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Abstract

Methylene blue (MB) is a promising photosensitizer (PS) for the treatment of pathological neoplasms, since it has both photodynamic activity
(under laser irradiation) and redox and catalytic properties (in the absence of light). In the framework of this work, using spectroscopic methods,
the effect of intravenous administration of MB on tissue oxygenation of hemoglobin in small animals in vivo in tumor and normal tissues was
analyzed. The influence of MB on cell metabolism was analyzed. It has been shown that the use of MB promotes an increase in oxygen consumption
by the tumor, and also leads to a shift in metabolism towards oxidative phosphorylation. It was shown that the use of MB contributes to an increase
in oxygen consumption by the tumor, and also leads to a shift in metabolism towards oxidative phosphorylation.
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Pe3lome
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Introduction

Cancer is currently one of the major health problems
in all developed and many developing countries of the
world [1]. In this regard, a large number of publications
are devoted to the study of the processes of tumor growth
and their metastasis. To date, it is known that the tumor
and its microenvironment are highly heterogeneous
[2]. Cancer cells establish metabolic cross-talk with
cellular and non-cellular components of the tumor
microenvironment, which leads to the reorientation of
immune cells to protect the tumor, provides cancer cells
with the nutrients and promotes proliferation, invasion,
metastasis, aggressiveness, resistance of tumors to
treatment [3-6].

One of the driving forces of metabolic reprogramming
is hypoxia and a cascade of biochemical reactions leading
to local acidification. Growing tumors are characterized
by insufficient blood perfusion, hypoxia, inflammation,
enhanced fatty acid metabolism, nucleotide synthesis
and glutaminolysis [7]. The hallmarks of tumor cell
metabolism are a high level of glycolysis and a low
level of oxidative phosphorylation, even when oxygen
is present in the tissues in sufficient quantities. Most
cancer cells produce lactic acid (lactate), a characteristic
product of glycolysis [8]. Lactate has a critical function
in signaling, through inducing the expression of vascular
endothelial growth factor and the polarization of tumor-
associated macrophages and induce expression of
arginase 1 by macrophages, which has an important role
in tumor growth [9]. Local acidity is a central regulator
of cancer immunity that orchestrates both local and
systemic immunosuppression [7]. Low oxygen supply
to the tumor further enhances glycolysis, which in turn
causes the expression of hypoxia-inducible factor 1a
(HIF-1a) and mediates the effects of lactic acid.

An urgent task is to search for new approaches for
the treatment of cancer, which are aimed at correcting
the functional state of the tumor microenvironment [10-
11]. One promising approach is photodynamic therapy
(PDT) [12]. PDT uses a special drug-PS, which under
the action of light generates reactive oxygen species
that not only damage biological structures, but are
also natural regulators of cell proliferation, metabolism,
and apoptosis [13-14]. In recent years PDT has been
increasingly used to treat tumors of various localizations.
In Russia, a large number of scientific groups are
engaged in the development of PDT methods [15-19].
PDT has a number of advantages over other methods: it
is effective against all types of tumors; if necessary, the
procedure can be repeated many times, since there are
no cumulative toxic effects and acquired resistance; the
procedure is carried out on an outpatient basis, provides
a good cosmetic effect and can be used even for the
elderly and debilitated people. The effectiveness and
safety of PDT have been proven by numerous clinical

studies and active practical use [20-22]. A problem for
PDT is the effect on tumors that are in a state of hypoxia,
for example, many tumors of the prostate and pancreas.

One of the interesting PS is MB, which, in addition
to fluorescence in the red part of the spectrum and
significant photodynamic activity, has redox and catalytic
properties. In the 1930s, MB was actively researched [23-
26] to counteract the effects of cyanide intoxication,
however, after the advent of other antidotes [27],
research on its mechanisms of action and effectiveness
was abandoned for decades. According to a pioneering
work [28], MB increases oxygen consumption by tissues
with aerobic glycolysis and tumors, while the effect of MB
is approximately proportional to the enzymatic capacity
of tissues. There is no effect on oxygen consumption by
those normal tissues that do not have aerobic glycolysis.
The catalytic properties of MB in relation to tumors are
due to its interaction with lactic acid, which is formed as
a result of aerobic glycolysis.

When released into the blood, MB is readily reduced
to its colorless leuco form, leucomethylene blue (LMB).
Reducing agents can be NAD(P)H [29-30] or reduced
glutathione [31], the concentration of which decreases
as a result of interaction with MB [32], and MB acquires
electrons in the process. LMB, in turn, can be reoxidized
to MB by molecules with a higher redox potential (such
as O, or most metal compounds), donating electrons in
the process, and a new reduction cycle can be initiated
[32]. There is evidence that MB interacts directly with the
mitochondrial electronic circuit, donating electrons to
complexes | and Il and/or providing partial restoration
of the Krebs cycle [33], whenever NADH is oxidized by
MB or even resuscitation of the mitochondrial electronic
circuit. A positive effect of MB on peripheral blood flow
has also been reported [34]. In clinical practice, MB is
used to treat methemoglobinemia, since MB is able to
reduce the ferrous iron in methemoglobin (the oxidized
form of hemoglobin that is unable to carry oxygen) to
the ferric state corresponding to normal hemoglobin
[35] and also as an antidote for carbon monoxide
poisoning. The MB/LMB pair quickly diffuses into the
cytoplasm and mitochondria of any cells, including
neurons [36], and can have different effects depending
on the concentration of the redox state of its immediate
environment. MB and LMB have different absorption
peaks: LMB predominantly absorb in the UV region (256
nm), while MB has two absorption peaks in the UV and
visible range (294 and 665 nm, respectively) [37]. There
is also a semi-reduced form (radical) with an absorption
maximum at a wavelength of 420 nm. This makes it
possible to study MBs by spectroscopic methods and
directly observe the transition of MB into LMB.

It should be noted that early studies of MB were
carried out ex vivo using micromanometric methods.
More recent studies have mostly been conducted in
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cell cultures and have been indirect. Therefore, this
work was devoted to the direct observation of the
pharmacokinetics of MB in vivo, the study of the MB/
LMB transition, and the assessment of the effect of MB
on oxygenation and tumor metabolism using video
fluorescence and spectroscopic methods. The present
study was undertaken to characterize the metabolic
responses to MB at various doses to determine the effects
produced by the LMB/MB pair on cellular metabolism in
a Lewis lung carcinoma (LLC) transplanted tumor mouse
model. A spectroscopic study showed that with the
accumulation of MB, there is a decrease in hemoglobin
oxygenation in the tumor, which can be interpreted as
an increase in oxygen consumption. Tissue cryosections
were analyzed using fluorescence lifetime imaging
microscopy (FLIM) in order to interpret intracellular
metabolism in the areas of MB accumulation. It has been
shown that there is a shift from glycolysis to oxidative
phosphorylation after MB administration.

Materials and methods

Methylene blue

MB have been purchased at a pharmacy: “Methylene
blue”, an aqueous solution of 1%, the active substance
methylthioninium chloride (OJSC“Samaramedprom”).

Fluorescence imaging of MB in vivo

For the experiment, male BALB/c mice that were
25-30 g, 8-10 weeks old were used. The mice were kept
at 21°C temperature in standard cages, the photoperiod
was 12 hours of light and 12 hours of dark per day. The
animals had access to standard laboratory feed and
water ad libitum.

The LLC cell line of C57BL strain was used in
experiments in vivo for tumor grafting. Inoculation of 50
pL of a 15% tumor cell suspension in Hanks’ Balanced
Salt Solution was performed intramuscularly on the right
hind leg.

Experiments were performed on 14 after LLC
cells injection. Tumor volume was determined by the
measurement of two bisecting diameters in each tumor
using calipers. The size of the tumor was determined
by direct measurement of the tumor dimensions. The
volume was calculated according to the equation: V =
(LxW?) x 0.5, where V =volume, L =length and W = width.
All mice were divided into 2 groups depending on tumor
size (small and large tumor, 50-75 and 100-150 mm?
correspondingly). All measurements were triplicated.

MB was administered intravenously into the tail vein
at a dose of 10 and 20 mg/kg with fluorescent control.
Fluorescence was excited by laser radiation with a 660
nm wavelength.

Registration of fluorescent images was carried out
using a black-and-white camera MQO13RG-ON (Ximea,
Korea), with extended sensitivity in the near-infrared

Puc. 1. CxematuyHoe U306pa*KeHne pacrnonoXKeHuss BUAeOoKa-
Mepbl, UCTOYHUKA /Ta3€PHOro U3NyYEHUs U MbllK ans ¢nyopec-
LEeHTHOW Bu3yanu3auuu METUIEeHOBOro cuHero in vivo, ¢oto
JXMBOTHOrO C OMyX0Jibl0O Ha NMpaBoK Nane (KpacHbli KBaapaTt) B
06bl4HOM LiBETE U B PIyOPECLIEHTHOM pEeXUME.

Fig. 1. Schematic representation of the location of the video
camera, laser source and mouse for fluorescence imaging of
MB in vivo, photo of an animal with a tumor on the right paw (red
square) in normal color and in fluorescent mode.

range, equipped with an interference filter that transmits
in the range of 700-750 nm. The setup is shown in Fig. 1.

The fluorescent signal was recorded in a video file,
which was further processed. After the injection of the
dye, the mouse remained under laser irradiation for 5
minutes, during which the video file was recorded. The
following method was used to assess pharmacokinetics
from fluorescent images. For each frame of the recorded
video file with a fluorescent signal, the average
brightness in the specified area (tumor and normal
tissue) was calculated. The brightness value in a pixel was
normalized and took values from zero to one. Then, the
time dependences of the average brightness of various
zones of interest were plotted.

Study of methylene blue pharmacokinetics of using
spectroscopic methods

Quantification of the MB accumulation in the
tumor and in the normal tissue was carried out by
spectroscopic methods using a fiber-optic spectrometer
LESA-01-Biospec (Biospec, Russia). The device allows
measurements of fluorescence spectra in the wavelength
range of 350-1000 nm with a wavelength resolution of
3 nm. The exposure time for recording one spectrum
can be varied in the range of 20 - 500 ms. To deliver
and receive radiation, a fiber optic probe was used with
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a central illuminating fiber supplying exciting laser
radiation to the tissue and six peripheral fibers collecting
scattered and fluorescent radiation. A helium-neon laser
with a wavelength of 632.8 nm was used to excite MB
fluorescence. The laser radiation power at the output of
the fiber was 5 mW. A filter was installed at the entrance
to the spectrometer to attenuate the laser radiation,
which made it possible to observe its component
backscattered by the tissue in the same dynamic range
as the fluorescent radiation.

The assessment of the concentration of the drug in
the tissues using a fiber-optic spectrometer is performed
integrally, from the entire depth to which the laser
signal penetrates. To quantitatively determine the MB
concentration in organs and tissues, the calibration
was performed using optical phantoms with an MB
photosensitizer, which simulated the scattering and
absorbing properties of biological tissues. Used MB
concentrations of 0, 0.01, 0.05, 0.1, 0.5, 1, 2.5, 5 mg/kg
were mixed with a scattering medium (1% fat emulsion
Intralipid (Fresenius Kabi LLC, USA)) and put into tubes.
The fluorescence spectra of optical phantoms with MB
were recorded under excitation by a laser source with a
wavelength of 632.8 nm. Based on the obtained spectra,
the fluorescence index was determined for each optical
phantom, equal to the ratio of the area under the MB
fluorescence peak to the area under the scattered laser
radiation peak. Using the calibration curve, a one-to-one
correspondence is established between the fluorescence
index of each of the phantoms and the concentration of
MB in it. The calibration curve is then used to determine

the concentration of MB in vivo from their measured
fluorescence indices. Fluorescence index and MB
concentration in optical phantoms were determined
under the same external conditions. All measurements
were carried out in a dark room without external light
sources. Measurements were made at time points prior
to administration, 10 minutes and 1 hour. For each time
point, measurements were repeated three times for 3
animals.

Determination of hemoglobin oxygenation level in
the tissue microvasculature by analyzing the diffuse
reflectance spectra

The hemoglobin oxygenation measurement is based
on the registration of diffuse reflectance spectra in the
500-600 nm wavelength spectral range, which makes it
possible to quantify the concentration of hemoglobin
in oxygenated and deoxygenated form. Fig. 2 shows the
sketch of the experimental setup for diffuse reflectance
spectra registration in vivo (Fig. 2a) and characteristic
absorption spectra of oxygenated and deoxygenated
hemoglobin forms (Fig. 2b).

A halogen lamp with a fiber optic output was used as
a broadband radiation source. To receive radiation, a fiber
with a diameter of 400 um was used. The light supplied
to the biological object passed through the tissue,
experiencing scattering and absorption, and entered
the receiving fiber. The receiving and transmitting fibers
were in light contact with the test tissue in order to
avoid affecting its optical properties when pressed. From
the receiving fiber, light entered the LESA-01-BIOSPEC
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Puc. 2. Cxema 3KkcnepMMeHTabHON YCTAHOBKMU A1 U3MEPEHUs CNEKTPOB o6paTHOro audody3Horo paccesHus in vivo (a) U xapaktepu-
CTUYECKUE CMEKTPbI NOrNOLEHU OKCUFEHUPOBAHHOW U fleOKCUreHUupoBaHHOM dopm remornobuHa (b).
Fig. 2. Scheme of the experimental setup for measuring diffuse reflectance spectra in vivo (a) and characteristic absorption spectra of

oxygenated and deoxygenated hemoglobin forms (b).
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laser spectrum analyzer (Biospec, Russia), which was
controlled via a USB interface by a personal computer
using special software Uno (Biospec, Russia), which was
used to register and process the spectral dependencies.
To eliminate the influence of the spectral sensitivity of
the detector, the transmission spectrum of the fibers, and
the spectral radiative characteristic of the light source on
the detected signal, the measurements were carried out
relative to a standard sample (BasO,) with a reflection
coefficient close to unity in the spectral range of interest.
The measurement technique is described in more detail
in [38].

Cryosections preparation and analysis

After spectroscopic study mice were euthanized.
Tumors along with subcutaneous tissue, skin and
muscle were excised en bloc and frozen. Using a
freezing microtome Microm HM 560 Cryostat (Thermo
Scientific, Waltham, Massachusetts, USA) cryosections
were prepared. Thickness was estimated to be 50 um for
the FLIM procedure and 100 um for absorption spectra
measurements. The sections were placed in saline
under a coverslip and examined immediately using
a laser scanning microscope in order to analyze the
metabolic changes after MB accumulation. To study the
absorption spectra, the sections were placed on quartz
glasses. Registration of absorption spectra in the range
of 200-1000 nm was carried out using a Hitachi U3400
spectrophotometer (Hitachi, Japan).

Assessment of intracellular metabolism by
endogenous NADH photoluminescence lifetime using
FLIM

To investigate the metabolic changes in the tissue,
an approach based on calculating NADH fluorescence
lifetime metabolic index was used [39]. Tissue sections
were examined using an LSM-710-NLO laser scanning

microscope (Carl Zeiss AG, Germany) with Plan-
Apochromat 63x/1.4 Oil objective. NADH fluorescence
was excited by 740 nm two-photon laser excitation
using Chameleon Ultra Il femtosecond laser (Coherent,
USA). Time-resolved images were obtained using an
attached FLIM module (Becker & Hickl GmbH, Berlin,
Germany) consisting of a time-correlated single photon
counting system SPC-150, a GaAsP HPM-100-07 hybrid
photodetector, and SPCM software the fluorescence
lifetime was measured. NADH fluorescence was isolated
using an FB450-40 bandpass optical filter (Thorlabs, USA).
Time-resolved fluorescence images were processed
using SPCImage 8.5 software (Becker & Hickl GmbH,
Germany). To interpret the time-resolved fluorescence,
NADH a,/a, metabolic index was calculated for each pixel
of the image, where a, and a,are amplitudes of the short
(t,=0.4ns) and long (t,=2.5ns) lifetime components of
freeand bound NADH, respectively [40]. High values of the
metabolic index signify the shift of cellular metabolism
towards glycolysis, while low values—towards oxidative
phosphorylation. In addition to calculating the metabolic
index, a phasor diagram approach was applied [41].

Results and discussions

Fluorescence imaging and spectroscopic studies of
methylene blue in vivo

Using the video fluorescence imaging, it was shown
that after intravenous administration, MB accumulates
very quickly (in about 5 seconds) both in the tumor and
in normal tissue, Fig. 3.

Then, the intensity of MB fluorescence in normal tissue
decreases slightly and remains constant throughout the
measurement (5 minutes). In a tumor, on the contrary,
a rapid decrease in the MB fluorescence intensity is
observed; already after 20 seconds, the luminescence
intensity decreases by 4 times relative to the initial value
and remains at this level. The obtained time dependences

10 sec/10 cek

5 sec/5 cek

15 sec/15 cek 20 sec/20 cek

A%,

Puc. 3. dnyopecuLeHTHas BU3yanu3auus METUIEHOBOIO CUHETO in Vivo ¢ ucnonb3oBaHUeM Bo36yKaeHUss 660 HM: u3oGpakeHus, nony-
YeHHble yepes 5, 10, 15 1 20 ¢ nocne BHYTPUBEHHOIO BBEEHUSA METUJIEHOBOIO CMHero B fo3e 20 mr/Kr. O6nacTtb, BbigeneHHas 3ene-
HbIM, COOTBETCTBYET HOPMaJibHOM TKaHU, 06J1acTb, BblAeIEHHAs KpacHbIM, — ONyXOJIU.

Fig. 3. Fluorescence imaging of MB in vivo using 660 nm excitation: images obtained 5, 10, 15 and 20 seconds after intravenous
injection MB in 20 mg/kg dose. The area highlighted in green corresponds to normal tissue, the area highlighted in red corresponds to
tumor.
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Puc. 4. 3aBUCMMOCTU cpeliHeil APKOCTU AnA BbliGpPaHHbIX o6na-
cTeil HopMasbHbIX TKaHei M onyxonu Ha ¢bayopecLeHTHOM U30-
Opa*keHUn oT BPEMEHMU.

Fig. 4. Time dependences of the fluorescent image average
brightness of selected normal tissue and tumor areas.

of the average brightness of normal tissue and tumor
areas are presented on Fig. 4.

A large spread in fluorescence intensity values in
the interval of 2-6 seconds is associated with mouse
movement at the moment of MB injection and
immediately after. We assume that the observed decrease
in the intensity of MB fluorescence is due to the rapid
transition to the reduced LMB due to interaction with the
components of the tumor microenvironment.

Quantitative assessment of MB accumulation
in normal tissue and tumor was carried out using
spectroscopic methods by the intensity of fluorescence in
the red spectral range, recorded in vivo. The dependence
of MB concentration on the accumulation time is shown
in Fig. 5.

The maximum accumulation in the normal tissue and
small tumor was observed 5-10 minutes after injection
for both tested concentrations. As expected, the MB
cumulative concentration was higher for the higher
MB dose. An hour later, the concentration decreased
significantly, both in the norm and in a small tumor. For a

0.7 - normal tissue/ 10 mg/kg / 10 mr/kr
Hopma m 20 mg/kg / 20 mr/kr
0.6 A small tumor / 10 mg/kg / 10 mr/kr

ManeHbKas onyxons m 20 mg/kg / 20 mr/Kr
W 10 mg/kg / 10 mr/kr
W20 mg/kg / 20 mr/kr

05 4 big tumor /
6onbLas onyxonb

¢, mg/kg / c, mr/kr

5-10 min/ 5-10 MuHyT 1h /1 y4ac

Puc. 5. KoHueHTpauusa MeTU1eHOBOro CUHero B HopMaJsibHbIX TKa-
HSIX M OMYXOJK, OonpeAeNneHHas CNeKTPOCKONMYECKUMHU MeToaaMun
yepe3 5 MUH U 1 4 nocne BHYTPUBEHHOIO BBeAeHus B fgo3se 10 u
20 Mr/Kr.

Fig. 5. The concentration of MB in normal tissues and tumors,
determined by spectroscopic methods 5 minutes and 1 hour after
intravenous administration at a dose of 10 and 20 mg/kg.

large tumor, the opposite trend was observed — with an
increase in the accumulation time, the MB concentration
gradually increased.

To confirm that the decrease in the luminescence
intensity of MB is due to the transition to the reduced
form of LMB, we studied the absorption of cryosections of
normal and tumor tissues ex vivo. The absorption spectra
recorded using a spectrophotometer are shown in Fig. 6.

The study of the absorption spectra of cryosections
ex vivo showed the presence of the transition of MB to
LMB in the tumor. In the absorption spectrum of normal
tissue, an absorption peak is observed in the red region,
corresponding to the absorption of the “blue” form. The
absorption spectrum of the tumor lacks a peak in the
red region, but there is intense absorption in the UV
range, presumably corresponding to the absorption of
LMB. The absorption peak at a wavelength of 420 nm

0.5 1 Semi-reducted form /

LMB/ MonysocctaHoBNeHHas Gpopma
mMC

0.45 A

—normal tissue / Hopma

—tumor / onyxonb

Puc. 6. CneKTpbl MOrNOWEHUA Kpu-
0Cpe30B HOPMaJsbHbIX U ONyX0NeBbIX
TKaHel nocne BBeJEHUS METUNEHO-
BOro cuHero, gosa 20 mr/kr (MC -
MeTUNeHoBbI cuHuin, JIMC - neliko-
MEeTUNEHOBbIA CUHUIA).

Fig. 6. Absorption spectra of normal
and tumor tissues cryosections
obtained after MB injection, dose 20
mg/kg.
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corresponds to the absorption of the semi-reduced form;
in the range of 500-600 nm, a characteristic hemoglobin
absorption peak is observed for the tumor. Thus, analysis
of the absorption spectra makes it possible to study the
transition of the main form of MB into its reduced form
under the influence of external factors.

Determination of hemoglobin oxygenation level in
the tissue microvasculature

Along with assessment of MB accumulation in
normal tissue and tumor, the oxygenation level in vivo
was measured by the hemoglobin absorption. The
dependence of tumor oxygenation in relation to normal
tissue on the MB accumulation time is shown in Fig. 7.

Prior to the administration of MB, the degree of tumor
oxygenation is about 85 and 70% relative to normal
tissues for small and large tumors, respectively. In 5-10
minutes after the administration of MB for small tumors,
a decrease in the level by 10% is observed, 1 hour after
the administration, oxygenation is restored to its original
level or exceeds it, depending on the concentration of
the drug. 5 hours after the administration of the drug
for small tumors, the degree of oxygenation continues
to increase and approaches the level of oxygenation
of normal tissues (90%). This dependence correlates
with the pharmacokinetics of MB in small tumors: after
5 minutes, the maximum accumulation of MB (in the
oxidized «blue» form) is observed, after an hour the
concentration of the drug decreases.

The dependence of oxygenation of large tissues on
time after the introduction of MB has a different character.
Initially, oxygenation of large tumors is lower and is about
70% of the norm. 5-10 minutes after the administration
of MB, an increase in oxygenation up to 90% is observed,
and then oxygenation begins to decrease and is about 65
and 40% 1 and 5 hours after administration, respectively.

According to literature data, MB increases oxygen
consumption by tissues with aerobic glycolysis [28]. In this
case, oxygen consumption is understood as the amount
of oxygen absorbed and used by the body per minute,
that is, this is the rate of oxygen use. From the point of
view of oxygen consumption, the obtained dependences
of the oxygenation on time can be interpreted as
follows. For small tumors, MB accumulates rapidly in the
tumor and increases oxygen uptake. At the same time,
oxygenation of hemoglobin in the microvasculature
in the tumor area is reduced. After a while, the
concentration of MB decreases and oxygenation begins
to increase. At the same time, a temporary increase in
oxygen consumption leads to the increase of tumor
oxygenation after exposure, which exceeds the initial
one. For large tumors, MB accumulation is slower and the
concentration accumulated in the tumor is significantly
lower than in small tumors (Fig. 5), since the central part
of the tumor is poorly supplied with blood. A decrease
in oxygenation is observed after a longer time after the
administration of the drug (Fig. 7) since more time is
required for MB to accumulate in tumor tissues and have
an effect. The increase in the oxygenation level after 5-10
minutes can be explained by the positive effect of MB on
peripheral blood flow.

Assessment of intracellular metabolism by
endogenous NADH photoluminescence lifetime

Time-resolved fluorescence imaging was used
to investigate the effect of MB administration on the
metabolic type of tumor tissues. Phasor diagrams in
the NADH spectral range from tumor slices after MB
intravenous injection in 20 mg/kg dose are shown in Fig. 8.

The phasor diagrams of tumors treated with MB show
a shift towards shorter lifetimes relative to the control
tumor. The NADH a,/a, metabolic index calculated from

small tumor / maneHbKas onyxonb

12 4 big tumor / 6onbluas onyxonb

0.6

0.4 A

Oxygenation, % / OkcureHaums, %
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W20 mg/kg / 20 mr/kr
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Puc. 7. CteneHb OKcUreHauum ony-
XOJI MO OTHOLUEHUIO K HOPManbHOWM
TKaHuW, onpefeneHHas no nornaoule-
HUIO remMorno6uHa fo, Yepes 5 MUH
1 Yyepe3 1 4 nocne BHYTPUBEHHOIO
BBEJE€HUS METU/IEHOBOIrO CUHEro B
pose 10 1 20 Mr/Kr.

Fig. 7. The oxygenation level of
tumor in relation to normal tissue,
determined by the hemoglobin
absorption before, and 5 minutes
and 1 hour after MB intravenous
administration at a dose of 10 and
20 mg/kg.
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slice images amounted to 8.01+1.84, 7.12+0.87 and
6.65+1.56 for the control tumor without MB, the center and
periphery of the tumor with MB, respectively. Such a shift
in the metabolic index indicates a change in the type of
metabolism from glycolysis to oxidative phosphorylation.

Thedifferencein theresultsforthe centerand periphery
of the tumor is due to the fact that the blood vessels that
deliver oxygen and MB to the tumor, identified in general
toward the epithelial surface but notintertwined deep into
the tumor bulk [42]. For tumors, there is usually a decrease
in the gradient of oxygen and nutrients from the periphery
to the center. Thus, for the periphery of the tumor, there is
a higher accumulation of MB due to a better blood supply,
as well as a better supply of oxygen.

Conclusion

Using fluorescent imaging and spectroscopic
methods, the accumulation of MB in tumors in vivo
was studied, its effect on the hemoglobin oxygenation
level in the tissue microvasculature, as well as tumor
metabolism, were analyzed.

After intravenous administration, a rapid decrease in
the MB fluorescence intensity was observed in the tumor.
After 20 seconds, the luminescenceintensity decreases by
4timesrelative to the initial value and remains at this level.
We assume that the observed decrease in the intensity
of MB fluorescence is due to the rapid transition to the
reduced LMB due to interaction with the components
of the tumor microenvironment. This assumption is
confirmed by the absorption spectra of cryosections
ex vivo showing the presence of the transition of MB to
LMB in the tumor. Intense absorption in the UV range,
presumably corresponding to the absorption of LMB,
was observed in the absorption spectrum of the tumor.

For small tumors, MB accumulates rapidly in the
tumor and increases oxygen uptake, so the oxygenation
of hemoglobin in the microvasculature in the tumor
area decreases. When the concentration of methylene
blue decreases and oxygenation begins to increase.
At the same time, a temporary increase in oxygen
consumption leads to the increase of tumor oxygenation
after exposure, which exceeds the initial one. For large
tumors, MB accumulation is slower, so the decrease in
oxygenation is observed after a longer time after the
administration of the drug.

The phasor diagrams of tumors treated with MB show
a shift towards shorter lifetimes relative to the control
tumor. The NADH a,/a, metabolic index calculated from
slice images amounted to 8.01+1.84, 7.12+0.87 and
6.65+1.56 for the control without MB, the center and
periphery of the tumor with MB, respectively. Such a shift
in the metabolic index indicates a change in the type of
metabolism from glycolysis to oxidative phosphorylation.

Thus, the use of MB contributes to an increase in
oxygen consumption by the tumor, and also leads to a
shift in metabolism towards oxidative phosphorylation.
We assume that this will positively influence the tumor
microenvironment towards tumor regression. Increasing
tissue oxygenation with the help of MB will significantly
increase the effectiveness of PDT. The results obtained
have great potential for practical implementation,
as they will significantly increase the effectiveness of
modern methods of cancer therapy, especially in relation
to tumors in a state of hypoxia that are difficult to treat.
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