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Abstract

In this paper we studied the photodynamic activity (the rate of molecular oxygen utilization during irradiation) of methylene blue (MB) in erythrocyte
suspensions in vitro. Using spectroscopy and confocal microscopy with fluorescent sensors for singlet oxygen and other active oxygen species, it
was shown that with an increase in the MB concentration (10-100 mg/kg), the molar photodynamic activity decreases. It was found that 5-10% of
the MB added to erythrocytes tightly binds to the erythrocyte membranes, and the generation of singlet oxygen ('O,) is suppressed in favor of type
| reactions (formation of H,0,, O,+", OH). Another 40% of the MB added to erythrocytes is converted into a colorless leuco form, but is reoxidized
back to MB under photodynamic exposure. The maximum relative quantum yield of 'O, generation (p,) among those measured in erythrocyte
suspensions was 0.014 for a 10 mg/kg MB concentration, which is an order of magnitude lower than the values for MB in organic solvents and for
the aluminum sulfonated phthalocyanine comparison photosensitizer (PS) (9, =0.38). Interaction with erythrocytes (aggregation, reduction to the
leuco form, competition for oxygen) explains the decrease in the MB efficiency under physiological conditions compared to organic solvents. The
obtained results are important from the point of view of optimizing the systemic use of MB in photodynamic therapy.
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MCCNEOOBAHUE ®OTOOMHAMMYECKOM AKTUBHOCTU
METUNEHOBOIO CMHEIFO HA CYCMEH3MIX
SPUTPOLIUTOB IN VITRO
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Peslome

B pabote nccnepoBaHa poToarHaMUYEeCKas akTMBHOCTb (MO CKOPOCTM YTUM3aLMY MONEKYAPHOIO KUCIIOPOAA Npu 061y4YeHUr) METUIEHOBOFO
cunHero (MC) B cycneH3uax spuTpoLmToB in vitro. MeTofamm CneKTpocKonuy 1 KOHPOKasIbHON MUKPOCKONMN C GpyOpeCLIeHTHbIMY CeHCopamu
Ha CMHINIETHDIN KNCIIOPOA, 1 APYrue akT1BHble pOPMbI KCIIopofa NoKasaHo, YTo npu yBenmyeHnn koHueHTpaumm MC (10-100 mr/Kr) monapHas
doTognHamMmuecKan akTUBHOCTb CHIXKAETCA. YCTaHOBIIEHO, YTO 5-10% oT o6aBneHHoro K aputpoumtam MC npoyHo cBA3biBaeTcA ¢ MeMbpaHa-
MV SPUTPOLINTOB, a reHepaLa cUHFneTHoro Kucnopoaa ('O,) noaaensAeTca B nonb3y peakuuii | Tuna (o6pasosaHue H,0,, O,+, <OH). Ewie nopsaka
40% ot pobaBneHHoro K sputpouutam MC nepexoauT B 6ecLBeTHYO IeNKopopmy, ofgHaKo npr GOTOANHAMUYECKOM BO3AENCTBUM OKUCTIAETCA
06paTHo 10 MC. MaKcManbHblii KBaHTOBbIN Bbixof, reHepaLmm 'O, (¢,) B cycneHsuax aputpoumntos coctasui 0,014 ansa KoHueHTpaumm MC 10
MI/KT, YTO Ha MOPAAOK Hike 3HaueHNii Ana MC B opraHMyeckix pacTBopuTenax v ansa GotoceHcrnbrnmsatopa cpasHeHna GpotoceHc (¢, = 0,38).
B3avmopgericTBre C 3puTpoLMTamMm (arperauusi, BOCCTaHOBJIEHVE B IENKOPOPMY, KOHKYPEHLMA 3a KUCIIOPOA) OOBbACHAET CHIXKeHVE dbdeKTrB-
HocT MC B $13110N0rMyecKmx yCioBrsAX N0 CPAaBHEHMIO C OPraHNYeCKMI pacTBOpuTenamu. MonyyeHHble pesynbTaTtbl BaXkHbl C TOUKW 3peHus
ONTUMU3aLUN CUCTEMHOTO NprMeHeHna MC B GOTOANHAMNYECKON Tepanmu.

KnioueBble cnoBa: METUIEHOBbIV CUHWIA, CMEKTPOCKONUs, nornolleHune, dbnyopecueHums, dotoobecueurBaHmne, ADK, CHIMETHbIV K1Co-
poa.
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Introduction

Photodynamic Therapy (PDT) is a method based on
the interaction of a photosensitizer (PS), light of a specific
wavelength, and molecular oxygen (0,). The interaction
of these components results in the formation of cytotoxic
reactive oxygen species (ROS). Upon light irradiation, the
PS transition from its ground state to an excited singlet
state occurs, followed by intersystem conversion to atriplet
state. Depending on the ROS generation mechanism, two
types of reactions are distinguished: Type | — hydrogen
removal or electron transfer between the PS excited
triplet state and a substrate, leading to the formation of
free radicals (H,0,, «OH, O,+7); Type Il - energy transfer from
the PS triplet state to molecular oxygen, generating highly
reactive singlet oxygen (0,11, 2.

Singlet oxygen generation results in a potent cytotoxic
effect and is a more efficient mechanism of photodynamic
action. However, although the Type Il mechanism is
considered dominant in most PDT scenarios, Type |
becomes more relevant under the hypoxic conditions,
characteristic for tumor tissues [3, 4]. The cytotoxic ROS
generated by Type | photodynamic reactions, including
H,0,, OH, and O,+", can stimulate cell apoptosis or necrosis,
vascular damage, and immune system activation [5, 6]. PDT
is currently widely used in clinical practice [7-12].

The ratio between Type | and Type Il reactions
depends on the photophysical properties of the
chosen PS. Methylene blue (MB), a cationic thiazine
dye, is extensively studied as a PS. MB has been used
effectively for PDT of various tumors [13]. According to
the literature, MB can generate singlet oxygen with a
high quantum yield (@A ~0.5 in CH;0H, 0.52 in EtOH),
which, combined with relatively low dark toxicity [14, 15],
makes it an attractive PS. However, it should be noted
that measurements of singlet oxygen quantum yield are
primarily performed in ethanol or organic solvents [15].

Currently, the clinical application of MB is limited
by several factors related to its aggregation in aqueous
environments and interactions with biological
systems, such as erythrocytes. In aqueous solutions at
concentrations about 10 pM, MB tends to aggregate,
forming dimers, trimers, and higher-order aggregates
[16, 17]. Aggregate formation alters absorption and
fluorescence spectra, fluorescence lifetime, and the
photophysical characteristics of the dye, thereby
affecting its photodynamic activity and efficacy as a
PS [5, 18]. MB forms H-aggregates, whose fluorescence
intensity is lower than that of monomers; consequently,
luminescence intensity decreases as the dimer/
monomer ratio increases. A strong correlation has
been demonstrated between changes in photophysical
properties and solvent polarity, viscosity, and dielectric
constant. The critical concentration for MB aggregation
is higher in solvents with a greater dielectric constant,
and MB aggregation in alcohols differs from that in

aqueous solutions, highlighting the importance of the
solvent environment for studies of MB aggregation and
photophysical properties in medical applications [17].
Data indicate that MB aggregation and dimerization also
alter the type of photodynamic reaction [18]; MB dimers
predominantly undergo electron transfer pathways to
deactivate the excited state (Type | reaction), with almost
complete suppression of singlet oxygen generation [19].

Beyond concentration-dependent aggregation, the
positively charged MB can bind to negatively charged
cell membranes [19, 20]. The interaction of MB with
erythrocytes has been actively investigated in the
context of treating methemoglobinemia — a condition
caused by oxidative stress where hemoglobin is oxidized
to methemoglobin (MetHb), losing its oxygen-carrying
capacity [21]. Upon interaction with erythrocytes, MB
accumulates within them via a "reductive uptake"
mechanism: upon entering the cell, it is reduced by
NADPH-dependent enzymes of the pentose phosphate
pathway to colorless leuco-methylene blue (LMB),
which does not absorb light in the red region, loses its
photosensitizing ability, and is retained intracellularly until
re-oxidation occurs [22]. During methemoglobinemia, MB
within erythrocytes acts as a cofactor for the flavin reductase
enzyme (biliverdin reductase B, BLVRB), accelerating the
reduction of MetHb to functional hemoglobin: oxidized
MB (blue) accepts electrons from NADPH via BLVRB,
converting to LMB. LMB directly reduces MetHDb, itself being
oxidized back to MB and closing the catalytic cycle [21, 23—
26]. This process can limit the photodynamically effective
concentration of MB after its systemic administration.

MB enhances the respiratory metabolism of
erythrocytes, increasing O, consumption, which may lead
to hypoxia in the irradiation zone [27]. However, in the case
of tumors, systemic administration in vivo may conversely
increase oxygenation over time due to a metabolic shift
towards oxidative phosphorylation [28, 29].

Thus, numerous factors influence the photodynamic
activity of MB. Although the interaction of MB with
erythrocytes has been well studied in the context of
methemoglobinemia treatment, the impact of this
interaction on MB's photodynamic activity has not been
studied. Under physiological conditions, MB's behavior
fundamentally differs from that in organic solvents and
alcohols: interaction with erythrocytes, reduction to the
leuco-form, and competition for oxygen radically alter its
photophysical properties upon systemic administration.

In this work, we investigated the photodynamic activity
of MB in erythrocyte suspensions, assessing the influence
of dimerization, reduction to LMB, and interaction with
erythrocytes on the type of photodynamic reaction (I or Il).
The results will enable optimization of PDT parameters for
systemic MB administration, explain the limitations of its
clinical application, and propose strategies to overcome
these limitations.
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Materials and methods

Sample Preparation

An erythrocyte suspension was prepared in saline
(40% red blood cells, 60% saline). The suspension pH
was maintained at physiological level. The erythrocyte
suspension was then mixed with the investigated PS
in a 1.5 ml Eppendorf tube and incubated at 37°C in
complete darkness. A 1% aqueous solution of MB (JSC
"Samaramedprom", Russia) was used. The investigated
MB concentrations were 0, 1, 10, 20, 40, 60, 80, and
100 mg/kg. For comparison, the aluminum sulfonated
phthalocyanine-based PS photosens® (NIOPIK, Russia)
was used at a concentration of 1 mg/kg; its singlet
oxygen quantum yield is reported to be 0.38.

Detection of ROS and Singlet Oxygen Using
Fluorescent Indicators

The fluorescent indicator 6-carboxy-2'7'-dichloro-
dihydrofluorescein diacetate (c-H,DCFDA, Lumiprobe,
Russia) at 25 pM was used to assess ROS generation
(H,0,, Oy, *OH, ROOH, ONOO"). Singlet Oxygen Sensor
Green (SOSG, Lumiprobe, Russia) at 10-100 uM was used
to detect singlet oxygen ('O,) in aqueous solutions.
The erythrocyte suspension was incubated with MB (0-
100 mg/kg) in saline for 30 min at 37°C. The fluorescent
indicator was then added, followed by another
30 min incubation. To generate ROS, samples were
irradiated with a laser (660 nm, 40 mW/cm? dose
50 J/cm?). Fluorescence of the ROS indicators (c-H,DCFDA
and SOSG) was recorded using an inverted confocal
microscope LSM-710-NLO (Carl Zeiss, Germany) with 488
nm excitation and detection in the 510-580 nm range.
Additionally, PS fluorescence was recorded using 633 nm
laser excitation and signal detection in the 650-730 nm
range. Fluorescence intensities of the indicators and PS
were analyzed, averaged over the image.

Spectrophotometric Analysis of MB Aggregation
and Binding to Erythrocytes

Incubation of PS with erythrocyte suspensions was
performed for 15 min, after which absorption spectra
were measured. To evaluate MB binding to erythrocytes,
samples were centrifuged for 5 min at 3570 g, the
supernatant was removed and replaced with fresh saline
(this procedure was repeated twice), and measurements
were repeated.

Absorption spectra were recorded using a Hitachi
U3400 spectrophotometer (Japan) in quartz cuvettes
(1 mm optical path) over the 200-1000 nm range. To
analyze MB aggregation and binding to erythrocytes,
the spectra were approximated by the sum of three
spectra corresponding to erythrocyte absorption,
MB absorption at 10 mg/kg, and background signal
(scattering). The shape of the experimental spectrum
and the approximation were compared, and differences
were analyzed. Since the shape of the MB absorption
spectrum depends on concentration, the form of the MB

absorption spectrum was determined by subtracting
the approximated erythrocyte absorption spectra and
background from the experimentally recorded absorption
spectra of erythrocyte suspensions containing MB.

Evaluation of MB Photodynamic Activity and
Singlet Oxygen Generation Efficiency by Spectroscopic
Methods

The photodynamic activity of MB was assessed
spectroscopically by the rate of hemoglobin deoxyge-
nation during PDT [30, 31] with PS (MB or aluminum
sulfonated phthalocyanine) on erythrocyte suspensions.

Samples consisted of an erythrocyte suspension
with PS in saline, were placed between two coverslips
separated by a 200 um thick plastic spacer. The sample
volume was 100 pl. Hemoglobin oxygenation was
evaluated based on absorption spectra measured
using a LESA-01-Biospec spectrophotometer (Biospec,
Russia) with a halogen lamp light source. This was
done by approximating the measured absorption
spectrum as the sum of the absorption spectra of
oxygenated hemoglobin, deoxygenated hemoglobin,
and background scattering (linear dependence).
Hemoglobin oxygenation was calculated as the ratio of
oxygenated hemoglobin absorption to the total (oxy-
and deoxy-) hemoglobin absorption. For PDT, samples
were irradiated within the PS absorption band using a
semiconductor laser source (wavelength 660 nm, power
density 167 mW/cm?; irradiation duration 8 min). The
experimental setup is shown in Fig. 1.

During PDT mediated by a Type Il PS, the generated
'0, undergoes irreversible reactions with biological
molecules, leading to a decrease in dissolved 30, in the
sample and, consequently, hemoglobin deoxygenation.
Thus, the photodynamic activity of the investigated PS can
be evaluated by the rate of hemoglobin deoxygenation.

The relative quantum yield of 0, generation (@A)
can be quantitatively assessed to evaluate PS efficiency.
This requires comparing the hemoglobin deoxygenation
rate using the investigated PS with the rate using a PS of
known quantum yield. The relative quantum yield of 'O,
generation for MB concentrations of 10-100 mg/kg can
then be calculated using the relationship:

C(PS)-(PS)

)= ) < (i)

“ Pa (PS) (M
where C is concentration and 1 is deoxygenation time.
The 1 value was determined from experimentally
measured deoxygenation curves using the dose-
response relationship:

max —min (2

S (1) = max———"5
t
1+(j
T

where t is time, max is the maximum asymptote value,
min is the minimum asymptote value (Fig. 2).

BIOMEDICAL PHOTONICS T. 14, N2e3/2025



Markova L.V., Ryabova A.V., Romanishkin I.D., Pominova D.V.

Study of methylene blue photodynamic activity on erythrocyte suspensions in vitro

spectrometer /
cnekTpomeTp

laser / nasep

o

abs / abs

optical fiber

sample/ obpasel, 11

C

Oxygenation / OkcureHauma

——absorbtion spectra /
CNEKTP NOTNOWEHHNA

——fit / annpokcumauua

——oxygenated Hb /
OKCUreHUpoBaH HbIl

remornobuH
——desoxygenated Hb /

AeBOKCMI‘EHMPOBaHHbIVI

remorno6uH
----- boH / baseline

l time / Bpems

Puc. 1. Cxema ycTaHOB-
KU Ansi U3BMEPEHUS CKO-
pPOCTU Ae30KCcUreHaummn
remorsno6uHa.

Fig. 1. Schematic
representation of the
setup for hemoglobin

halogen lamp / ranoreHosas namna o

The difference between the maximum and minimum
asymptotes (delta, the change in oxygenation value over
a measured time interval) and the steepness of the curve
slope (deoxygenation rate) were also determined from
the dependence.

In addition to the relative quantum vyield, the
photodynamic activity of MB was calculated as a
quantitative characteristic of 'O, generation efficiency. It
is known that during PDT, if oxygen deficiency is not a
limiting factor and under low irradiance where ground
state PS depletion is negligible, the oxygen consumption
rate is expressed by the following equation:

Cppr=a-¢@, C-P, (3)

where [opris the oxygen consumption rate, M/(I's); a is the
singlet oxygen generation efficiency coefficient, cm?/J; o,
is the quantum yield of chemical (irreversible) quenching
of '0,; C is the molar concentration of PS, M; P is the
irradiance, W/cm?. The singlet oxygen generation efficiency
coefficient (i.e., the number of 'O, molecules generated per
PS molecule per light dose of 1 J/cm?) is calculated by:

a=Ei~<pAz1.923x10-5-g~/l~<pA, @

hv

10 -
In0-¢ _ absorption cross-section of the PS

h-c
molecule,cm? E, =——

where o =

A

- photon energy, J; ¢, ~ quantum

yield of '0, formation; A - irradiation wavelength, nm; € -
extinction coefficient of the PS, Lmol™-cm™. We used
extinction coefficient values € in saline at A=660 nm: for
MB 53300 Lmol™-cm™ [32], for aluminum sulfo-nated
phthalocyanine 82000 L-mol~-cm™.

The PDT oxygen consumption rate [, can also
be experimentally estimated from the change in

hemoglobin oxygen saturation in the sample:

ds
T,y =—4-[Hb,] dfz , (5)

deoxygenation rate
T T ) measuring.
100 200 300 400 500
time, sec / Bpema, cek
Cy .
where [Hb,,|= - total molar concentration of
MHb
S,
hemoglobin tetramer in the sample, mol/L; doz - rate
t

of change of hemoglobin oxygen saturation; C,,, — hemo-
globin concentration in blood (typically 130-150 g/L, in
our case 152 g/L), g/L; M_,, = 66,500 g/mol — molecular
weight of the hemoglobin molecule (tetramer).

Due to the low probability of chemical quenching
of '0, molecules, it is more convenient to evaluate the
photodynamic activity ¥ as the probability of chemical
quenching of a '0, molecule per 100 photons absorbed
by the PS: Y=o, g, 100. (6)

Using equations (3 - 5) and substituting the value

of @ ,, we obtain from the slope of the experimental
hemoglobin deoxygenation curve at the initial time
point after PDT onset: s
o [Hb,,] d;’z
Y=52x10" —— & (7)
Ae-C-P
das, (0) S, (0 )
where o.( ): o.(0) _ rate of change of hemoglobin
t T
1 maximum asymptote/ makcumymanstan acumntota
0.9 A1
x
S 08
©
§ 0.7 1 . slope/
s "\ HaKnoH
é 0.6 1 AN delta /
E 0.5 - N \\4 Aaenbta
£ 04 A
f=4
§>° 03
O 02 A |
0.1 ‘ v
0 t/ rl' minimum asvmptote/ MWHMManbHas acumnTota

0 100 200 300 400 500
time, sec / Bpems, cek
Puc. 2. 3aBUCUMOCTb «103a-0TBETHAA peaKuUsi» U ee OCHOBHble

napameTpbl.
Fig. 2. Dose-response function and its main parameters.
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oxygen saturation at the initial moment of irradiation.
Substituting PS molar concentrations in M, wavelength
660 nm, irradiance 167 mW/cm? and an initial hemo-
globin oxygenation level of 0.7 for our samples, we

obtain the resulting formula for calculating the
photodynamic activity of MB:
W=3.02x10° — L (8)
e-C-t

All measurements were performed in triplicate and
then averaged. Data are presented as mean + standard
deviation. Groups were compared using Student's t-test
(p < 0.05 considered significant).

Results and discussion

Investigation of Methylene Blue Photodynamic
Activity Using Fluorescent Indicators

Results of studying the photodynamic activity of
MB and aluminum sulfonated phthalocyanine using
fluorescent indicators - SOSG for detecting singlet
oxygen ('0,) and c-H,DCFDA for detecting ROS other
than singlet oxygen (H,O, O, ‘OH) - revealed that
irradiation of erythrocyte suspensions with aluminum
sulfonated phthalocyanine resulted in increased
SOSG fluorescence intensity compared to the control,
indicating singlet oxygen generation. The fluorescence
intensity of aluminum sulfonated phthalocyanine
increased with increasing irradiation dose, Fig. 3.

After 10 min of irradiation, SOSG fluorescence
intensity decreased due to erythrocyte lysis and
quenching of theindicator's fluorescence by hemoglobin.
SOSG fluorescence intensity after irradiation of
erythrocyte suspensions with MB was significantly lower
than with aluminum sulfonated phthalocyanine and
remained unchanged with increasing irradiation dose.
It is also noteworthy that at the same irradiation dose,
SOSG fluorescence intensity slightly decreased with
increasing MB concentration, suggesting suppression of
'0, generation associated with MB aggregation.

The fluorescence intensity of the PS itself as a func-
tion of irradiation dose was also assessed, Fig. 4.

The fluorescence intensity of aluminum sulfonated
phthalocyanine and MB showed no significant change

SOSG fluorescence / dnyopecueHumna SOSG

30000

with irradiation dose. Probable explanations include
dissociation of MB dimers at low doses, followed by
photobleaching and conversion of MB to LMB in an
oxygen-depleted environment.

When studying erythrocyte suspensions with
c-H,DCFDA and MB, an increase in indicator fluorescence
intensity was observed with increasing MB concentration,
indicating the role of MB aggregation in shifting towards
Type | reactions and ROS generation, Fig. 5.

Interestingly, an increase in ¢-H,DCFDA fluorescence
intensity after irradiation was observed for both MB and
aluminum sulfonated phthalocyanine, the latter being a
Type Il PS primarily generating singlet oxygen. Although
'0, poorly oxidizes c-H,DCFDA to its fluorescent form
directly, several indirect mechanisms may explain this
phenomenon in erythrocyte suspensions [33-36]. Firstly,
indirect oxidation of c-H,DCFDA via secondary ROS
is possible. Reactions of '0, or radicals formed during
its interaction can lead to hydrogen peroxide (H,0,)
formation and increased c-H,DCFDA fluorescence. The
influence of this mechanism is supported by studies in
physiological saline without erythrocytes (Fig. 5), where
an increase in c-H,DCFDA fluorescence after irradiation
was also observed.

In erythrocyte suspensions with aluminum sulfonated
phthalocyanine, the c-H,DCFDA signal increase was
more pronounced compared to physiological saline,
likely due to additional indirect oxidation via products of
'0, reactions with cellular components. Singlet oxygen
is highly reactive with double bonds in erythrocyte
membrane lipids, leading to lipid hydroperoxide (LOOH)
formation. Singlet oxygen can also damage heme,
releasing iron, a potent catalyst for Fenton/Haber-Weiss
reactions generating ROS. Methemoglobin (MetHb, Fe3h)
or heme itself can decompose LOOH or H,0, (formed
from other ROS), generating highly reactive radicals (LO-,
«OH) that oxidize c-H2DCFDA. Fe?*' ions also catalyze
LOOH decomposition via the Fenton reaction:

LOOH + Fe** > LO +OH + Fe'™, (9

producing lipid alkoxyl radicals (LO-) that oxidize
c-H,DCFDAand initiate lipid peroxidation chain reactions,
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OT A03bl 06/ly4eHUs NpuU pas-
JINYHBIX KOHLeHTpauuax ®C.
Fig. 5. Dependence of the
indicator for detecting ROS
other than singlet oxygen
c-H,DCFDA fluorescence
intensity on the irradiation
dose at different concent-
rations of PS.

erm whithout irradiation /

erm_50J/cm? / aputpouutsl  fr whithout irradiation / dus.

3puTpoumTsl 6e3 obyueHus 50 Mx/cm? p-p. 6e3 obnyueHus

generating new radicals (L., LOO-) and peroxides, which
can also oxidize c-H,DCFDA.

Thus, c-H,DCFDA fluorescence after irradiating
erythro-cyte suspensionswithaPSisadirect consequence
of potent 'O, generation within the lipid-rich, catalyst-
abundant erythrocyte environment. 'O, triggers a cascade
of secondary reactions, and c-H,DCFDA detects not the
primary 'O, itself, but the total oxidative stress arising
from its reaction with key erythrocyte components and
subsequent chain reactions catalyzed by hemoglobin
and iron. The role of erythrocyte interaction is confirmed
by the increased c-H,DCFDA signal in control erythrocyte
suspensions without added PS compared to physiological
saline.

When interpreting these results, it is important to
consider sensor limitations. SOSG s relatively specificto 'O,
but can react with other oxidants. c-H,DCFDA is oxidized
by a broad spectrum of ROS and is non-specific. Moreover,
hemoglobin itself can influence indicator fluorescence
(absorption quenching) or conversely catalyze their
oxidation. However, the contrast between the SOSG
fluorescence data (aluminum sulfonated phthalocyanine
>> MB) and c-H,DCFDA data (MB > aluminum sulfonated
phthalocyanine) convincingly indicates the predominance
of different photodynamic mechanisms: Type Il for
aluminum sulfonated phthalocyanine and a mixed I/
Il type with dominance of Type | for MB in this system.
Spectroscopic methods without additional indicators

BIOMEDICAL PHOTONICS T. 14, N23/2025

fr_50J/cm? / ¢us. p-p. 50
Lw/cm?

may provide more precise results and allow quantitative
assessment of 'O, generation efficiency.

Spectral Analysis of MB Aggregation and Binding to
Erythrocytes

To evaluate MB aggregation upon interaction with
erythrocytes, absorption spectra were recorded and
changes in their shape within the 600-700 nm region
(corresponding to MB absorption) were analyzed.
Absorption spectra recorded for erythrocyte suspensions
with various MB concentrations and their approximation
as the sum of erythrocyte suspension and MB solution
spectra are presented in Fig. 6.

Increasing of MB concentration led to greater
divergence between experimentally measured spectra
and the approximation. To recover the true absorption
spectrum shape corresponding to MB within the
erythrocyte suspension, the approximated erythrocyte
absorption spectra and background were subtracted
from the experimental data. The resulting MB absorption
spectra were compared with experimental absorption
spectra of the supernatant after centrifuging the MB-
treated erythrocyte suspension, Fig. 7.

The shape of the absorption spectrum obtained via
decomposition and subtraction completely matched the
supernatant absorption spectrum and the shape of the
MB spectrum in physiological saline, indicating that no
additional MB aggregation occurs upon interaction with
erythrocytes.
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To assess MB binding to erythrocytes, absorption
spectra of erythrocyte suspensions were recorded after
centrifugation and three additional washes to remove
unbound MB, followed by approximation, Fig. 8.

The MB absorption spectra obtained via approxima-
tion show that after washing, the MB absorption peak
(~664 nm) is still present in the erythrocyte suspension
spectra. Approximately 5% of the initial MB concentration
(~5 mg/kg for an initial concentration of 100 mg/kg)
remained bound to the erythrocytes.

Thus, it can be concluded that while interaction with
erythrocytes does not induce additional aggregation,
a portion of MB binds to erythrocyte membranes via
electrostatic interactions.

Hemoglobin Deoxygenation Kinetics

Deoxygenation curves recorded for erythrocyte
suspensions with different MB concentrations are
presented in Fig. 9.

During irradiation, the hemoglobin deoxygenation
rate increased with MB concentration. Interestingly, the
deoxygenation rate for the sample with an initial MB
concentration of 100 mg/kg, after washing to remove

MB 1 mg/kg /MC 1 mr/kr —MB1mg/kg/

MC 1mr/kr

fit /

annpokcumaums
——3puTpouuTsl /

erm
MB/MC

350 450 550 650 750 850

A nm /A HM

08 - MB 10 mg/kg /MC 10 mr/kr

——MB 10 mg/kg /
MC 10 mr/kr

—fit /
annpokcumauua

« 05 4
< —>3puTpouuTsl /
: 0.4 erm
£
2 65 MB / MC
0.2
0.1
\
0 T T T v '
350 450 550 650 750 850
A, nm /A, Hm
34 = MB 100 mg/kg /MC 100 mr/kr
——MB 100 mg/kg /
1.2 MC 100 mr/kr

—fit /
annpokcumauma
—3putpouuts /
erm
MB/MC

—— background /
doH

350 450 550 650 750 850
A, nm /A HMm

Puc. 6. CneKTpbl NOrNOLWeHUs, 3aperucTpUupoBaHHbIe A5 CyCneH-
311 IPUTPOLMTOB C KoHLeHTpauuamu MC 1, 10 u 100 mMr/Kr, u ux
annpoKcMMaLus CyMMOI CNEKTPOB MOOLWEHUs CYCNEeH3UN 3pu-
TpouuToB 1 pacTtBopa MC.

Fig. 6. Absorption spectra recorded for erythrocyte suspension
with 1, 10 and 100 mg/kg MB and their approximation by the
sum of the absorption spectra of the erythrocyte suspension and
the MB solution.

unbound MB, corresponded to the rate observed at 60
mg/kg MB. This suggests that approximately 50% of the
MB remained associated with the erythrocytes - ten times
higher than the concentration determined spectro-
photometrically. We hypothesize this discrepancy is due
to the reduction of MB to LMB within erythrocytes.
Erythrocytes possess potent reductive systems (NADPH
and reduced glutathione, GSH) capable of reducing MB to
LMB. Consequently, during pre-irradiation incubation with
erythrocytes, a significant portion of MB may be converted
intracellularly to the inactive leuco-form. MB primarily
generates ROS via a Type | mechanism upon irradiation.
These ROS attack and deplete key erythrocyte antioxidants.
GSH is oxidized by radicals (especially -OH, HOCI, ONOO")
and peroxides. The enzyme glutathione peroxidase also
consumes GSH to reduce H,0, and lipid hydroperoxides.
NADPH is critically required for glutathione reductase, which
regenerates oxidized glutathione back to GSH. Under massive
oxidative stress, NADPH and GSH reserves are rapidly depleted,
diminishing the cell's reducing capacity and hindering the
reduction of MB to LMB. Under these conditions, LMB can be
oxidized back to MB by oxygen, ROS, or secondary oxidants

——1 mg/kg supernatant / 1 mr/kr
Haj0caoK

—— 10 mg/kg supernatant / 10 mr/kr
Hap0caaoK

—— 100 mg/kg supernatant / 100 mr/kr
Haf0CaAoK

—— MB 1 mg/kg fit / MC 1 mr/kr
annpokcumauua

—— MB 10 mg/kg fit / MC 10 mr/kr
annpoxkcumaumsa

—— MB 100 mg/kg fit / MC 100 mr/kr

450 550 650 750 850 ----- MB 10 mg/kg NaCl / MC 10 mr/xkr
A, nm /A HM NaCl

Puc. 7. CpaBHeHue cneKTpoB nornoweHns MC, nosyy4yeHHbiX B
pe3ynbTate anmnpoKcMMauuu, C IKCNEPUMEHTaANbHbBIMU CMEK-
TpaMu NMOrNoWweHUs cynepHaTaHTa nocse LeHTpudyrupoBaHus.
Fig. 7. Comparison of the MB absorption spectra obtained as a
result of approximation with the experimental absorption spectra
of the supernatant after centrifugation.
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formed during antioxidant depletion. The oxidized MB can
then generate new ROS upon further irradiation. Values
obtained from deoxygenation curve fitting, along with
calculated photodynamic activity (W) and relative singlet
oxygen quantum yield (pA) values, are presented in Table 1.
With increasing MB concentration, deoxygenation
time decreased, while delta and the deoxygenation rate
increased. This indicates that the amount of singlet oxygen
generated increased with MB concentration. Deoxy-
genation time decreased from 33.8 sec (MB 10 mg/kg) to
15.8 sec (MB 100 mg/kg). However, photodynamic activity
decreased with increasing MB concentration, Fig. 10.
Photodynamic activity represents the probability of
chemical quenching of a '0, molecule per 100 photons
absorbed by the PS. The decrease in photodynamic activity
with increasing MB concentration indicates that the
number of photons absorbed by the PS grows faster than
the number of singlet oxygen molecules generated. Over
the concentration range studied, the efficiency of singlet
oxygen generation was relatively low. The relative quantum
yield of 'O, generation was 0.014 at 10 mg/kg MB and

Ta6nuua 1l

——MB 80 mg/kg / MC 80 mr/kr
—— MB 100 mg/kg / MC 100 mr/kr

400 500 ----- MB 100 mg/kg after centrifugation / MC
100 mr/Kr nocne ueHTpudyruposaHms

——control /koHTponb
PS 1 mg/kg /PC 1 mr/kr
MB 10 mg/kg / MC 10 mr/kr
MB 20 mg/kg / MC 20 mr/kr
———MB 40 mg/kg / MC 40 mr/kr

——MB 60 mg/kg / MC 60 mr/kr

Puc. 9. KpuBble ge30KcureHaumm, 3aperu-
CTPUPOBAHHbIE ANS CYCNEH3UI IPUTPOLU-
TOB C pa3/IM4HOM KOHLUeHTpauuei MC.
Fig. 9. Deoxygenation curves recorded for
erythrocyte suspensions with different MB
concentrations.
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Fig. 10. Dependence of photodynamic activity on the MB

concentration.

0.003 at 100 mg/kg MB, one to two orders of magnitude

lower than for aluminum sulfonated phthalocyanine

(@A = 0.38), respectively. This supports the hypothesis that

the photodynamic reaction for MB proceeds predominantly

via Type |, generating ROS other than singlet oxygen.

MNonyyeHHble B pe3ynbTaTe anmnpoKCMMaUWM KPUBbIX AE€30KCUreHauuu 3HavyeHus BpeMeHU Ae3oKcureHauuum (1),
M3MEHEHUS 3HAYeHUS] OKCUreHauun 3a U3MepPEHHbIN NMPOMEXKYTOK BpeMeHMU (Aenbra), CKOPOCTU Ae30KCUreHauuu
(HaKNOH) M paccyuTaHHble 3Ha4YeHUs POTOAMHAMMYECKOU aKTUBHOCTU (V) U OTHOCUTENBHOrO KBAHTOBOrO BbiXxoja

reHepauuu CUHINIETHOro Kucnopopaa (eA)
Table 1

The values of deoxygenation time (1), change in oxygenation value over a measured time interval (delta), deoxygen-
ation rate (slope), and calculated values of photodynamic activity (V) and relative quantum yield of singlet oxygen
generation (pA) obtained as a result of deoxygenation curve approximation

33.8 0.56 127 539 0.014
20 63 27.7 0.9 126 3.24 0.008
MC 40 125 223 0.99 1.75 2.02 0.005
MB 60 188 17.3 1 1.96 1.74 0.004
80 250 184 1 2.16 123 0.003
100 313 15.8 1 2.27 1.14 0.003
CynbGUPOBaHHDIN
ranounaHuH anioMmHuA 1 1 37.5 1 1.49 97.99 0.380

sulfated aluminum
phthalocyanine
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Thus, data obtained using fluorescent indicators and
spectroscopy on MB-mediated ROS generation and the low
quantum yield of singlet oxygen generation confirm the
hypothesis of a shift in the photosensitization mechanism
fromType Il to Type | upon MB interaction with erythrocytes.

Conclusion

It has been established that the interaction of MB
with erythrocytes radically alters its photophysical and
photodynamic properties compared to those observed in
organic solvents. A key finding is the significant suppression
of singletoxygen ('O,) generation - the relative quantumyield
(¢A) does not exceed 0.014 (at an MB concentration of 10mg/
kg) and decreases to 0.003 at 100 mg/kg. This is 1-2 orders of
magnitude lower than values characteristic of MB in alcohols
(@A ~0.5) and the reference photosensitizer aluminum
sulfonated phthalocyanine (@A = 0.38). This reduction
is attributed to several interrelated factors: aggregation
of MB molecules, their specific interaction with erythro-
cytes, and conversion to the inactive reduced form LMB.

It was experimentally confirmed that approximately
5% of the added MB binds to erythrocyte membranes
via electrostatic interactions. Over 40% of MB is reduced
to LMB by erythrocyte enzymes (NADPH-dependent

systems). However, under photodynamic action, LMB can
be oxidized back to active MB, particularly against the
backdrop of depletion of the cell's antioxidant reserves
(NADPH, glutathione) induced by the generated ROS.

The combined use of fluorescent indicators (SOSG
for '0, and c-H,DCFDA for other ROS) and spectroscopic
analysis of hemoglobin deoxygenation kinetics
unequivocally demonstrates a shift in the mechanism of
MB's photodynamic action in the presence of erythrocytes
from Type Il (dominant in organic media) towards Type .
This is manifested by enhanced generation of reactive
oxygen species concurrent with suppressed 'O, yield.

Animportant practical conclusion is the demonstration
of an inverse relationship between the molar photo-
dynamic activity (¥) of MB and its concentration within
the studied range (10-100 mg/kg). Increasing the MB
concentration does not overcome for the loss of efficacy
associated with its interaction with the biological
substrate and may even exacerbate it, likely due to
enhanced aggregation and reduction to the leuco-form.
These findings are critically important for optimizing the
parameters of systemic PDT using MB.

The study was funded by a grant from the Russian
Science Foundation (project N 22-72-10117).
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