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Abstract

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

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

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

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

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

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

KoHTtakTbi: lNomuHoBa [.B., e-mail: pominovadv@gmail.com

Onsa yntupoBaHus: MNomvHosa [.B., Pa6osa A.B., PomanuwwknH W.1., Mapkosa W.B., AxnitocTrHa E.B., Cko6enbuuH A.C. CnekTpockonuyeckoe
nccnefoBaHre $oTodpr3nIECcKX CBONCTB METUNEHOBOTO CrHero B bronoruyeckux cpepax // Biomedical Photonics. — 2023. - T. 12, N2 2. —

C. 34-47.doi: 10.24931/2413-9432-2023-12-2-34-47.

Introduction

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

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

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

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

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

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

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

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

Materials and methods

Materials

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

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

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

Absorption spectroscopy

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

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

Fluorescence spectra and lifetime measurements

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

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

Study of photobleaching in biological media

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

Assessment of photodynamic activity of MB in vitro

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

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

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

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

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

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

Results and discussion

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

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

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

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

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

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

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

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

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

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

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

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

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

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

m H,0
1 © Nacl
RPMI media / cpega RPMI
® serum / nnasma *

IS
1

N

dimer/monomer ratio /
OTHOLLEHMe AuMmep/MoHOMep
w
1

[y

0.02
C.mM/C.mM

0.03

Puc. 3. 3aBMCMMOCTb OTHOLUEHUS NJioWwaaen noa NnMkaMmu
COOTBETCTBYIOLWMMU JUMEPaM U MOHOMepaM (OTHoLIeHne
aumep/MOHOMED) OT KOHLEHTpaLuu.

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

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

A study of the MB fluorescence lifetime depending
on concentration was carried out. No significant
differences in lifetime were observed for all investigated
concentrations (Table 1), which may indicate that the
aggregates formed at high concentrations of MB do not
fluoresce.
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Fig. 4. Fluorescence spectra of MB in water as a function of
concentration.
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pax B 3aBUCMMOCTU OT KOHLIEHTPaLUK.

Table 1

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

0.001 0.3687
0.003 0.3700
0.01 0.3696
0.03 0.3696
0.1 0.3707

Influence of laser exposure on absorption and
fluorescence

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

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

The results of previous studies also show that MB
is photostable in water, the photodegradation of
molecules when irradiated with doses up to 50 J/cm?
does not exceed 40% [43], while for lower concentrations
of MB photobleaching occurs more rapidly, which is
presumably due to the large volume of the irradiated
area at low concentrations, at high concentrations of
the drug is absorbed most of the radiation in a thin layer
due to high optical density. Due to the small amount of
oxygen in the thin layer, the photobleaching rate at high
concentrations slows down because it is limited by the
oxygen diffusion rate.
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08 41" * B
{ LR T e
~ o 0
s @ k
35°%°7" g
== o °
044 & . Puc. 7. CHWKeHUe MHTEHCUBHOCTU
é ° dnyopecueHuum MC B 3aBUCMMOCTH
?. ¢ ¢ o OT NMJIOTHOCTK A03bl U3NyHEHUS 3a CYET
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The photobleaching rate in physiological solution is

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

The obtained dependencies indirectly indicate that

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

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

%

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

Assessment of photodynamic activity and efficiency

The photobleaching rate in plasma as well as in  of singlet oxygen generation in vitro
water [43] depends on concentration, and at high The value of photodynamic activity determined
concentrations is slower, Fig. 8. by irreversible quenching of singlet oxygen which is
1.2 A
© 0.003 mM -0.96 mg/kg / 0.003 MM - 0.96 mr/kr
1 e © 0.005 mM - 1.6 mg/kg / 0.005 MM - 1.6 mr/kr
]
X "9. 0.01 mM - 3.2 mg/kg / 0.01 MM - 3.2 mr/kr
- .’q e 0.03mM - 9.6 mg/kg /0.03 MM - 9.6 mr/kr
g 0.8 1} :
. !
S " .
= 064 T
E; L4
— 1 @
I o
0\ . 0"“'
S 041 % Puc. 8. CHUXeHUe MHTEHCUBHOCTHU dnyo-
i . . é . . pecueHuunn MC 3a cuyet poTogerpagauumn
e 4 ¢ ° . B 3aBUCUMOCTU OT NJIOTHOCTHU J03bl U3NTY-
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° ° . L ° e Fig. 8. Decrease in MB fluorescence
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Fig. 9. Absorption spectra of MB before and after irradiation in various biological media.
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equivalent to the quantum yield of singlet oxygen
generation for MB in the concentration range of 1-100
mg/kg relative to aluminum phthalocyanine (A =
0.38) was 0.0065 + 0.0014. In the investigated range
of MB concentrations, the efficiency of singlet oxygen
generation is rather low.

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

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

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

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

The results on ROS generation and low quantum
yield of singlet oxygen generation confirm the tendency
of MB to shift from type Il photosensitization mechanism
(energy transfer to oxygen with formation of singlet

without irradiation /
6e3 0bnyyeHus

control /
KOHTPOJb

MB 20 mg/kg 20 min /
MC 20 mr/kr 20 MuH
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Puc. 10. UHTerpanbHas UHTEHCUBHOCTb
(ycpeaHeHue no Bcen KapTUHKe) pnyo-
pecueHuunmn ceHcopa Ha ADK B KneTkax
nocne HakonneHus MC n oGny4yeHus.
Fig. 10. Integral intensity (averaging
over the whole picture) of the ROS
sensor fluorescence in cells after MB
accumulation and irradiation.

MB
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oxygen) to type | mechanism (electron transfer with
formation of MB* semi-reduced and semi-oxidized
radicals) [50].

Conclusion

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

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

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

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

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

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

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