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Abstract

Hypoxia negatively affects the effectiveness 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 first mechanism of the photodynamic reaction, such as methylene blue (MB). Previously, we have demonstrated that
MB can have a positive effect 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 fluorescence and spectroscopic
methods, and the effect of laser exposure on accumulation was analyzed. After the PDT with chlorin e6, MB and a combination of MB with chlorin
€6, a good therapeutic effect 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
influence of reactive oxygen species formed during PDT. Thus, the effectiveness of PDT with the combined use of MB and chlorin e6 has been
demonstrated, and the main mechanisms of the antitumor effect of the combination of these PS have been studied.
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Pesiome
[Mnokcus HeraTuBHO BAMAET Ha 3GHEKTUBHOCTb BCEX BUAOB NPOTMBOOMYXOJIEBOI Tepanuiu, B YaCTHOCTY doTognHammueckor Tepanum (OAT).
B cBA3M C 3TMM B nuTepaType LNPOKO 0OCYKAAITCA pa3Hble MOAXOAb! ANA NMPEOAOSIEHUA OFPaHNUYEHNI, CBA3AHHBIX C rMnokcmen. OgHUM
13 HUX ABNAETCA NCMOJib30BaHNe poToceHcnbunmusatopos (OC), paboTatoLymx No nepBoMy MexaHu3mMy GOTOAMHAMUYECKON peaKkLmm, Takmnx
Kak meTuneHoBbi cHuii (MC). PaHee Hamu 6b110 MoKa3aHo, YTo MC MOXEeT MONOXKNUTENbHO BANATH HA OKCUreHauuto onyxonu. B gaHHom
paboTe Mbl npoBenu uccnegosaHne dotoarHammueckon akteHocT MC n MC B KOMOGMHaLMM C XJIOPYHOM €6 Ha Onyxosiu in vivo Ha mogenu
KapunHombl Spnuxa. boina nccnegosaHa AT npyu cCOBMECTHOM 1 pa3fesibHOM BBEAEHUN XopuHa €6 n MC. BbinosiHeHa oLeHKa Hakonse-
H¥A 1 nokanusauum MC n MC B KOMOMHALMW C XJTIOPUHOM €6 in vivo Npu NMomoLLn BUAEOdTyOPeCLEHTHbIX U CMEKTPOCKOMUYECKX METOAOB,
NpoaHanu3npoBaHo BNAHME Na3epPHOro BO3AENCTBNA Ha HakomneHwe. MNocne nposeaeHua OAT ¢ xnopuHom e6, MC 1 kKombuHauyun MC ¢
X/TOPVHOM €6 OTMEUEH XOPOLUMI TepaneBTUYeCKNA SPPEKT 1 YyMeHbLLEHVE CKOPOCTY POCTa OMYXOJN MO CPAaBHEHWIO C KOHTPOEM, 0CO6EHHO

BIOMEDICAL PHOTONICS T. 13, N22/2024

ORIGINAL ARTICLES




V9]
-
O
l_
(2’4
<
<
<
O,
&
O

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

B rpynnax ¢ ®AT ¢ MC n npy ogHOBpeMeHHOM BBeAeHVM xnopuHa e6 n MC. YpoBeHb oKcureHauum onyxonu Ha 3-e n 5-e cyTku nocne OAT
6bIn Bbile B rpynnax c 06iyyYeHrieM, caMasi BbICOKA OKcureHauus Ha 5-e cytku nocne OAT otmeueHa B rpynne ¢ AT ¢ MC. Ha dpa3opHbIx
IOmarpammax onyxonen nocne nposegeHua OAT HabnogaeTca OTKIOHEHNE OT METabOoNNUYECKOW TPAEKTOPUN 1 CABUT B CTOPOHY 6ornee AfinH-
HOFO BPEMEHV WM3HW MO CPAaBHEHMIO C KOHTPOJIbHOW OMYXO0JIblo, YTO YKa3blBaeT Ha Hannume NPOAYKTOB NEPEKNCHOrO OKUCIEHWA MNMULOB.
CnepoBatenibHO, perpeccus onyxonu nocie OAT cBA3aHa C NPAMbIM pa3pyLUeHEM OMyXONEeBbIX KNETOK MoJ BO3LENCTBUEM aKTVBHbBIX GOpM
Kucnopopa, obpasytowxca npy OAT. Takum obpasom, npofeMoHcTprpoBaHa 3ddekTmBHocTb OAT Npu COBMECTHOM npuMeHeHun MB un
XNOpUHa €6 1 UCCIefoBaHbl OCHOBHbIE MeXaHW3Mbl MPOTUBOOMYXONIEBOrO AeNCTBUA KoMmOuHauum aTux OC.

KnioueBble cnoBa: poToavHamMmmyecKas Tepanvis, METUIIEHOBbIN CUHII, MOAABIEHNE POCTa OMYyXON.
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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 efficacy 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
| photochemical reaction) and the energy transfer from
PS to molecular oxygen, which results in the creation of
singlet oxygen (type Il photochemical reaction) [21]. The
majority of clinically approved photosensitizers utilize
the type Il photochemical reaction, but less oxygen-
dependent type | PDT is discussed as a strategy for the
treatment of hypoxic tumors [22, 23]. Other strategies
to overcome tumor hypoxia for enhancing PDT efficacy
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 reflect 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 (a-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 €6, to enhance
the effectiveness 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 influence of photosensitizers when administered
together was studied, in particular, the effect of chlorin
e6 on the transition of MB to the leucoform, as well as the
synergistic effects caused by the use of two PS.

According to systematic review of preclinical studies
[33] photodynamic therapy with MB is effective against
different 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 different 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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Interest in the combined use of MB and chlorin e6
is due to the proximity of their absorption wavelengths
in the near-infrared | 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 autofluorescence 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 effectively 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 effect 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 effectiveness of photodynamic
treatment. Intravenous joint and separate administration
makes it possible to study the effect of each PS on the
microenvironment and oxygenation, as well as the
synergistic effects 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 (0JSC
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 (LxW?), where
V - volume, L - length and W - width. Tumor growth was
assessed at the beginning of the experiment and on the
third and fifth days after therapy. All measurements were
done in triplicate. At the beginning of the experiment,
the tumor size for all mice was about 1 cm?.

The mice were divided into five 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/cm?): 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 ul of photosensitizer aqueous solution
in saline with concentration calculated to achieve a total
dose were administered intravenously into the tail vein
under fluorescence control. Irradiation was carried out
an hour after the introduction of photosensitizers. In the
group with separate administration of MB and €6, chlorin
e6 was first 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 fiber-optic spectrometer (Biospec, Russia) with
fiber-optic probe, consisting of a central illuminating
fiber and six peripheral collecting fibers for the scattered
and fluorescence radiation. MB fluorescence was excited
with a He-Ne laser at 632.8 nm and 5 mW. Using an
optical filter, the fluorescence was observed in the same
dynamic range as the backscattered laser radiation.
Fluorescence measurements were taken at five locations
in tumor. After this, the data was averaged and STD was
calculated. As a quantitative characteristic, we used the
fluorescence index, calculated as the ratio of the area
under the fluorescence 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 fluorescence 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 fluorescence was
excited using 660 nm laser radiation and detected
by a black-and-white MQO13RG-ON camera (Ximea,
Korea) with a 700-750 nm bandpass optical filter. The
fluorescent signal was recorded in a video file, which
was further processed. After the injection of the PS, the
mouse remained under low-intensity laser irradiation
for 5 minutes, during which the fluorescence signal was
recorded to the video file. For the selected time-frames
of the recorded video file, 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 fiber-optic spectrometer was used to register
the diffuse reflectance 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 five 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 effect of photodynamic therapy
at the cellular level, the fluorescence microscopy and
fluorescence lifetime imaging microscopy (FLIM) were
used. Mice were euthanized on the fifth day after PDT.
Tumors, subcutaneous tissue, skin, and muscle were
excised en bloc and frozen. Sections of 50 um 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 autofluorescence and MB
fluorescence were recorded under two-photon 740 nm
excitation with a Chameleon Ultra Il femtosecond laser
(Coherent, Saxonburg, Pennsylvania, USA), with a pulse
width of 140 fs and a repetition rate of 80 MHz. Optical
bandpass filters FB450-40 (Thorlabs, Newton New
Hersey, USA) and BP 640/30 (Carl Zeiss AG, Oberkochen,
Germany) were used to isolate fluorescence 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 a/a,
ratio with fixed lifetimes: t,=0.4ns,1,=2.5ns [44].

Results and discussions

The therapeutic effects of MB and MB with chlorin e6
on tumors were investigated. /n vivo fluorescence 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.

chlorin e6 / xnopuH e6

1 hour / 1 yac

MB without irradiation / MC 6e3 oBayuexun

MB with irradiation (100 mW/cm?) / MC c oBnyyennem (100 mBr/cm?)

»
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MB + chlorin e6 (MB injection one hour after chlorin) / MC+ xnopuH e6 (eBegeHwe MC Yepes yac nocne xnopuHa eb)
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R < ..
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Puc. 1. dnyopecueHTHas Busyanusaumus MC in vivo ¢ ucnonb3oBaHvem Bo306yKaeHUs 660 HM: U306GpaxKeHus, nosiydeHHble yepes 5,
10, 20, 30 ¢ u 5 MMH nocne BHyTpuBeHHoro BeegeHnss MC B gose 10 mr/kr u MC B KOMGMHaLUK ¢ X1I0pUHOM €6 (10 mr/Kr + 5 Mr/Kr,
BBegeHne MC npousBeaeHo 4yepes 1 4 nocne BBeAeHUs XjopuHa €6). B rpynne ¢ o06ny4eHnem Kaxkabie 5 ¢ BKatoYanm BTOPON UCTOUHUK
U3J/ly4EHUS C ASIMHON BOJIHbI 660 HM, MIOTHOCTb MOLWHOCTU 100 MBT/cM?2. LiBeTHble Kpyru NoKasbiBalT 06/1acTH, B KOTOPbIX Gblfla pac-
cyuTaHa SIPKOCTb.

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 €6 (10 mg/kg + 5 mg/kg, injection of MB
was performed one hour after chlorin €6). In the irradiation group, a second radiation source with a wavelength of 660 nm and a power
density of 100 mW/cm? was turned on every 5 seconds. The colored circles show the areas in which the brightness was calculated.

after PDT / nocne ®AT

12

BIOMEDICAL PHOTONICS T.13, N22/2024



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

The fluorescence 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 effect 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 fluorescence intensity occurs more slowly
than for MB without irradiation. The same effect, but even
more pronounced, was observed when MBis 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 fluorescence
intensity in the red region of the spectrum recorded
in vivo. The dependence of the fluorescence index on
the accumulation time for tumors with intravenous
administration is shown in Fig. 3.

The fluorescence 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
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HUA, MC ¢ 06ny4yeHureM (Kaxable 5 ¢ BKAOYanu BTOPOW UCTOYHUK
U3ny4YeHus ¢ AIMHOW BOJIHbI 660 HM, NAOTHOCTb MowHocTh 100
MBT/cM?) u KoM6uHauuu MC ¢ Xx10p1MHOM €6.

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/
cm?) and a combination of MB with chlorin €6.
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Fig. 3. Dependence of the fluorescence index for MB chlorin e6
and their combination in the tumor on the accumulation time.

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

An interesting effect was observed for the
combination of chlorin e6 and MB. Maximum of
MB fluorescence was recorded immediately after
the administration of PS, which corresponds to the
data obtained using video fluorescent methods. The
prevention of MB transition to the leucoform may also
be due to the photodamaging effect of chlorin e6 on
blood vessels, which occurred under low-intensity
laser illumination during fluorescence imaging of PS
accumulation. Another explanation for this effect could
be a change in mitochondrial potential under the
influence 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 cm? oxygenation was significantly 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 fasteraccumulation
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 confirms
the assumption of the vascular effects of chlorin e6. Thus,
it was previously shown that preliminary irradiation of a
tumor with low-intensity laser radiation promotes more
efficient accumulation of chlorin e6 [45].
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Fig.4.Tumoroxygenation,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.

60 min / 60 MuH

We have studied PDT with the combined use of
chlorin e6 and MB. Based on the results obtained on the
accumulation and effect 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
effect was expected) and separate administration of
PS, first chlorin €6 was injected, after an hour MB and
immediately after MB administration was performed
irradiation, until MB passes into a colorless form (an
enhanced photodynamic effect 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 effect on blood vessels.

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

The effectiveness 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 cm?, Fig. 6.

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

A good therapeutic effect was observed in all groups
with irradiation. After PDT with chlorin €6, 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 effect was observed

3 days / 3 xR S days / 5 aHeit

lambda coded/userosan
KOAMPOBHA MO A/WUHAM BONH

AO and Pl staining/
oHpawmeanue AD u MK

Puc. 5. Xapakrep-
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Komtpons O B rpynnax Ha 3-#
1 5-1 pgeHb nocne
s AT, ®dnyopec-
2 LeHTHble uK306pa-
XNOpUH eb KeHus Kpuocpe-
30B onyxonen B
pexume LBETOBOM1
M8/ KOAUPOBKM no
yig ANMHaM  BOJIH M
2 nocne okpalmuBa-
HUSA aKPUAMHOBbIM
MB PDT / OopaHXeBblM ]
! MoauMAOM  Mponu-
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Fig. 5. Characte-
ristic appearance

chlorin e6 PDT /
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MB+e6 separately PDT /
MC+eb paspensHoe segeHWe
AT

in groups on the
3rd and 5th day
after PDT. Fluore-
scent images of
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tumors in wave-
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=
»

mode) and after
staining with
acridine orange
and propidium
iodide (AO and PI).
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—#—MB + chlorin 6 separately PDT / MC + xnopuH e6 pasgensHoe
seegeqHne ©OT

—e—MB + chlorin e6 simultaneosly PDT / MC + xnopuH 6 coBMecTHoe
seegeHne AT

—a—chlorin e6 PDT / xnopuH e6 ®AT

ME PDT / MC ©AT
—e—chlorin 6 / xnopuH e6
35 9 —mB/MC

—e—Control 0 / Kowtpons 0

2.5 4

tumor volume [/ obbem onyxonu

0.5 T T T T )

days after therapy / agHu nocne Tepanum

Puc. 6. XapaKTepHbIi pa3mep onyxoau B rpynnax Ha 3-i u 5-i gHu
nocne ®AT.

Fig. 6. Characteristic tumor size in groups on the 3rd and 5th day
after PDT.

in groups with PDT with MB and with the simultaneous
administration of chlorin €6 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 significant in the group with the
combined administration of MB and chlorin e6.

Oxygenation measurements were used as an
additional parameter to assess the effectiveness 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/cm?2. The
lower oxygenation for groups receiving chlorin e6 alone
or in combination with MB is presumably due to the
photodamaging effect of chlorin €6 on blood vessels.

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

60 -
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® chlorin e6 / xnopuH e6

3 days / 3 amA
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Fig. 7. The tumor oxygenation,
determined by hemoglobin
absorption before PDT, imme-
diately, on days 3 and 5 after
PDT for groups:

a — without irradiation;

b — with irradiation.

S days / S aHei

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T. 13, N22/2024

15



V9]
-
O
}_
(2’4
<
<
<
O,
&
O

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

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

Fig. 8 shows phasor diagrams of fluorescence 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 influence of reactive oxygen species formed
during PDT. Interestingly, more severe damage does
not contribute to more effective 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 effects 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 effect of
chlorin e6 during irradiation. Another explanation for this
effect could be a change in mitochondrial potential under
the influence of chlorin e6, which leads to a disruption in
the reduction of MB to the leukemic form.

Study with help of video fluorescent methods
confirmed 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 effect, 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 €6 has demonstrated
a good therapeutic effect 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 effect was observed in
groups with MB and irradiation and with the combined

0.7
0.6
2ns
054 3ns
4ns 1ns
041  5ns
6 ns ®° ®
0.34
@ Control / Koutpons
0.24 MB with irradiation /
MC ¢ obnyueHuenm
™ Chlorin e8 with irradiation /
0.11 XnopuH ef ¢ obnyyeHnem
o MB + chiorin e6 with irradiation /
MC + xnopuH &6 ¢ ofnyueHrem
0.0 T
0.0 0.5 1.0

Puc. 8. CpegHue dpasopHblie 3HA4YEHUS Ha pa3peLleHHbIX BO Bpe-
MeHu ¢pnyopecueHTHbIX n3obpaxenun HAH B cpe3ax onyxonu
nocsne Tepanuu.

Fig. 8. Mean phasor values for time-resolved fluorescence images
of NADH in tumor cryosections after therapy.

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 significant 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 effect 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 influence
of reactive oxygen species formed during PDT.

Thus, the effectiveness 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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