data was averaged and STD was 
calculated. As a quantitative characteristic, we used the 
�uorescence index, calculated as the ratio of the area 
under the �uorescence peak in the range of 660-800 
nm to the area under the laser peak in the range of 620-
645 nm. The concentration of the PS in the tissues was 
calculated by matching the �uorescence index to the 
values from optical phantoms that mimic the scattering 
and absorption properties of biological tissues and 
contain a 0 to 10 mg/kg and 0 to 5 mg/kg range of MB 
and e6 concentrations, respectively. 

For in vivo video imaging the PS �uorescence was 
excited using 660 nm laser radiation and detected 
by a black-and-white MQ013RG-ON camera (Ximea, 
Korea) with a 700–750 nm bandpass optical �lter. The 
�uorescent signal was recorded in a video �le, which 
was further processed. After the injection of the PS, the 
mouse remained under low-intensity laser irradiation 
for 5 minutes, during which the �uorescence signal was 
recorded to the video �le. For the selected time-frames 
of the recorded video �le, the average brightness in the 
tumor area was calculated. The brightness value in a pixel 
was normalized and took values from zero to one. 

The degree of hemoglobin oxygenation in vivo 
was examined using a hemoglobin optical absorption 
method [43] with a halogen lamp as a light source. LESA-
01-Biospec �ber-optic spectrometer was used to register 
the di�use re�ectance spectra. The degree of hemoglobin 
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oxygenation was calculated as the ratio of oxygenated 
hemoglobin absorption to total hemoglobin absorption, 
derived from the absorption spectrum. Oxygenation 
measurements were taken at �ve locations in both tumor 
and normal muscle tissue for each mouse. 

The used spectroscopic methods and setup are 
described in more detail in the work [25].

To evaluate the e�ect of photodynamic therapy 
at the cellular level, the �uorescence microscopy and 
�uorescence lifetime imaging microscopy (FLIM) were 
used. Mice were euthanized on the �fth day after PDT. 
Tumors, subcutaneous tissue, skin, and muscle were 
excised en bloc and frozen. Sections of 50 µm were 
examined on a laser scanning confocal microscope 
LSM-710-NLO (Carl Zeiss AG, Oberkochen, Germany). 
The spectrally resolved images were acquired under 
simultaneous 488 nm and 633 nm laser excitation. 
Acridine orange (AO) and propidium iodide (PI) staining 
was used to assess the number of dead cells.

Time-resolved images of auto�uorescence and MB 
�uorescence were recorded under two-photon 740 nm 
excitation with a Chameleon Ultra II femtosecond laser 
(Coherent, Saxonburg, Pennsylvania, USA), with a pulse 
width of 140 fs and a repetition rate of 80 MHz. Optical 
bandpass �lters FB450-40 (Thorlabs, Newton New 
Hersey, USA) and BP 640/30 (Carl Zeiss AG, Oberkochen, 
Germany) were used to isolate �uorescence signals from 
NADH and MB, respectively. The images were processed 
with SPCImage 8.0 software (Becker & Hickl GmbH, Berlin, 
Germany). NADH metabolic index was calculated as a1/a2 
ratio with �xed lifetimes: τ1 = 0.4 ns, τ2 = 2.5 ns [44].

Results and discussions
The therapeutic e�ects of MB and MB with chlorin e6 

on tumors were investigated. In vivo �uorescence video 
imaging has shown that after intravenous administration, 
MB accumulates very quickly both in the tumor and in 
normal tissue, and then rapidly decreases in tumor, Fig. 1.

Рис. 1. Флуоресцентная визуализация МС in vivo с использованием возбуждения 660 нм: изображения, полученные через 5, 
10, 20, 30 с и 5 мин после внутривенного введения МС в дозе 10 мг/кг и МС в комбинации с хлорином e6 (10 мг/кг + 5 мг/кг, 
введение МС произведено через 1 ч после введения хлорина e6). В группе с облучением каждые 5 с включали второй источник 
излучения с длиной волны 660 нм, плотность мощности 100 мВт/см2. Цветные круги показывают области, в которых была рас-
считана яркость.
Fig. 1. Fluorescence imaging of MB in vivo using 660 nm excitation: images obtained at 5, 10, 20, 30 seconds and 5 minutes after 
intravenous administration of MB at a dose of 10 mg/kg and MB in combination with chlorin e6 (10 mg/kg + 5 mg/kg, injection of MB 
was performed one hour after chlorin e6). In the irradiation group, a second radiation source with a wavelength of 660 nm and a power 
density of 100 mW/cm2 was turned on every 5 seconds. The colored circles show the areas in which the brightness was calculated.
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The �uorescence intensity of MB in normal tissues 
decreases slightly and remains constant throughout the 
entire measurement (5 minutes). These results are similar 
to the MB pharmacokinetics obtained in experiments on 
Lewis lung carcinoma [26].

The e�ect of laser irradiation and the second PS on 
the transition of MB to the leucoform was also analyzed. 
For quantitative assessment, the average brightness 
normalized to the initial value was used. The time 
dependences of the average brightness of tumor areas, 
normalized to the initial value, are presented in Fig. 2.

It can be seen that under the laser irradiation of MB, 
the decrease in �uorescence intensity occurs more slowly 
than for MB without irradiation. The same e�ect, but even 
more pronounced, was observed when MB is administered 
in combination with chlorin e6. We assume that irradiation 
prevents the transition of MB to the leucoform; during 
irradiation, the leucoform is reoxidized back to the MB 
upon interaction with reactive oxygen species.

Quantitative assessment of the accumulation of 
MB and chlorin e6 in the tumor was carried out using 
spectroscopic methods based on the �uorescence 
intensity in the red region of the spectrum recorded 
in vivo. The dependence of the �uorescence index on 
the accumulation time for tumors with intravenous 
administration is shown in Fig. 3.

The �uorescence intensity of chlorin e6 in the 
tumor gradually increases over time and reaches a 
plateau an hour after intravenous administration. The 
accumulation time of 1 hour for chlorin e6 was chosen 
for further experiments. The concentration of chlorin e6 
in the tumor, determined by spectroscopic methods one 
hour after administration, was 0.7 mg/kg. An increase 
in the concentration of MB in the tumor was observed 

only an hour after intravenous administration, which 
is presumably due to the transition to the leucoform 5 
in minutes after administration, recorded using video 
�uorescent methods.

An interesting e�ect was observed for the 
combination of chlorin e6 and MB. Maximum of 
MB �uorescence was recorded immediately after 
the administration of PS, which corresponds to the 
data obtained using video �uorescent methods. The 
prevention of MB transition to the leucoform may also 
be due to the photodamaging e�ect of chlorin e6 on 
blood vessels, which occurred under low-intensity 
laser illumination during �uorescence imaging of PS 
accumulation. Another explanation for this e�ect could 
be a change in mitochondrial potential under the 
in�uence of chlorin e6, which leads to a disruption of MB 
reduction to the leucoform.

Changes in tumor oxygenation in vivo during PS 
accumulation were also assessed. For this study, a large 
tumor size was chosen; the volume before therapy was 
about 1 cm3, oxygenation was signi�cantly reduced 
relative to normal tissues and amounted to about 
35%. The dependence of tumor oxygenation on PS 
accumulation time is shown in Fig. 4.

It has been shown that for Ehrlich carcinoma after 
intravenous administration of MB and a combination of 
MB with chlorin e6, a temporary decrease in oxygenation 
is observed, and then an increase in the level of 
oxygenation above the initial one. For the combination 
of chlorin e6 and MB, the increase in oxygenation levels 
occurred more quickly, as early as 30 minutes after 
administration, which correlates with faster accumulation 
of the PS combination. At the same time, the change in 
the level of oxygenation with the joint administration of 
MB and chlorin e6 was more pronounced, which con�rms 
the assumption of the vascular e�ects of chlorin e6. Thus, 
it was previously shown that preliminary irradiation of a 
tumor with low-intensity laser radiation promotes more 
e�cient accumulation of chlorin e6 [45].

Рис. 2. Временные зависимости средней яркости опухоли, 
нормированной на начальное значение, для МС без облуче-
ния, МС с облучением (каждые 5 с включали второй источник 
излучения с длиной волны 660 нм, плотность мощности 100 
мВт/см2) и комбинации МС с хлорином e6.
Fig. 2. Time dependences of the average tumor brightness 
normalized to the initial value for MB without irradiation, MB 
with irradiation (every 5 seconds a second radiation source with 
a wavelength of 660 nm was turned on, power density 100 mW/
cm2) and a combination of MB with chlorin e6.

Рис. 3. Зависимость индекса флуоресценции МС, хлорина e6 
и их комбинации в опухоли от времени накопления.
Fig. 3. Dependence of the fluorescence index for MB chlorin e6 
and their combination in the tumor on the accumulation time.
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We have studied PDT with the combined use of 
chlorin e6 and MB. Based on the results obtained on the 
accumulation and e�ect on oxygenation, the following 
options for the joint use of drugs were chosen: joint 
administration of MB and chlorin e6 and laser irradiation 
an hour after administration (an increase in the tumor 
oxygenation and a more pronounced photodynamic 
e�ect was expected) and separate administration of 
PS, �rst chlorin e6 was injected, after an hour MB and 
immediately after MB administration was performed 
irradiation, until MB passes into a colorless form (an 
enhanced photodynamic e�ect was assumed due to a 
higher concentration of PS). In addition, the generation 
of singlet oxygen by chlorin e6 can lead to the oxidation 
of the colorless leucoform of MB back to blue, and chlorin 
e6 can have an e�ect on blood vessels.

The characteristic appearance of tumors in groups on 
days 3 and 5 after PDT is presented in Fig. 5.

The e�ectiveness of therapy was assessed by the rate 
of tumor growth. After therapy, the fastest growth of 
tumors was observed in the control group; on day 5 the 
tumor volume exceeded 3.5 cm3, Fig. 6.

In the groups without irradiation, there was no 
signi�cant decrease in tumor growth rate compared to 
the control group without any therapy. We hypothesize 
that the e�ect of MB on tumor oxygenation after a single 
administration is too short-lived for therapeutic e�ect.

A good therapeutic e�ect was observed in all groups 
with irradiation. After PDT with chlorin e6, MB and a 
combination of MB with chlorin e6 a decrease in the tumor 
growth rate were observed compared to the control. 
The most pronounced therapeutic e�ect was observed 

Рис. 4. Оксигенация опухоли, опре-
деленная по поглощению гемогло-
бина до, через 5, 30 мин и через 1 
ч после внутривенного введения 
МС в дозе 10 мг/кг и комбинации 
МС с хлорином e6 (10 мг/кг + 5 мг/
кг). Контроль – без введения ФС.
Fig. 4. Tumor oxygenation, determined 
by hemoglobin absorption before, 
after 5, 30 minutes and 1 hour after 
intravenous administration of MB at a 
dose of 10 mg/kg and a combination 
of MB with chlorin e6 (10 mg/
kg + 5 mg/kg). Control – without 
administration of PS.

Рис. 5. Характер-
ный вид опухоли 
в группах на 3-й 
и 5-й день после 
ФДТ. Флуорес-
центные изобра-
жения криосре-
зов опухолей в 
режиме цветовой 
кодировки по 
длинам волн и 
после окрашива-
ния акридиновым 
оранжевым и 
иодидом пропи-
дия (АО и ПИ).
Fig. 5. Characte-
ristic appearance 
in groups on the 
3rd and 5th day 
after PDT. Fluore-
scent images of 
cryosections of 
tumors in wave-
length-color-coded 
mode (lambda 
mode) and after 
staining with 
acridine orange 
and propidium 
iodide (AO and PI).
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in groups with PDT with MB and with the simultaneous 
administration of chlorin e6 and MB (to increase tumor 
oxygenation before therapy) followed by irradiation 
an hour later. In both groups with the introduction of 
chlorin e6 and MB, the appearance of ulcers and more 
pronounced tissue necrosis in the area of photodynamic 
exposure were observed, however, the suppression of 
tumor growth was more signi�cant in the group with the 
combined administration of MB and chlorin e6.

Oxygenation measurements were used as an 
additional parameter to assess the e�ectiveness of the 
therapy. The dependence of tumor oxygenation on time 
after PDT is shown in Fig. 7.

In all groups with irradiation, the level of tumor 
oxygenation on days 3 and 5 was higher than in the 
control group and groups without irradiation. The 
highest oxygenation on day 5 after PDT was observed 
for the group with MB and irradiation of 60 J/cm2. The 
lower oxygenation for groups receiving chlorin e6 alone 
or in combination with MB is presumably due to the 
photodamaging e�ect of chlorin e6 on blood vessels.

Also, after animal euthanasia and preparation of 
cryosections of the studied tumors, FLIM was performed 
to study the e�ect of MB administration on the metabolic 
type of tumor tissues. The distribution of MB �uorescence 

Рис. 6. Характерный размер опухоли в группах на 3-й и 5-й дни 
после ФДТ. 
Fig. 6. Characteristic tumor size in groups on the 3rd and 5th day 
after PDT. 

Рис. 7. Оксигенации опухоли, 
определенная по поглоще-
нию гемоглобина до ФДТ, 
сразу, на 3-й и 5-й дни после 
ФДТ для групп:
а – с облучением;
b – без облучения.
Fig. 7. The tumor oxygenation, 
determined by hemoglobin 
absorption before PDT, imme-
diately, on days 3 and 5 after 
PDT for groups:
а – without irradiation;
b – with irradiation.

а

b
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and the lifetime of the metabolic cofactor NADH were 
analyzed on cryosections of tumors.

Fig. 8 shows phasor diagrams of �uorescence in the 
spectral range of NADH from tumor sections.

Phasor diagrams of the FLIM for tumors after PDT 
show a deviation from the metabolic trajectory and a shift 
towards a longer lifetime compared to the control tumor 
without any therapy. This shift in the metabolic index 
indicates the presence of lipid peroxidation products 
[46]. Thus, tumor regression after PDT with studied PS 
is associated with the direct destruction of tumor cells 
under the in�uence of reactive oxygen species formed 
during PDT. Interestingly, more severe damage does 
not contribute to more e�ective suppression of tumor 
growth. Thus, in the group with PDT only with MB, for 
which the smallest shift in phasor was observed relative 
to the control, the suppression of tumor growth was most 
pronounced, along with the highest level of oxygenation 
on day 5 after therapy.

Conclusion
A study was conducted of the therapeutic e�ects of 

MB and MB in combination with chlorin e6 on tumors in 
vivo.

Using spectroscopic methods, the optimal time for 
chlorin e6 accumulation in the tumor was estimated to 
be 1 hour. For MB, a smooth increase in concentration 
was observed with increasing accumulation time, which 
corresponds to the time dependence of MB concentration 
obtained previously for Lewis lung carcinoma. For the 
combination of chlorin e6 and MB, maximum accumulation 
was observed already 5 minutes after co-administration of 
the drugs, which is possibly due to the vascular e�ect of 
chlorin e6 during irradiation. Another explanation for this 
e�ect could be a change in mitochondrial potential under 
the in�uence of chlorin e6, which leads to a disruption in 
the reduction of MB to the leukemic form.

Study with help of video �uorescent methods 
con�rmed previously obtained for Lewis carcinoma 
results: after intravenous administration, MB very quickly 
accumulates both in the tumor and in normal tissue. 
Irradiation of MB prevents the transition of MB to the 
leucoform, which is presumably due to the oxidation of 
LMB to MB upon interaction with reactive oxygen species. 
The same e�ect, but even more pronounced, is observed 
when MB is administered in combination with chlorin e6.

A study of the photodynamic activity of MB and 
MB in combination with chlorin e6 has demonstrated 
a good therapeutic e�ect and a decrease in the tumor 
growth rate for groups with PDT with chlorin e6, MB and 
a combination of MB with chlorin e6, a decrease in the 
tumor growth rate were observed in all groups with PDT 
compared to the control and groups without irradiation. 
The most pronounced therapeutic e�ect was observed in 
groups with MB and irradiation and with the combined 

administration of chlorin e6 and MB (to increase tumor 
oxygenation before therapy) followed by irradiation 
an hour later. In both groups with the introduction of 
chlorin e6 and MB, the appearance of ulcers and more 
pronounced tissue necrosis in the area of photodynamic 
exposure were observed, however, the suppression of 
tumor growth was more signi�cant in the group with the 
combined administration of MB and chlorin e6. 

The level of tumor oxygenation on days 3 and 5 was 
higher in groups with PDT compared to control and 
groups without irradiation. The highest oxygenation on 
day 5 after PDT was observed for the group with PDT with 
MB. The lower oxygenation for groups receiving chlorin 
e6 alone or in combination with MB is presumably due to 
the photodamaging e�ect of chlorin e6 on blood vessels.

Phasor diagrams of the FLIM for tumors after PDT 
show a deviation from the metabolic trajectory and a 
shift towards a longer lifetime compared to the control 
tumor. This shift in the metabolic index indicates the 
presence of lipid peroxidation products. Thus, tumor 
regression after PDT with studied PS is associated with 
the direct destruction of tumor cells under the in�uence 
of reactive oxygen species formed during PDT.

Thus, the e�ectiveness of PDT with combined use 
of MB and chlorin e6 was demonstrated. According to 
obtained results, the most promising approach among 
studied is the combined administration of chlorin e6 
and MB to increase tumor oxygenation before therapy 
followed by irradiation an hour later. Further study is 
needed to optimize MB and chlorin e6 concentrations 
and accumulation time, as well as irradiation dose.
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Рис. 8. Средние фазорные значения на разрешенных во вре-
мени флуоресцентных изображений НАДН в срезах опухоли 
после терапии.
Fig. 8. Mean phasor values for time-resolved fluorescence images 
of NADH in tumor cryosections after therapy.
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