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Markova LV., Ryabova A.V., Romanishkin I.D., Pominova D.V.
Study of methylene blue photodynamic activity on erythrocyte suspensions in vitro

STUDY OF METHYLENE BLUE PHOTODYNAMIC
ACTIVITY ON ERYTHROCYTE SUSPENSIONS IN VITRO

Markova L.V.'2, Ryabova A.V."?2, Romanishkin I.D.", Pominova D.V.'?
"Prokhorov General Physics Institute of Russian Academy of Sciences, Moscow, Russia
“National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia

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.

Keywords: methylene blue, spectroscopy, absorption, fluorescence, photobleaching, ROS, singlet oxygen.
Contacts: Pominova D.V., e-mail: pominovadv@gmail.com

For citations: Markova V., Ryabova A.V, Romanishkin I.D.,, Pominova D.V. Study of methylene blue photodynamic activity on erythrocyte
suspensions in vitro, Biomedical Photonics, 2025, vol. 14, no. 3, pp. 4-13. doi: 10.24931/2413-9432-2025-14-3-4-13

MCCNEOOBAHUE ®OTOOMHAMMYECKOM AKTUBHOCTU
METUNEHOBOIO CMHEIFO HA CYCMEH3MIX
SPUTPOLIUTOB IN VITRO

U.B.Mapkoea'?, A.B. Pabosa'?, U.[.Pomanmwkun', [1.B. MomuHoea'?
"Muctutyt obwein dusmkm nm. A. M. Mpoxoposa Poccuitckon akanemmu Hayk, Mockea, Poccus
2HaupmoHanbHbli MCCneaoBaTensckuil aaepHbii yHnsepceutet «MUDUy», Mocksa, Poccus

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.

KouTakTbi: [lomyHoBa [1.B., e-mail: pominovadv@gmail.com

Insa unTupoBaHua: Mapkosa U.B., Pabosa A.B., PomaHuwwkuH /.1, NMomrHoBa [1.B. UccnepoBaHre doToanHaMmMyecko akTMBHOCTY METUSIEHO-

BOFO CMHEro Ha CyCreH31AX 3puTpoLmnToB in vitro // Biomedical Photonics. — 2025. - T. 14, N2 3. - C. 4-13. doi: 10.24931/2413-9432-2025-14-3—
4-13
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Markova L.V., Ryabova A.V., Romanishkin I.D., Pominova D.V.

Study of methylene blue photodynamic activity on erythrocyte suspensions in vitro

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.

ORIGINAL ARTICLES
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Markova LV., Ryabova A.V., Romanishkin I.D., Pominova D.V.

Study of methylene blue photodynamic activity on erythrocyte suspensions in vitro

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).
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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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Fig. 4. Dependence of the
studied PS fluorescence
intensity on the irradiation
dose at different concent-
rations of PS.
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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.
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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
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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
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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
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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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Abstract

The use of UV-C radiation for the treatment of tumors is a stand-alone therapeutic intervention that can induce cellular apoptosis and is indepen-
dent of photosensitizer or oxygen concentration in tumor. To explore the potential of using X-ray excited UV-C luminescent nanoparticles as a
basis for creating drugs to improve radiation therapy, two colloidal solutions of monoclinic La, Pr PO, nanoparticles with different morphologies
of large nanofibers (x = 0.02) or small nanorods (x = 0.05) were prepared using a microwave-assisted hydrothermal method. Comparison of X-ray
excited UV-C luminescence of colloidal solutions showed approximately 6.3 times higher brightness for larger nanoparticles. The intrinsic and
X-ray-induced cytotoxicity of the prepared colloidal solutions on the viability of cancerous Mh22a and healthy L929 cell cultures were studied us-
ing MTT assay and fluorescence microscopy. Fluorescence microscopy showed differences in the types of cell death (apoptosis or necrosis) after
incubation with nanofiber or nanorod samples. X-ray irradiation was performed in two modes with different voltage on the X-ray tube (50 and 80
kV) and the same radiation dose (8 Gy). Groups of cells incubated with nanoparticles and irradiated with 50 kV mode showed greater death rate.
According to MTT analysis, irradiation of cells incubated with La_,.Pr, PO, nanofibers at a concentration of 2 mg/mL reduced survival by 20-30%,
and at the same time, according to fluorescence microscopy data, the number of cells undergoing apoptosis exceeded the number of cells that
died through necrosis and reached 50-70%. Quantitative analysis of the relative number of dead cells caused by X-ray-induced cytotoxicity of
La,..Pr, PO, nanorods did not reveal statistically significant results in reducing cell viability.

Key words: UV-C luminescence, X-ray excited optical luminescence, aqueous colloidal solution of nanocrystals, X-ray induced cytotoxicity, in vitro,
fluorescence microscopy, apoptosis.
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Peslome

Mcnonb3oBaHue YO-C nsnyyeHuns ABAAETCA OTAENbHO CTOALMM TepaneBTUYeCK/M BO3LENCTBUEM Ha PAKOBbIE OMYXOJUN, KOTOPOEe CrIOCO6HO
BbI3blBaTb KJIETOYHbIN anonTo3 v He 3aBMCUT OT GpOTOCEHCMOUNM3aTOPa UM KOHLIEHTPALMM KUCTIOPOAA B onyxonu. [ina uccnefoBaHus no-
TeHLMaa NCrnosib30BaHUA HAHOYACTULL, CMOCOBHbIX K peHTreHontoMuHecueHumun B YO-C ob6nacti, B KauecTBe OCHOBbI AJii CO3A4aHMs Npena-
paTa, HanpaBfIEHHOrO Ha ylyyLleHe JlyYeBor Tepanum, MmapoTepMabHO-MUKPOBOJSTHOBLIM METOAOM OblSIN MPUTOTOBJIEHbI 1Ba KOMTOUAHBIX
pacTBOpa HaHOYACTUL, MOHOKMHHOTO La, Pr PO, ¢ Mopdonoramu KpynHbIX HAHOBOIOKOH (x = 0,02) nnn menkux HaHoctepxHen (x = 0,05).
CpaBHeHue peHTreHonmoMuHecueHunr B YO-C 061acTyi KOMIOMHbIX PacTBOPOB MOKasasno B 6,3 pa3 NpeBOCXOAsALLYy0 APKOCTb AN bonee
KPYMHbIX HaHouacTuL. COBCTBEHHAA U PEHTIEH-MHAYLIMPOBaHHAA LIUTOTOKCMYHOCTb KOMTOMAHBIX PACTBOPOB Ha KyJbType OnyxosieBbiX Kie-
Tok Mh22a n KynbType Knetok L929 6binv nccneposaHbl npu nomoly MTT aHanusa n ¢nyopecLeHTHo MUKpockonumn. OnyopecLieHTHas
MUKPOCKONWA BbisiBUIA Pa3nnuuvs B popme KIETOUHONM CMepTy (anonTo3 Uiv HeKpo3) Nocsie NHKY6aLmy KNeTok ¢ 06pa3LaMy HAHOBOIOKOH
U HaHOCTepPXKHel. ObyyeHne peHTreHOM MPOBOAUN B ABYX PEXMMaX C PasfIMYHbIM HanpsKeHVeM Ha PeHTreHOBCKOW Tpy6Kke (50 munun
80 KB) u c opnHakoBoW o301 065yyeHua (8 Ip). Pynmnbl KNETOK, MHKYOUPOBaHHbIE C KPYMHbIMA HaHOYaCcTML@MI U OBNyUYeHHbIE B PEXN-
Me 50 KB, moka3sanu 6onee Bbicokme nokasatenu rmbenu. CornacHo MTT aHanwusy, ob6syyeHne KNeTok, MHKYOUPOBaHHbIX C HAHOBOTOKHaMU
La, Pr,,,PO, € KOHLEHTpaLyeln 2 Mr/Mi, CHU3UIIO BbIKBAE@MOCTb Ha 20-30%, 1 OAHOBPEMEHHO MO AaHHBIM $/TyOPECLEHTHON MUKPOCKOMUY,
KOJIMYECTBO KINETOK, HAXOAALLYMXCA B anonTo3e, MPEBbICUIO YNCIIO KIIETOK MOrnbLumX nyTem HeKpo3a v focturno 50-70%. KonnyecTBeHHbIN
aHasIM3 OTHOCUTESIbHOTO YKCSIa MOrMOLWX KIETOK, NCCefoBaHHbIX Ha BIIMSAHNE PeHTreH-UHAYLIMPOBAHHON LUTOTOKCMYHOCTM HaHOCTepXKel
La,,Pr,,sPO,, He BbIABMA AOCTOBEPHbIX PE3YbTATOB MO CHUKEHNIO XKN3HECMOCOOHOCTY KNETOK.
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Introduction

A separate mechanism of action on cancer tumors
without the use of a photosensitizer (but not excluding
it) may be the use of nanoparticles (NPs) exhibiting X-ray
excited optical luminescence in the UV-C (200-280 nm)
region. It is known that UV-C quanta have the ability
to initiate cell apoptosis due to direct photochemical
reactions in DNA molecules [1]. This property should
help reduce tissue necrosis, which should facilitate the
body's recovery. Since body tissues strongly absorb UV-C
radiation, to affect deep-seated solid tumors it is necessary
to create a localized source of UV-C quanta, which can
be excited by X-ray irradiation, which easily penetrates
biological tissue. To the best of our knowledge, only one
research group has tested the effect of nanoparticles (NPs)
capable of X-ray-excited optical luminescence in the UV-C
spectral range (lutetium phosphate NPs doped with Pr3*
and Nd** ions) on the deactivation of cancer cells [2-6].
The most significant effects of the combined action of
X-ray-excited UV-C fluorescent nanoparticles and X-ray
irradiation were demonstrated in vitro in [2, 6]. An increase
in the efficiency of radiation exposure under hypoxic
conditions [2] and the possibility of strong inhibition of
cancer spheroid growth as a result of apoptosis, cell cycle
arrest and necrosis [6] were demonstrated.

However, high intensity UV-C radiation can also
be observed in other suitable crystalline matrices
doped with Pr3* or Nd** ions due to the presence of
interconfigurational electronic transitions in these
ions from the excited electron configuration 4f"-'5d'

BIOMEDICAL PHOTONICS T. 14, N23/2025

to the ground electron configuration 4f" (n = 2 and 3,
respectively). Among them is LaPO, nanocrystals with
monazite structure (m-LaPO,, monoclinic system, P2./n)
doped with Pr3*ions, which also exhibit strong emission
in the UV-C range (220-280 nm) due to 4f'5d" — 3H4, 56
°F, transitions in Pr’* ions under high-energy excitation
[7-12]. Since La** and Pr** ions have close ionic radii and
form the same phosphate crystal structure, a higher
degree of substitution of cations with lower structural
defects can be expected. In addition, the 4f'5d" — 3H6
transition in Pr3* ions has an intensity maximum in the
spectral range of 256 nm [7], which practically coincides
with the absorption maximum of DNA [3]. Based on this,
the aim of this work was to conduct an in vitro study of
the intrinsic and X-ray-induced cytotoxicity of aqueous
colloidal solutions of m-La,_ Pr PO, NPs.

Two colloidal solutions of La, Pr PO, NPs with different
morphologies were synthesized by the hydrothermal
microwave-assisted method: nanofibers (La, 44Pr, ,,PO,)
with NPs length up to 600 nm and diameter up to 15 nm
and nanorods (La,,.Pr, PO, with length up to 80 nm and
diameter up to 10 nm. X-ray excited optical luminescence
spectroscopy in the UV-C region of the obtained samples
in the form of colloidal solutions using a highly sensitive
N_-cooled CCD camera designed for the UV range. The
intrinsic cytotoxicity and X-ray-induced cytotoxicity
of the obtained colloidal solutions of La, Pr PO, NPs
with different morphologies was investigated in vitro by
MTT assay. The X-ray-induced cytotoxicity studies were
conducted using therapeutic X-ray radiation operating
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in two different modes of the X-ray tube (accelerating
voltage 50 and 80 kV) and a total dose of 8 Gy. Groups
of cells irradiated with X-rays under the same conditions
without NPs, as well as irradiated with a UV lamp, were
used as controls. The nature of cell death of the control
groups of cells was studied using double staining of cells
and subsequent fluorescence microscopy.

Materials and Methods

Synthesis  of colloidal  solutions
nanoparticles with different morphologies

The initial chemical reagents used in the synthesis
without further purification include: Pr(NO,),-6H,0
(Aldrich, 99.9% purity), La(NO,)-6H,0 (Aldrich, 99.999%
purity), K,HPO,-3H,0 (RuskKhim, analytical grade), tartaric
acid (hps, analytical grade), 25% aqueous solution of
NH,OH (SigmaTek, analytical grade). Throughout all
syntheses, deionized (DI) water (type 1) from a water
deionizer Crystal EX-1001 (Adrona) was used.

La,..Pr,,,PO, sample consisting of nanofibers
(NPs length & diameter not larger than 600 & 15 nm,
respectively) was prepared with 0.5 mmol of REIs (0.49
mmol of La(NO,),-6H,O and 0.01 mmol of Pr(NO,),-6H,0)
and an anion excess ratio of K HPO, equal to 1.25. The
solution of REls (10 mL) was continuously supplied (0.4
mL/min) using a syringe pump directly into solution
containing excess KZHPO4 (15 mL) with constant stirring.
The formed cloudy solution of gel was diluted with DI
water to a volume of 50 mL (resulting pH = 5), transferred
to a 100 ml autoclave (DAK-100), sealed and treated at 200
°Cfor 2 hours under microwave-hydrothermal conditions
usingaspeedwave XPERT (Berghof Products+Instruments
GmbH) laboratory device with two magnetrons (2.45
GHz, 2 kW maximum output power). After hydrothermal
treatment, the sediment from the bottom of autoclave
was washed twice with a weak solution of HNO, and once
with DI water (80 mL each time) using a centrifugation-
redispersion using a centrifuge (14800 rf, 15 min). After
the third washing, the suspension ring was redispersed
in 5 mL of DI water forming a turbid translucent solution
(pH of the final colloidal solution was 5.3). La,,.Pr, PO,
sample consisting of nanorods (NPs length & diameter
not larger than 80 & 10 nm, respectively) was prepared
with 0.5 mmol of REls (0.475 mmol of La(NO,),-6H,0 and
0.025 mmol of Pr(NO,),-6H,0) and anion excess ratio
of K.HPO, equal to 2. The pH of the REls solution was
adjusted to pH = 8 using alkaline solution of ammonium
tartrate and NH,OH, which acted as a weak complexing
agent, preventing, the formation of hydroxides. After
hydrothermal-microwave treatment (200°C, 2 h), the
precipitate was washed twice with DI water, then
with a weak NH,OH solution using the centrifugation-
redispersion process, followed by redispersion in 5 mL of
DI water, resulting in a transparent colloidal solution (pH
of the final colloidal solution was 7.5).

of La, PrPO,

Transmission electron microscopy

TEM images of NPs were obtained on a Zeiss Libra 200
FTHR microscope under accelerating voltage of 200 kV.The
colloids were highly diluted and applied onto a TEM grid
and dried in vacuum for several hours. ImageJ software
was used to measure sizes of individual nanocrystals by
approximating the length and diameter of the observed
TEM projections with straight perpendicular lines.

X-ray excited optical luminescence spectroscopy of
colloidal solutions

X-ray excitation of the studied samples in the form of
a colloidal solution was performed using X-ray tube MOX-
HPC 150W 60kV equipped with tungsten anode (Moxtek).
The X-ray excited optical luminescence in the UV-C spectral
region was recorded using a HORIBA iHR-550 Imaging
spectrometer (Horiba Scientific) with a diffraction grating
of 1800 grooves/mm and a N,-cooled PyLoN:2KBUV CCD
camera (Princeton Instruments) designed for the UV
spectral range. A self-made objective based on two plano-
convex lenses made of MgF, with a light spot diameter of 35
mm and a focus of 70 mm was used to collect the UV-C light.
Colloidal solutions wereapplied toa polytetrafluoroethylene
(PTFE) substrate as a 0.2 mL drop with NPs concentration of
7 mg/mL. The operating mode of the X-ray tube for both
types of colloidal solutions was: accelerating voltage: 30 kV;
anode current: 2.5 mA; exposure time: 60 s.

Cell strains

The research in the work was carried out on the
mouse cell cultures of Mh22a hepatoma (Biolot) and L929
fibroblasts (National Research Center of Epidemiology
and Microbiology). The cells were grown in flasks with
DMEM culture medium (Servicebio) supplemented with
10% fetal bovine serum (FBS, Biosera) and antibiotics:
100 pg/mL penicillin, 100 pg/mL streptomycin (Paneco).
The incubation of cells was done in cell incubator
(Thermoscientific Midi40), and conditions were standard:
5% CO,, temperature and humidity of the medium 37°C
and 5%, respectively. Cell counting was performed using
0.4% trypan blue solution (Paneco) in a Goryaev chamber.

Design of the experimental in vitro study

The cytotoxicity of La, Pr PO, NPs was determined
using the photocolorimetric MTT assay in accordance with
the international protocol ISO SO 10993-5:2009 “Tests for
In Vitro Cytotoxicity” Cell cultures were seeded at 5000
cells per well and incubated in a 96-well plate for 24 hours
under standard conditions. Then the culture medium
was removed and replaced with a new medium (DMEM
with 1% FBS) containing NPs at a concentration of 0.0625,
0.125, 0.25, 0.5, 1, 2, 4 mg/mL (n=3). The viability of the
cell cultures was determined after 24 hours. After the time
had elapsed, the medium with the studied samples was
removed, the wells were washed twice with phosphate
buffer, then 100 pul of fresh medium (DMEM with 1% FBS)
and 10 pl of MTT solution (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl) tetrazolium bromide) at a concentration
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of 5 mg/mL were added to each well. After 3.5 hours of
incubation, the formed formazan crystals were dissolved
using a DMSO solution, which was added in 150 pl to each
well. The plates were then placed in a thermostatic shaker
(ELMI ST-3L) for 20 min at 37°C, 400 rpm. Optical density
was measured using a Varioscan Lux multimodal reader
(Thermoscientific) at an analytical wavelength of 570 nm
versus a reference wavelength of 650 nm. Cell viability was
assessed by the ratio of the optical density of the samples
to the optical density of the control cells (untreated cells
incubated without additional components or external
influences), expressed as a percentage.

The effect of La, PrPO, NPs on the viability of
Mh22a and L929 cell cultures irradiated with X-rays was
studied using a Terad 200 X-ray therapy apparatus (LINEV
ADANI) equipped with a tungsten anode. The study was
conducted in two modes: 1) the accelerating voltage,
anode current, and Al filter thickness: 50 kV, 20 mA, and
0.5 mm, respectively; 2) the accelerating voltage, anode
current, and Al filter thickness: 80 kV, 15 mA, and 2 mm,
respectively. In both modes, the irradiation dose was 8
Gray. La, Pr PO, NPs at concentrations of 1 and 2 mg/mL
(n=8) were incubated with Mh22a and L929 cell culture
in a 96-well plate (5000 cells per well) for 12 hours. Cell
viability was determined using the MTT assay 24 h after
X-ray exposure according to the protocol described above.

The type of cytotoxicity after incubation of Mh22a
and L929 cells with NPs and exposure to X-ray radiation
was determined using the double staining method and
fluorescence microscopy using an Axio Zeiss Imager A1
microscope (Carl Zeiss Jena). As an additional control,
groups of Mh22a and L929 cells were irradiated with a
UV lamp at 60 J/cm? for 8 min. Selected control groups
of Mh22a and L929 cells were stained with a mixture of
acridine orange (AO) and propidium iodide (Pl) dyes
and then analyzed according to the protocol [13]. AO
penetrates living, apoptotic and dead cells and stains
their nuclei green or orange. In the case of intact DNA,
AO fluoresces green. In early apoptosis, with the initial
chromatin condensation, AO fluorescence appears
yellow-green, and with DNA fragmentation, it appears

orange. In the late stage of apoptosis, when condensed
chromatin disintegrates and the nucleus fragments, the
binding of AO to DNA fragments weakens and the cell
is stained green again. Propidium iodide penetrates only
into dead cells with a damaged membrane (necrotic or
late apoptotic) and stains the nucleus red. Thus, separation
of cells into groups of viable, apoptotic, and necrotic cells
was performed based on the morphological appearance
of the cells. Viable cells (VC) were determined by uniform
green staining and a fusiform shape. The early apoptotic
cells (AC) were determined by cell shrinkage and DNA
fragmentation which appears as bright orange staining
of nuclei, with the borders of the nuclei clearly visible.
The late AC were determined by nuclear disintegration,
resulting in cells with bright green nuclei and cytoplasm.
Additionally, signs of AC included rounding of cells and
small fragments around them — apoptotic bodies. Necrotic
cells (NC) were determined by a damaged membrane, a
red or red-orange nucleus and cytoplasm, and a rounded
shape. The cells that have completed the apoptotic cycle
are then poorly distinguishable from necrotic cells, and
therefore they were also included in the group of NC.
Differentiation of the VC, AC and NC was performed by
counting at least 100 cells in each independent group. The
results were expressed in percentages.

Calculation of cell viability was performed in Excel.
Normality of distribution of the feature by groups was
estimated using the Shapiro-Wilk criterion. It was found
that the distribution of features corresponds to normality,
therefore, comparisons between the groups were
performed using analysis of one-way ANOVA. Statistical
processing and calculation of IC50 were performed in
GraphPad Prism 8.0 (San Diego). Values of P < 0.05 were
considered to be significant for both cytotoxicity and
X-ray induced cytotoxicity of La, Pr PO, NPs. Results were
presented as mean + SD.

Results and discussion

Transmission electron microscopy

As can be seen from the TEM images (Fig. 1), NPs with
different aspect ratios (AR) were obtained: nanofibers

Puc. 1. PasznuyHble mopdonoruu u paamepbl HY La
24): A — HAHOBOJNOKHa La

1x x 4

0.08PY0.02P0,5 B — HAHOCTEPKHU La

0.95Pr0.05

Pr PO,, CUHTE3MPOBaHHbIX r<MAPOTEPMAJIbHO-MUKPOBOIHOBbIM MeTogom (200 °C,
PO,.

Fig. 1. Different morphologies and sizes of La, Pr PO, NPs prepared by microwave-assisted hydrothermal method (200 °C, 2 hours):

A -Lla,Pr, PO, nanofibers; B - La, . Pr, PO, nanorods.
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(nanofiber sample, AR > 30) (Fig. 1a) and nanorods (nanorod
sample, AR = 5) (Fig. 1b). The measured sizes of the NPs from
the nanofiber sample do not exceed 600 nm in length and
15 nm in diameter, and the NPs from the nanorod sample
do not exceed 80 nm in length and 10 nm in diameter. As
follows from the TEM analysis, the sizes of the obtained NPs
strongly depend on the synthesis conditions: pH and the
ratio of excess anions. With an increase in these parameters,
the sizes of the NPs decrease significantly.

X-ray excited optical luminescence spectroscopy of La,_
Pr PO, colloidal solutions

The X-ray optical luminescence spectra in the UV-C
region of the obtained colloidal solutions consist of
three broad luminescence bands of the transitions 4f'5d'
— 3H4, 3HS, 3H6 (3F2) in Pr3* ions (Fig. 2). The noise vertical
lines observed in the spectra are a consequence of the
penetration of X-ray quanta into the CCD camera, which
was located in the path of the X-ray tube window.

The transition from nanofibers to nanorods caused
a strong weakening of the fluorescence intensity. The
observed UV-C luminescence brightness is about 6.3
times higher for the nanofiber sample (Fig. 2, curve A) than
that for nanorod sample (Fig. 2, curve B). For nanofibers,
the intensities of long-wave transition (4f'5d'" — 3H6)
predominate, whereas for nanorods, the intensities of
transitions from 4f'5d" to the levels of the ground triplet
’H, are practically the same.

Intrinsic cytotoxicity of nanoparticles according to MTT
assay

The viability of Mh22a and L929 cell cultures (Fig. 3)
was assessed using the MTT assay after 24 h of incubation
with La . Pr, PO, nanorod and La ,Pr, PO, nanoﬁber
samples at different concentrations of NPs (0.0625 —
mg/mL) in DMEM culture medium. Cytotoxicity for aII
samples was observed at a NPs concentration of 4 mg/mL.

UV-C intensity, arb. units /
J/]HTeHCI/ICbHOCTb Y®-C, ycn.eg.

N,

220 230 240 250 260 270 280
Wavelenght, nm /
[nunHa BonHbI, HM

Puc. 2. YO-C cneKTpbl peHTreHONOMUHECLIEHLMU KOJITOUAHbIX
pacTeBopoB (7 mr/mn): A — HaHoBoJIOKHa La, . Pr, ,PO,; B — HaHo-
crepxuu La  Pr, PO,. Pexxum pa6oTbl peHTreHOBCKOM TPYyGKH:
ycKopsitouwee HanpsikeHne 30 KB, aHoaHbIV TOK 2,5 MA, Bpems
3Kcnosuuum 60 c.

Fig. 2. X-ray excited UV-C spectra of colloidal solutions (7 mg/
mL) samples: A - La ,.Pr, PO, nanofibers; B - La,Pr,  ,PO,
nanorods. X-ray tube operating mode: accelerating voltage 30 kV,

anode current 2.5 mA, exposure time 60 s.
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Fig. 3. Results of MTT assay for viability of Mh22a (A) and L929
(B) cells after 24 hours of incubation with La . Pr, . .PO, nanorods

(solid bars) and Lag,Pr, PO, nanofibers (hatched bars) at

different NPs concentrations.
At concentrations in the range of 0.0625 - 1 mg/mL, cell
viability was more than 90% for both types of NPs.

For the studied samples of colloidal solutions, the
calculated IC50 parameters (Table 1) indicate that they can
be classified as low cytotoxic compounds for Mh22a and
L929 cell cultures (according to the international standard
ISO SO 10993-5:2009). As can be seen for the Mh22a cell
line, the nanofiber sample has a slightly higher IC50 value
than the nanorod sample. For the L929 cell line, IC50 is
slightly higher for the nanorod sample. This may be due
to the fact that the nanorod and nanofiber samples were
treated differently at the washing stage (washings with
addition of NH,OH or HNO,, respectively), which may
cause different cell responses to NPs depending on the
cell line. However, the observed difference in IC50 values
is quite small.

Cytotoxicity after X-ray irradiation according to MTT
assay

The X-ray irradiation modes on the cell samples were
selected to cause low cell death of the control groups
of Mh22a and L929 cells (about 10%) (Figs. 4A and 5A,
respectively). The irradiation dose was based on previously
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Ta6nmua 1 and 25% (for irradiation modes 1 and 2, respectively)
NA,, Ans nccnepoBaHHbLIX 06pa3LIoB No pesynLTaTam compared to the group of cells incubated with the
III\./H;rIar;.anusa same conditions without exposure to X-rays (Fig. 4E).
Igso :f the studied samples according to MTT assay For the group of L929 cells incubated with the. sample
of La Pr PO, nanofibers at a NPs concentration of 2

Kynbtypa O6pasey HY mg/mL, the cell viability decreased by 24% and 17% (for
KneTok irradiation modes 1 and 2, respectively) compared to

the group of cells incubated with the same conditions
without exposure to X-rays (Fig. 4J). Thus, the results of the
2.082 MTT assay after the addition of NPs and X-ray irradiation
showed a slightly stronger effect on Mh22a cancer cells

La, 4sPr,0sPO, HaHOCTEPXKHN
La,,.Pr, PO, nanorods

Mh22
a la_ Pr._PO than on L929 healthy fibroblasts. Unfortunately, MTT
a,05P",4,PO, HAHOBONOKHA 2556 . o .
La. Pr. PO fib . results for X-ray irradiation of both cell cultures incubated
Q05" Toa" Y, NANOTIDETS :
with 1and 2 mg/mL of La Pr, PO, nanorod or 1T mg/mL
La, ,,Pr, ,sPO, HaHOCTEPXKHY 5354 of La,,Pr,,,PO, nanofiber samples showed little change
La, ,Pr, ,,PO, nanorods : in cell viability compared to incubation with the same NPs
1929 at the same concentrations without X-ray irradiation (Figs.
Lao‘%PromPO4 HaAHOBOJIOKHA 2025 4B-D and G-).
La, 5Pr,,,,PO, nanofibers Study of the type of cell death according to fluorescence
microscopy
conducted experiments was 8 Gy. As an additional control, To study the type of cytotoxicity under various

groups of Mh22a and L929 cells were irradiated with a  influences, the double staining method with fluorescent
UV lamp at 60 J/cm? for 8 min, which resulted in a strong  dyes of acridine orange (AO) and propidium iodide
decrease in viability (74% and 68%, respectively) (Fig. 4A  (Pl) with the subsequent fluorescence microscopy and
and 5A, respectively). morphological analysis were performed. The selected

The results of the MTT assay for the X-ray-induced  control groups of Mh22a and L929 cells from previous
cytotoxicity of the studied colloidal solutions on the experiments were studied: untreated, treated with X-ray in
viability of Mh22a cells demonstrate a significant decrease  mode 1 and mode 2, UV irradiated, incubated with 2 mg/
in viability only in the group of cells incubated with the ~ mL of the La_,.Pr, PO, nanorod sample without and with
sample of La,Pr,,,PO, nanofibers at a concentration of ~ X-ray treatment in mode 1 and mode 2, incubated with
2 mg/mL. In this case, the cell viability decreased by 28% 2 mg/mL of the La Pr, PO, nanofiber sample without

A B C D E F G H I J
\100- 100
% =
'(o';80- g 804
3 g
gGO— § 60
§ s } *
,_:E * % §
5407 2 40
%20- £ 20
> g
CAARAA BBB CCC DDD EEE C FEPF GGG  HHEH T I1205  JJ)

Puc. 4. Pesynbtatbl MTT TecTta no apPeKTy LUMTOTOKCUYHOCTU Ha KneTkn Mh22a (A-E) u L929 (F-J) npu pasnuyHbix BO3AENCTBUAX C
nocneaytouien MHKy6auuen B Te4eHnn 24 4. lpynnbl CTONGLOB COOTBETCTBYIOT Pa3/IMYHbIM KOHTPOJIbHbIM BbiGOpKam: A u F — otaenbHble
3 eKTbl: KOHTPOJIbHbIE KNETKHU (A, F*), KNeTKU 06Jly4eHHble peHTreHoM B pexkume 1 (A2, F2) u pexxume 2 (A3, F°), KneTku 061y4eHHble
Y® namnon (A%, F*); B u G — o6pasew HaHocTepikHe# La, Pr, PO, (1 mr/mn) 6e3 o6ny4eHus (B*, G') n ¢ 061y4eHMeM peHTreHoM B
pexume 1 (B2, G2) u pexxnme 2 (B?, G3); C n H — o6paseu HaHOBONOKOH La . Pr, PO, (1 Mmr/mn) 6e3 o6ny4enus (C*, H') n c o6nyyerHuem
peHTreHom B pexxume 1 (C?, H?) n pexkume 2 (C3, H3); D u | - o6paseu HaHocTepxHew La Pr, PO, (2 Mr/mn) 6e3 o6nyyenus (DY, 1) uc
o6nyyeHuem peHtreHom B pexkume 1 (D?, I°) u pexxume 2 (D3, I®); E n J — o6pasel, HaHOBONOKOH La . Pr, .PO, (2 Mr/mn) 6e3 o6nyuenus
(E%, J*) n c 06nyyeHuem peHTreHom B pexume 1 (E2, J?) u pexume 2 (E3, J3). * - P < 0.05

Fig. 4. MTT assay results on cytotoxicity effect on Mh22a (A-E) and L929 (F-J) cells under the influence of various treatments followed
by incubation for 24 hours. The groups of columns correspond to the different control groups: A - individual effects: control cells (A?, F*),
cells treated with X-ray mode 1 (A% F?) and mode 2 (A3, F?), cells irradiated with UV lamp (A%, F*); B - La . Pr, PO, nanorod sample (1
mg/mL) without (B*, G*) and with X-ray treatment in mode 1 (B?, G?) and mode 2 (B, G®); C and H - La_ ,,Pr, .PO, nanofiber sample (1
mg/mL) without (C*, H') and with X-ray treatment in mode 1 (C? H?) and 2 mode (C?, H®); D and I- La, Pr  ..PO, nanorod sample (2 mg/
mL) without (D%, I*) and with X-ray treatment in mode 1 (D? I?) and mode 2 (D3, I°); Eand J - La  .Pr  ,PO, nanofiber sample (2 mg/mL)
without (E?, J*) and with X-ray treatment in mode 1 (E?, J?) and mode 2 (E3, J3). * - P < 0.05
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and with treatment with X-ray in mode 1 and mode 2 (see
caption to Fig. 4A, D, E, F, I, J). The analysis of the number
of viable (VC), apoptotic (AC) and necrotic (NC) cells was
carried out according to their morphological features
described in the in vitro study methodology.

The untreated groups of Mh22a and L929 cells had
an intact membrane with uniform green staining of the
cytoplasm and nucleus (Fig. 5A). In addition, spotted
local orange fluorescence, which is more pronounced for
Mh22a cells is characteristic of AO associated with active
lysosomes or acidic cellular vesicles [14, 15]. The exposure
to X-rays at a dose of 8 Gray in mode 1 and 2 modes did
not lead to noticeable morphological changes in both cell

lines (Fig. 5B and C). Exposure of Mh22a and L929 to UV
irradiation caused a strong change in cell morphology
(Fig. 5D) indicating significant cell death with signs of
apoptosis. Most Mh22a cells exposed to UV had disrupted
membranes and a rounded shape with no evidence of
active lysosomes, and their nuclei were stained orange
(Fig. 5D, left side). However, in the case of L929, completely
green cells with apoptotic bodies around them were
observed (Fig. 5D, right side). This difference may be due
to different kinetics of apoptosis depending on the cell
line.

Images of Mh22a cells incubated with the nanorod and
nanofiber samples without exposure to X-rays (Fig. 5EandF,

Puc. 5. dnyopecueHTHble U306paXKeHUs pasnuyHbIX rpynn Knetok Mh22a (cnesa) n L929 (cnpaBa) OKpalleHHbIX aKpUAMHOBbLIM OpaH-
}KEeBbIM U Nponuaui noguaom (ysennuyenue: x400). A — KOHTPONbHas rpynna (6e3 AoNOoNHUTENIbHbIX BO34EeUCTBUI); B — 06nyvyeHne peHT-
reHom B pexume 1; C — 06/1y4eHne peHTreHom B pexume 2; D — o6nyyeHre YO namnoi; E — MHKy6aumus ¢ 2 Mr/my HaHOCTEPXKHEN

La, 4Pr, ,sPO,; F — MHKy6aums c 2 Mr/mn HaHOBOMOKOH La . Pr, .PO,; G — MHKYGaLus ¢ 2 Mr/m1 HaHOCTepXKHew La

0.05PT0.0sP0, ¥ 061y4e-
HUE PEHTreHOM B pexume 1; H — nHky6aums ¢ 2 mr/mn HaHoctepxHen La,  Pr, PO, u 061y4yeHne peHTreHoM B pexxume 2; | — uHKy6a-
LA ¢ 2 Mr/MJI HAHOBOJOKOH La  Pr,

PO, 1 065ly1eHne peHTreHoM B pexxnume 1; J — MHKy6auus ¢ 2 Mr/mn HaHOBOJIOKOH La . Pr, . .PO
Y 06/1y4eHMe PEHTreHOM B pexume 2.

Fig. 5. Fluorescence images of different groups of Mh22a (left) and L929 (right) cells stained with AO and Pl dyes (maghnification:
x400). A - control cells (untreated); B - irradiation with X-ray in mode 1; C - irradiation with X-ray in mode 2; D - irradiation with UV;
E - incubation with 2 mg/mL of La  Pr PO, nanorods; F - incubation with 2 mg/mL of La ,.Pr, .PO, nanofibers; G — incubation
with 2 mg/mL of La, . Pr, PO, nanorods and irradiation with X-ray in mode 1; H - incubation with 2 mg/mL of La, Pr, PO, nanorods
and irradiation with X-ray in mode 2; | — incubation with 2 mg/mL of La, Pr PO, nanofibers and irradiation with X-ray in mode 1; J -

incubation with 2 mg/mL of La_ Pr, .PO, nanofibers and irradiation with X-ray in mode 2.
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left side, respectively) showed signs of apoptosis and, to
a lesser extent, signs of necrosis, but a fairly large number
of viable cells were preserved. Also, of note is the increase
in spotted local orange fluorescence, indicating higher
lysosomal activity of cells, possibly caused by oxidative
stress induced by NPs). In fact, NPs containing REls may
exhibit catalytic properties and participate in oxidation-
reduction reactions, causing cell death [16]. However,
the majority of cells were uniformly stained green by AO,
indicating the integrity of the cell membranes. For L929
cells incubated with the nanorod sample (Fig. 5E, right
side), a higher number of necrotic cells with red staining of
the nucleus and cytoplasm were observed. However, the
response of L929 cells to incubation with the nanofiber
sample (Fig. 5F, right side) resulted in an increase in the
number of AC with orange staining of nuclei or green
staining with apoptotic bodies around them.

Exposure to X-rays (in both irradiation modes) of Mh22a
cells incubated with the nanorod sample caused rounding
of some of the cells, single apoptotic and necrotic cells
were also observed (Fig. 5G, H, left side). For L929 cells
incubated with the nanorod sample and irradiated with
X-rays (in both modes), slightly higher numbers of necrotic
cells were observed (Fig. 5G, H, right side). In contrast,
in the groups of Mh22a cells incubated with 2 mg/mL
nanofiber and treated with X-rays in mode 1 and 2 (Fig.
51 and J, left side), a decrease in the number of VC and a
significantincrease in the number of AC was observed.The
apoptotic Mh22a cells were determined by the shrinkage
and rounding of cells and intense orange fluorescence
of the nucleus, which is caused by the destruction of the
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native DNA structure and the binding of DNA fragments
to AO dye. Single necrotic Mh22a cells, appearing as red
nucleus, were also seen in this case. Similar visual effects
were observed for L929 cells incubated with the nanofiber
sample and treated with X-rays in mode 1 and 2 (Fig. 5l
and J, right side). However, in the case of L929 cells, more
cells with apoptotic bodies around them were observed,
which again may be due to different apoptosis kinetics
depending on the cell line.

Based on morphological analysis of fluorescence
microscope images, statistics of the distribution of
viable (VC), apoptotic (AC) and necrotic (NC) cells were
obtained for Mh22a and L929 cell cultures (Fig. 6A and
B, respectively). In general, the pattern for X-ray and UV
(Fig. 6A%-A* B*-B*) exposure is similar for both types of
cell cultures and in good agreement with MTT results
(Fig. 4A, F). However, for Mh22a cells irradiated with a UV
lamp (Fig. 6A%), an almost complete absence of VC was
observed, which differs from the MTT results (Fig. 4A).
The obtained statistics on VC after incubation of cells with
NPs with or without subsequent X-ray irradiation (Fig.
6A>-A' and B*>-B') are also in good agreement with MTT
data (Fig. 4D, E, 1, J). Additionally, control groups of Mh22a
cells incubated with NPs solutions at a concentration of
2 mg/mL demonstrated higher cell survival according to
fluorescence microscopy data (Fig. 6A) compared to the
MTT assay (Fig. 4D, E). The observed differences in AC/
NC ratio between the UV irradiated control groups of the
Mh22a and L929 cell lines (Fig. A* and B* respectively)
are likely due to the faster kinetics of apoptosis for L929
cells, making them less distinguishable from necrotic cells.

oD - vC SY-AC BB N,
©7100
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Puc. 6. Mopdonornyecknin aHanms usobpaxkeHui ¢ dpnyopecLeHTHOro MMKkpockona xusbix (VC), anontotuyeckux (AC) n meptebix (NC)
Knetok gna A — Mh22a u B — L929 KneTo4HbIX KynbTyp NPy pasfiUyHbiX BO34ENCTBUAX: KNETKU 6€3 JONONHUTENIbHbIX BO34ENCTBUN
(A%, BY), 06iy4eHue peHTreHoM B pexxkume 1 (A2, B2) u pexxume 2 (A3, B3), o6nydeHue YO namnoit (A4, B*), MHKy6aLusi KNETOK ¢ 2 Mr/Mn
HaHocTepxHen La Pr PO, 6e3 o6nydenns (A% B®) u c 06iyueHnem peHTreHom B pexxume 1 (A%, B®) u pexkume 2 (A7, B7), nHKyGauus
KNEeTOK € 2 Mr/Mn HaHOBOJIOKOH La PO, 6e3 06nyueHus (A%, B®) u ¢ o6ny4eHnem peHTreHom B pexxume 1 (A%, B®) u pexkume 2 (A,
B). * - P < 0.05

Fig. 6. Morphological analysis of fluorescence microscope images of viable (VC), apoptotic (AC) and necrotic and death (NC) cells for
A — Mh22a and B - L929 cell cultures under various influences: untreated cells (A*, B*), X-ray irradiation in mode 1 (A2, B?) and mode 2
(A%, B®), UV irradiation (A%, B?), incubation with 2 mg/mL of the La Pr PO, nanorod sample without (A°, B%) and with X-ray irradiation
in mode 1 (A%, B®) and mode 2 (A7, B”), incubation with 2 mg/mL of the La Pr, PO, nanofiber sample without (A%, B®) X-ray and with

X-ray irradiation in mode 1 (A°, B%) and mode 2 (A%, B®%). * - P <0.05 =

0.98Pr0.02
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The apoptotic cycle of Mh22a cells probably takes longer,
resulting in better distinguishability and an increased AC/
NC ratio.

The obtained statistics of morphological distributions
(Fig. 6) indicated a significant decrease in the survival
rate of the studied cell lines due to apoptosis after
incubation with the La,,Pr,,,PO, nanofiber sample (2
mg/mL) and irradiation with X-rays. This effect becomes
more noticeable when the cells are irradiated with X-rays
in mode 1 than in mode 2, which is consistent with the
MTT assay results (Fig. 4). In addition, the microscopy
results indicated a higher sensitivity of Mh22a cancer
cells to the studied effects compared to L929, which is
also in agreement with the MTT assay results (Fig. 4).
Unfortunately, the obtained statistics on the effect of
the La, ,.Pr, PO, nanorod sample (2 mg/mL) and X-ray
irradiation showed that the effect is practically absent for
both cell cultures (Fig. 6A>A’ and B*-B’), which is also in
full agreement with the results of the MTT assay (Fig. 4D, ).

Presumably, the decrease in viability of Mh22a and
L929 cells was influenced by UV-C generated by nanofiber
sample under the influence of X-rays, since in this case
cell apoptosis is observed. At the same time, other effects
acting on the cell under the influence of NPs reacting
with X-rays are also possible, for example, the formation
of secondary electrons by NPs or heating of NPs, which
can also lead to the deactivation of irradiated cells. The
mentioned catalytic activity of NPs doped with REI can
also enhance the effect of X-rays. Some studies also
report increased cytotoxicity due to apoptosis of NPs
with a positively charged surface [17, 18]. Thus, part of
the intrinsic cytotoxicity of nanofiber sample may be due
to the positively charged adsorption and diffusion layers
after washing with HNO, solution. In addition, nanorods
obtained in an alkaline medium with ammonium tartrate
solution can desorb molecules and ions under the
influence of X-rays, such as hydroxyl groups, ammonia
ions or tartaric acid residues, which can also lead to
additional cell death by necrosis. However, despite this, we
believe that the main cytotoxic effect was caused by UV-C
radiation, since in this case the morphology of the cells is
similar to cells irradiated with a UV lamp. Moreover, in [4]
it was shown that LuPO, NPs without an activator have
virtually no effect on X-ray-induced cytotoxicity relative to
LuPO,:Pr** NPs.

It should also be noted that for the successful use
of NPs in cancer therapy it is necessary to reduce the
concentration of the applied NPs and reduce the effect
of intrinsic necrosis. Therefore, more experiments on
optimization of synthesis and washing procedure of NPs
and their surface functionalization are required to further
improve their therapeutic potential. In addition, more
extensive studies are needed to examine the mechanisms
of cytotoxicity by which NPs act on different cell types
under different X-ray irradiation regimens.

Conclusion

Two colloidal solutions of La, PrPO, NPs with
nanofiber (length & diameter not larger than 600 &
15 nm, respectively) and nanorod (length & diameter
not larger than 80 & 10 nm, respectively) morphologies
were prepared by the hydrothermal microwave-
assisted method. Measurement of X-ray excited optical
luminescence spectra in the UV-C range from the
obtained colloidal solutions showed a large difference in
brightness: for larger NPs, the brightness was 6.3 times
higher.

According to the MTT assay, the prepared colloidal
solutions were classified as low-cytotoxic compounds
(IC50 > 2 mg/mL) for Mh22a and L929 cell lines. A
significant decrease in cell viability under the influence
of X-rays was achieved only for groups of cells incubated
with 2 mg/mL of colloidal solutions consisting of NPs
having nanofiber morphology with 2 mole-% doping
of Pr3* ions. After X-ray irradiation, groups of Mh22a
and L929 cells incubated with colloidal solutions of
La,Pr,,,PO, nanofiber NPs showed pronounced cell
apoptosis, which may indicate the successful effect of
UV-C quanta generated under the influence of X-rays
on controlled cell death. According to MTT assay and
fluorescence microscopy, the effect of X-ray-induced
NPs cytotoxicity is more pronounced for cancer cells and
increases with decreasing accelerating voltage of the
X-ray tube. Therefore, the potential for therapeutic use of
La, Pr PO, NPs has been shown. Unfortunately, the use
of NPs with nanorod morphology did not significantly
enhance the X-ray irradiation effect, indicating the
need to increase their X-ray excited UV-C brightness.
Fluorescence microscopy showed that the intrinsic and
X-ray induced cytotoxicity of La ,Pr PO, colloidal
solutions consisting of NPs with nanorod morphology
is mostly due to cell necrosis for L929 and Mh22a cell
lines. Further research is needed to clarify the cause and
type of cell death for various cell cultures incubated with
La, Pr PO, NPs and irradiated with X-rays. For medical
application of La, Pr PO, NPs, it is still necessary to
increase their UV-C luminescence intensity under X-ray
excitation and modify their surface, which should lead to
an increase in X-ray induced cytotoxicity, a decrease in
the practical concentration of the NPs in colloids, and a
decrease in intrinsic cytotoxicity.
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Abstract

Polycationic photosensitizers have previously demonstrated high in vitro efficacy against lung cancer cells, including cancer stem cells, and low
dark cytotoxicity. Polycationic phthalocyanines have high quantum yield of singlet oxygen and photostability. In addition, it is possible to relatively
simply introduce different metal-complexing agents and substituents into phthalocyanine macrocycles, which enables varying their photophysical
characteristics. In this work, we studied photophysical properties of photosensitizers based on polycationic phthalocyanine derivatives with
different chemical structure with strong absorption in the long wavelength region (680-690 nm). The studied photosensitizers exhibit negligible
aggregation in the 1-100 uM concentration range and show very high phototoxicity in an in vitro study on A549 lung carcinoma cells (IC, of
60-100 nM for ZnPcChol, and 100-300 nM for 4aZnPc** and 4aBZnPc*, depending on the light dose), and low dark cytotoxicity.

Keywords: polycationic photosensitizer, A549 lung carcinoma, photodynamic therapy
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Pesiome

MonMKaTMOHHbIE HOTOCEHCUOMIN3ATOPbI PaHEE NMPOAEMOHCTPUPOBANY BbICOKYI 3GPEKTUBHOCTD in Vitro NPOTVB KNETOK paka Nérkoro, B
TOM UKCIIE MPOTHB PaKOBbIX CTBOJIOBbIX KNETOK, MPU HU3KON TEMHOBOW LIMTOTOKCMYHOCTY. [oNIMKaTMOHHbIE $pTanoumaHHbl UMEOT BblCO-
KU KBAHTOBBIN BbIxoh GpOTOreHepaunm CUHFIETHOrO K1ucnopoga 1 ¢oToctabunbHoOCTb. Kpome 3T0ro, BO3MOXHO OTHOCUTESIbHO MPOCTOe
BBE/IEHWE PaA3NMYHbIX METANNI0B-KOMMIEKCOO6Pa3oBaTeneil 1 3amecTuTenein Bo $pranoLyaHiHOBbIE MAaKPOLVIKIIbI, YTO JAaeT BO3MOXHOCTb
BapbypoBaHnA GOTOPU3NYECKUX XapaKTePUCTVK. B aaHHON paboTe Mbl U3yyanu Gpotodprsnyeckme cBOMNCTBa GpOTOCEHCMOMIN3ATOPOB Ha
OCHOBE MOJIMKATNOHHBIX MPOM3BOAHBIX GTANOLMAHVHOB C Pa3fIYHOW XVMUYECKOW CTPYKTYPOW, 0611afalowmnx NHTEHCYBHBIM MOMIOLEHNeM
B AJIMHHOBONHOBOW o6nacTu (680-690 HM). MiccnepoBaHHble pOTOCEHCMOMNN3ATOPbI MPOABNAT HE3HAUUTENbBHYIO arperaLyio B iuanasoHe
KOHLeHTpaumin 1-100 MKM 11 LEMOHCTPUPYIOT OYEHb BbICOKYIO pOTOTOKCUYHOCTb B MCCNIE0BAHUN in Vitro Ha KNneTKax KapLyHOMbI IEFKOro
A549 (IC, 60-100 HM gna ZnPcChol, 1 100-300 HM ansa 4aZnPc** u 4aBZnPc4* B 3aBUCMMOCTM OT A03bl CBETA), @ TAKKe HNU3KYI0 TEMHOBYIO
LIUTOTOKCUYHOCTb.
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Introduction

Photosensitizers (PSs) used in clinical practice for
photodynamic therapy (PDT) of tumors usually are
anionic or electroneutral compounds; monocationic
phenothiazines, in particular, Methylene Blue, are used
mainly for antibacterial PDT (for photodynamic treatment
of local pathological foci with bacterial lesions) [1-4].
Some works, in particular, [5-7], discuss the influence of
charge sign of PS molecules in biological fluids, which
are aqueous compositions, on its antitumor efficacy. It
was discovered that polycationic chlorin conjugates had
a significantly higher photodynamic efficacy against
ovarian cancer cells compared to polyanionic ones [7].

Recently, a number of polycationic photosensitizers
based on heterocyclic compounds with high antitumor
efficacy have been developed [8-16].

The aim of the present work is to comparatively
investigate the  photophysical properties and
phototoxicity of long-wavelength photosensitizers
based on polycationic phthalocyanines with different
structure and charge.

Materials and methods

Long-wavelength polycationic phthalocyanines with
excitation in the spectral range of 680-690 nm with
different composition and/or structure, were used as PSs
(Fig.1):

® zinc octakis(cholinyl)phthalocyanine (ZnPcChoIS),
synthesized at the Institute of Organic Intermediates
and Dyes (Russia) [11].

e having the same composition different
structure, symmetric 4aZnPc** tetraiodide
1,8(11),15(18),22(25)-tetrakis(4-((diethylmethyl-
ammonium)methyl)phenoxy) zinc phthalocyaninate
and asymmetric 4apfZnPc* - tetraiodide 1,2,3,4-
tetrakis(4-((diethylmethylammonium)methyl)-
phenoxy)phenoxy) zinc phthalocyaninate, synthesized
at Frumkin Institute of Physical Chemistry and
Electrochemistry [14, 15].

ZnPcChol, is well soluble in both water and
phosphate buffer saline (PBS). Since 4aZnPc* and
40a3ZnPc* have low water solubility, dimethyl sulfoxide
(DMSO) was used as their solvent with consideration
that DMSO content should not exceed 1% in solutions
for intravenous administration. Therefore, PS solutions
in PBS containing no more than 1% of DMSO were used
in the experiments. PS solutions with concentrations of
1,3, 10, 30, 100 uM were prepared, as well as samples
where inactivated fetal bovine serum (FBS) was used as
the solvent and added to 1T mM PBS solution to obtain
similar PS concentrations.

Comparative PS studies were performed on solutions
of both 4aZnPc* and 4a3ZnPc*" pre-dissolved in DMSO,
and ZnPcChol, in PBS and in its composition with FBS.

but
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Absorption characteristics were investigated in a
Hitachi-3410 dual-beam spectrophotometer (Hitachi,
Japan) [17].

The shape of spectra and fluorescence intensity
of polycationic phthalocyanines were studied using
LESA-01-BIOSPEC spectrometer (Biospec, Moscow)
with an extended dynamic range of the recorded signal
[18] under excitation by a 633 nm laser. The data were
analyzed with UnoMomento software (Biospec, Russia).
To estimate the fluorescence lifetime, the PSs were excited
by picosecond laser pulses with a wavelength of 637 nm,
and the fluorescence was recorded using a spectroscopic
complex with a streak camera (Hamamatsu, Japan). The
fluorescence decay curves of the PSs were analyzed using
Maximum Entropy Method to obtain lifetime values of
individual fluorescence components [19].

To investigate the effect of PS composition on the
survival of A549 human lung cancer cells, the cells were
cultured in DMEM medium (PanEco, Russia) containing
2 mM glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin supplemented with 10% fetal calf serum
(Capricorn, Germany) at 37°C and 5% CO,. To study
cytotoxicity, cells were seeded into 96-well plates at
8000 cells per 100 pl of growth medium. After 24 h, the
growth medium was replaced with the one containing
the studied phthalocyanines in chosen concentrations
ranging from 10 to 108 M. Cells were incubated with
PS for 3 hours, after which they were washed from PS
twice with growth medium. The irradiation of cell lines
was carried out immediately after washing the cells,
using light source with multiple LEDs [20]. After that,

- e b
e G

& o,

HOJ &OH

HO

the plate was placed for a day in an incubator with a
temperature of 37°C and 5% CO, content. Cell plates
without irradiation (dark mode) after washing were left
for 24 h in incubator at 37°C and 5% CO,. Cell survival
after photodynamic exposure with the studied PS was
determined using the MTT test. Optical density of the
stained solution was evaluated at 540 nm in multimodal
plate spectrophotometer Clariostar plus (BMG,
Germany). Statistical data processing was performed
using GraphPad software.

Results and discussion

The absorbance dependence of ZnPcChoIS, 4aZnPc*
and 4aBZnPc* solutions in PBS is linear up to 100 uM
(Fig. 2), the shape and full width at half-maximum at high
and low concentrations show no notable differences. The
values of molar absorption coefficients maxima for these
PSs are presented in Table 1.

Studies of PS solutions showed high fluorescence
intensity of ZnPcChoI8 in water and PBS, while the
fluorescence intensity of 4aZnPc* and 4aBZnPc*
was low, presumably due to the aggregation of
molecules of these compounds in such compositions.
However, the addition of 10% FBS led to a significant
increase of fluorescence of 4aZnPc* and 4af3ZnPc*.
The disaggregation and monomerization of these
compounds are also confirmed by measurements of
fluorescence lifetime, which does not change in the
concentration range < 30 uM. ZnPcChol, in water and
PBS is characterized at all concentration values by a single
fluorescence lifetime value of 2.3 ns, close to that of the

Puc. 1. CtpyKtypHble ¢op-
Mynbl  Uccneayembix  ¢GTa-
NIOLMAHUHOB: ZnPcChol,
N (cneBa), 40ZnPc** (nocepe-
~ 0 avHe), 4opZnPc* (cnpasa).
> Fig. 1. Structural formulae of
the studied photosensitizers:
ZnPcChol, (left), 4aZnPc**
AN ”t (middle), 40ZnPc** (right).

1 40aZnPc*
4aBZnPc**
ZnPcChols

4aZnPc**
15 || —®—4aBzZnPc*
—@—ZnPcCholg

Puc. 2. XapaKTepuUCTUKH
nornoweHus n3yyaembix
®dC: a - HopmanuM3oBaH-

Hble CNeKTpbl MNOrMoweHus;

Mornouwiexune, otH.ed. /
Absorption, rel.u.

500 600 700 800 0

[nuHa BOAHbI, HM /
E Wavelength, nm E

b - 3aBucumocTb onTuye-
CKOM MJIOTHOCTU PacTBOPOB
®C OT MX KOHLEHTpauuu.
Fig. 2. Absorption
characteristics of the
studied PSs: a — normalized
absorptions spectra; b -
concentration dependency of
PS solutions optical density.

50 100

KoHueHTpaums, UM /
Concentration, pM
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Ta6nauua 1

3HauyeHue Mmakcumyma KoadpduuneHTa MoJISPHOro
nornoweHusa uccneayembix GoToceHCUObMNM3aTopoB
M ero gniMHa BonHbl B docdatHo-coneBom bydepe

Table 1
Molar absorption coefficient maxima of the studied PSs
and their wavelengths in PBS

®doToceHcnbu-
nusartop

JAnnHa BONHDbI
MaKCcMMyma, Hm

Koa¢ppuymnenr
MOJIAPHOTO
nornoweHuns,
cm'-M-!

ZnPcChol, 683 12.2x10*
4aZnPc* 688 7.0x10*
4aBZnPc* 682 6.1x10*

monomeric solution at low concentration. Components
with shorter radiative lifetimes (in the range of 0.5-1.3
ns) appear in aqueous compositions of ZnPcChol, with
FBS (Fig. 3a), but their fraction is negligible, especially in
the biologically important range < 30 uM. Whether this
may be a sign of weak aggregation or a result of these
PS binding with blood proteins requires additional study.

4aZnPc* in PBS with DMSO and in its composition
with FBS, besides the main monomeric component with
radiative lifetimes in the range of 2.4-3.3 ns, contains
components with shorter lifetimes (0.34 and 1.05 ns)
corresponding, presumably, to aggregated states, but
their fraction is also negligible (Fig. 3b). These results
show that 4aZnPc* slightly aggregates in the studied
compositions.

The asymmetric photosensitizer 4afZnPc* in PBS
with DMSO has, in addition to the main monomer
component with an emission lifetime of 2.3 ns, a
larger fraction of a component with a short lifetime
corresponding to the aggregated state (Fig. 3c). However,
in the aqueous composition with FBS, this fraction also
decreases. The reduction of aggregation in aqueous
composition with FBS is due to the disaggregating effect
of FBS proteins [21]. Considering that in in vitro studies
cell cultures contain up to 10% FBS, and in vivo the PS
solution will be administered intravenously (i.e., directly
into blood plasma), it can be expected that these PS will
be in a predominantly is a disaggregated state, and their
photodynamic efficiency will be high.

The photodynamic efficacy of the studied
phthalocyanine PSs against A549 lung cancer cells was
evaluated by the ratio of cell survival after sensitization
with different concentrations of the photosensitizer after
irradiation with dose densities of 10 J/cm? and 30 J/cm?
(phototoxicity) and without irradiation (cytotoxicity). The
phototoxicity was very high, with IC, values at both light
dose densities lying in the submicromole range (Table 2).

In all experiments, cytotoxicity was very low,
IC,, values for the dark control were not reached
even at concentrations of 100 uM, which allows
these photosensitizers to be classified as non-toxic
substances.

al
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Amplitude, rel.u
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Puc. 3. PacnpegeneHne BpeMEH X1U3HU dnyopecueHumn uccne-
[OBaHHbIX pOTOCEHCUOUNIU3aTOPOB C KOHUeHTpauuen 10 pM:
a — ZnPcCholg; b — 40ZnPc**; ¢ — 4afZnPc** B pocpaTHo-conesom
6ydepe 1 B deTanbHOM Gblubel CbiIBOPOTKE.

Fig. 3. Distribution of fluorescence lifetimes of the studied
photosensitizers with 10 pM concentration: a — ZnPcCholg; b —
40ZnPc*; ¢ — 40fZnPc** in phosphate buffer saline and in fetal
bovine serum.

Ta6nuuya 2
3Hauenusn IC_ ana ZnPcChol,, 4aZnPc4* n 40pZnPc**
NPOTUB KJ/IETOK paKa nerkoro A549

Table 2
IC,, values for ZnPcChol,, 4aZnPc** and 4apZnPc**
against A549 lung cancer cells

®doToceHcn6u- IC,, (MkM) npu pasHbix
nusartop NAOTHOCTAX [03bl CBETa
10 Ox/cm? 30 Ax/cm?
ZnPcChol, 0.16+0.03 0.06+0.01
4aZnPc* 0.19+0.01 0.11+0.01
4aBZnPc* 0.33+0.04 0.25+0.04
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High in vitro photodynamic efficiency of polycationic
PSs against cancer cells is due, in our opinion, to several
factors:

e high values of extinction and quantum yield of reac-
tive oxygen species [11, 14, 15] in aqueous composi-
tions, maintained in a wide range of concentrations
values due to the absence of aggregation because of
electrostatic repulsion of the PS ions from each other;

e effective binding of polycationic PS molecules to the
surface of tumor cells, which has a significant negative
charge due to the Warburg effect [22], internalization
of their molecules into cells and photodynamic
destruction of their organelles [5-7, 16].

Increasing the light dose density leads to an increase
in phototoxicity, but this increase is not proportional to
the light dose density. This may be due to the fact that
the studies are performed on an adherent culture of A549
cells, which are localized near the bottom of the wells of
the plate during irradiation. The study is conducted at
high power density (about 50 mW/cm?), and the rate
of oxygen utilization in the effective photodynamic
process under such exposure is higher than its diffusion
rate through the liquid layer in the well. This leads to a
significant decrease in the partial pressure of oxygen
in the zone of photodynamic action on cells, and the
effectiveness of photodynamic reaction will decrease,
resulting in lower effect of photodynamic action on
the light dose density [23]. The higher phototoxicity
of ZnPcChol, compared to 4aZnPc* and 4aBZnPc*
can be explained, similarly to [16], by the fact that the
antitumor efficacy of octacationic photosensitizers is
higher compared to tetracationic ones. In addition, in
in vitro photodynamic efficiency studies in cell culture

monolayers, the fraction of light energy absorbed
by ZnPcChoIS—sensitized cells will also be higher [24]
compared to 4aZnPc* and 4af3ZnPc* sensitized cells
due to the significantly higher extinction of ZnPcChol,.
Consequently, the dose-dependent photodynamic cell
damage will also be higher.

The photodynamic efficiency of 4aZnPc* and
40fZnPc* may in principle be lower compared to
ZnPcChol, due to their partial aggregation in aqueous
compositions, but in the range of their concentration
values < 30 uM, the contribution of such aggregation to
the IC,, value for these PSs is negligible.

Conclusion

Polycationic photosensitizers based on long-
wavelength phthalocyanines with high extinction in
the spectral range 682-689 nm demonstrate high in
vitro phototoxicity in the submicromole range due to
effective binding of polycationic PS molecules to the
surface of tumor cells possessing significant negative
charge, internalization of their molecules into cells and
photodynamic destruction of their organelles, and high
values of extinction and quantumyield of reactive oxygen
species in a wide range of concentration values due to
low or no aggregation of polycationic phthalocyanine
molecules because of electrostatic repulsion of their ions
in aqueous solutions.
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APPLICATION OF THE KUBELKA-MUNK MODEL FOR FAST
INTRAOPERATIVE ANALYSIS OF INTESTINAL OPTICAL
PROPERTIES USING A FIBER OPTIC SPECTROMETER
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Abstract

Intraoperative determination of optical properties of biological tissues is an important task of medical physics, in particular, for photodynamic
therapy, because it allows personalizing photodynamic treatment by accurately calculating the required light dose. In this work, we propose a new
approach to simultaneous measurement of diffuse reflectance and transmission spectra of the colon wall tissue during intestinal anastomosis,
based on the use of two fiber-optic devices to deliver broadband radiation both from the side of the intestinal lumen and from the outer side of
the intestinal wall, from which diffuse scattered light is also recorded. To restore the optical properties of these tissues it was proposed to use the
Kubelka-Munk model with transformation of the optical parameters of the model into the optical parameters of the diffusion approximation theory
with custom equations based on the results of numerical modeling. The proposed approach have been tested ex vivo on the biological samples of
GIT tissues, allowing us to conclude on its applicability in clinical conditions.

Key words: optical spectroscopy, optical properties, light transport model, gastrointestinal tract.
Contacts: Savelieva T.A,, e-mail: savelevat@gmail.com
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NMPMMEHEHUE MOJEJIN KYBEJIKU-MYHKA

A4 bbICTPOIO UHTPAONEPALMOHHOIO AHAJIUM3A
ONTNHECKMX CBOUCTB CTEHKN KULLEHHUKA

C MOMOLLBIO ONTOBOJIOKOHHOTIO CINEKTPOMETPA

T.A. Casenbeea'?, A A. Kpueeukasa'?, .M. Kycros', M.U. Knobykos?, N.[l. PomaHuwwikuH',
K.I. JTlunbkoe', B.B. Jleskuu®, C.C. XapHac?, B.b. JloweHos'2

"Mucturyt obwein dusnkn um. A.M. Mpoxoposa Poccuitckorn akagemun Hayk, Mocksa, Poccus
HaumoHanbHbI MCCNEaOBATENLCKMIA saepHbIi yHueepcuteT «MU DUy, Mocksa, Poccus
3Ynueepcuterckas Knununueckas 6onbHuua Nol Mepsoro MIMY um. Ceuerosa, Mocksa,
Poccus

Pesiome
MHTpaonepauMOHHoe onpe,qeneHme onTnyecKnx CBO|7ICTB 6Vl0n0r|/|‘-IeCKI/IX TKaHeVI ABnAeTca Ba)KHOI7I 3a,qaL|e|7| Me,EI,I/ILlI/IHCKOVI ¢M3I/IKI/I, B YacT-
HOCTU, NpW NiaHUpPOBaHUN d)OTOAI/IHaMI/ILleCKOI‘/’I Tepanunun, NOCKOJIbKY NMNO3BONIAET NepCOHaANN3NpPoBaTb d)OTOAMHaMMHeCKoe BO3AeVICTBMe 3a
CYeT TOYHOro pacyeTta HEO6X0,D,VIMOI7I CBEeTOBOM Ao3bl. B ,D,aHHOVI pa60Te npeanoxeH HOBbIN NoAXoA4 K OAHOBPEMEHHOMY N3MEPEHUIO CNeK-
TpOB ,qmd)d)yaHoro o-rpax(eva n I'IpOI'chKaHVIFI CBETa TKAHbK CTEHKU TOJ’ICTOI7I KULLKN I'IpI/I ¢opM|/|posava KMWeyHoOro aHactomMmo3sa, OCHO-
BaHHbIN HA UCMOMb30BaHUN ABYX BOJIOKOHHO-OMTUYECKUX yCTpOI‘/'ICTB ANA NoAayun WMNPOKOMOMIOCHOrO n3nyyeHna Kak co CTOPOHbI NpocBeTa
KULLIKK, TaK U C HapY»HOW CTOPOHbI KULLIEYHOW CTEHKU, C KOTOPOI TakKe pernctpupyetca andey3Ho pacceaHHbIN CBeT. [1nA BocCTaHOBIEHUA
ONTUYECKNX CBONCTB 3TVX TKaHel NpeasioxKeHO 1CMnosib3oBaTh Mogenb Kybenku-MyHKa ¢ npeo6pa3oBaHMeM ONTUYECKMX MapaMeTpoB Moe-
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JIN B OMTMYECKME NapaMeTpbl Teopun Auddy3MOHHOTO NPUOANKEHUS C NCMOJIb30BaHNEM COOCTBEHHbIX YPAaBHEHU Ha OCHOBE pe3yNbTaToB
YMCNIEHHOro MogenvpoBaHus. MpeanoXeHHbI NOAXo anpobrpoBaH ex vivo Ha Bruonormyecknx obpasLuax TKaHemn }enyaoUHO-KULWEYHOro
TpaKTa, YTo MO3BONAET CAENaTb BbIBOJ O €70 MPUMEHVMOCTY B KIIMHWYECKNX YCITOBUSAX.

KnioueBble cnoBa: ontnyeckas crnekTpockonua, ontTuvyeckne CBOWICTBa, TeOPUA NnepeHoca n3ny4yeHuns, )Keﬂy,IJ,OLIHO-KI/ILLle‘-IHbII;I TPaKT.

KoHTtakTbi: Savelieva T.A., e-mail: savelevat@gmail.com
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JoweHoB B.b. NprmeHeHre mogenu Ky6enkn-MyHKka st 661CTPOro MHTpaonepaLMoHHOro aHanv3a ONTUYeCcKrX CBONCTB CTEHKM KULIEYHMKa
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Introduction

Intraoperative determination of optical properties
is an important task of medical physics, in particular,
for photodynamic therapy [1]. Optical properties also
influence the interpretation of the results of diagnostic
methods [2]. In connection with the development and
widespread use of phototheranostics methods usinglaser
and optical technologies in surgery and therapy, various
instrumental and algorithmic approaches are proposed
to study the propagation of light in biological tissues,
whose complex structure and the natural variability of
properties make this task non-trivial. In particular, the
effectiveness of photodynamic therapy (PDT) largely
depends on the content of the photosensitizer and
the distribution of light in the irradiated tissue, and an
accurate assessment of the radiation dose absorbed by
the tissue makes it possible to determine the mode of
photodynamic exposure.

From the point of view of light propagation,
biological tissues of the human body are turbid media,
i.e. heterogeneous structures with spatial fluctuations in
optical properties. These fluctuations and their density
cause strong scattering of light by biological tissue. It
is important to take into account the effects of multiple
scattering which complicate the direct application
of electromagnetic theory. Therefore, to describe
the propagation of light in such media, the radiation
transfer theory (RTT) is used, which ignores some of
the wave properties of light, such as interference and
polarization, considering only the transfer of light
energy in the medium. However, the model implicitly
takes into account the wave properties of light due to
the optical properties of the tissue included in the basic
equation. These properties represent a generalization
of optical parameters to an ensemble of particles
and were obtained by solving the Maxwell equations
proposed by Gustav Mie in 1908. For this purpose optical
characteristics averaged over a certain elementary
volume are used, such as the absorption coefficient (u,),
which is the inverse of the photon's free path before
the act of absorption, the scattering coefficient (u,),
which is the inverse of the photon's free path between

scattering events, and the anisotropy coefficient (g),
which represents the average cosine of the scattering
angle. For media characterized by anisotropic scattering,
the so-called reduced scattering coefficient (W', =p, (1-
g)) is introduced. This coefficient takes into account
how many more collisions must occur in an anisotropic
medium compared to an isotropic one in order for the
light to turn at the same angle as in an isotropic medium.
A significant simplification of the theory of radiation
transfer is the equation for a stationary state in which the
intensity at any point of the medium does not change
with time. The diffusion approximation of the RTT also
proves useful in the case of small values of the single
scattering anisotropy factor and large albedos (close
to one). For most biological tissues, the anisotropy
coefficient ranges from 0.6 to 0.9, and for blood it reaches
0.995, which significantly limits the applicability of the
diffusion approximation [3].

To numerically solve the RTT equation, the Monte
Carlo numerical simulation method based on the
simulation of photon transport in a scattering medium
is widely used. The initial conditions are set and each act
of photon scattering on inhomogeneities of the medium
is traced until its absorption or exit from the sample. The
main disadvantage of the Monte Carlo method is the
large expenditure of computer time due to the need of
solving the inverse problem consisting of the selection
of values of optical properties that correspond to the
measured values of transmission and reflection, which
complicates the intraoperative determination of the
optical properties of tissues. To solve the inverse problem,
it is necessary to run the simulation several times for a
given set of optical properties; in this case, the search for
initial values, optimization method and stopping criteria
is also non-trivial [4].

One of the common methods for solving the RTT
equation is the Kubelka-Munk method, which has already
been used to analyze the optical properties of intestinal
tissues [5]. However, in that work, bloodless samples
were studied, measured within 2 hours after resection
of human small intestine tissue. In work [6], the optical
properties of normal and adenomatous human colon
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tissues were obtained by the method of two integrating
spheres in vitro. The paper [7] presents the optical
characteristics of the mucosa and submucosa of human
colon tissue obtained in vitro on a spectrophotometer
with an integrating sphere LAMBDA 950. The authors
of the work [8] in order to assess the kinetics of the
optical properties of biological tissues under conditions
of optical clearing with glycerol, proposed a simple and
indirect method , based on the collimated transmittance
(Tc) and thickness d(t) which was measured during
processing. The Tc of the sample depends on both the
thickness of the sample (d) and the light attenuation
coefficient, pt. Assuming that the absorption coefficient
remains constant throughout the process, they derive
the scattering coefficient from Tc.

As can be seen from the works mentioned above,
measurements with two integrating spheres make it
possible to determine the optical properties of samples
in vitro and ex vivo, but they seem too cumbersome to
be used during surgery. At the same time, it is important
to know the optical properties of tissues under light-
induced exposure directly at the moment of exposure,
not for a similar type of tissue sample measured in
the laboratory, since the state of the tissue is variable
and critically important for planning and monitoring
photodynamic therapy. Therefore, in this work it is
proposed to use as measured parameters the values
of diffuse transmission and reflection obtained by
measuring with a fiber with a given aperture in soft
contact with the surface of a biological object. The
inevitable decrease in the accuracy of the model in
this case is a payment for the ability to analyze optical
properties in real time. The purpose of this study was to
analyze the possibility of intraoperative assessment of

the optical properties of intestinal wall tissues in both
diffusely reflected and diffusely transmitted light.

Materials and Methods

Spectroscopic setup for in vivo measurements

The experimental setup (Fig. 1) consisted of a white
light source, a spectrum analyzer with a fiber-optic
input (LESA-01-BIOSPEC), optical fibers and a personal
computer for recording measurements. The diffuse
reflection and transmission spectra were recorded in
the spectral range of 500-600 nm. An LED lamp with a
fiber-optic output was used as a broadband radiation
source. The power of the light source is adjustable
up to 1 W, the color temperature is 5000K-6500K. The
spectrum of the light source in the range of 500-600 nm
has sufficient uniformity for analysis. To calculate the
diffuse reflectance coefficient R, = I/l and the diffuse
transmission coefficient T, = I/l measurements of the
diffuse reflection and transmission spectra were carried
out relative to a standard sample (BaSO,) with a reflection
coefficient close to unity in the selected spectral range.

Two measurement geometries were used for
illumination and registration of radiation: in diffusely
reflected (green arrows on Fig. 1) and transmitted light
(purple arrows on Fig. 1), therefore, two fiber-optic
devices were used as previously for hemoglobin oxygen
saturation analysis of colonic wall [10]. A fiber optic
diffuser placed inside the Foley catheter was used to
uniformly illuminate the intestinal wall from the inside in
order to measure the transmitted light passing through
the intestinal wall to the outside. The Foley catheter was
filled with a fat emulsion (Intralid MCT/LST 10%) diluted
to 1% with NaCl 0.9% to ensure a uniform scattering
phase function. The length of the diffuser was 10 mm.

3 PacnpoctpaHenue caeta/
Light propagation
DucbdhyaHoe oTpacenue/
Diffuse reflectance
ﬂ?lmmyauoe nppnycn(auuel
Diffuse transmittance

1

Puc. 1. CxemMa cneKTpoCcKonM4ecKom ycta-
HOBKMW. B cocTtaB 06GopyaoBaHUs BXOASAT:
1 - cnektpomeTp «JISCA-01-BUOCMEK»,
2 — LUMPOKOMONOCHbIA UCTOYHUK U3Ny4e-
HUA, 3 — KomMnbloTep ¢ nporpammoi «Uno
Momento», 4 — Y-06pa3Hblii ONTUYECKUMN
CBETOBOJ,, 5 — BOJIOKOHHO-ONTUYECKUMN
amoddysop, 6 — katetep Ponesq. Uccnepye-
Mas TKaHb — CTEHKA KULLEeYHUKa (7).

Fig. 1. Scheme of the spectroscopic setup.
The equipment includes: 1 — a “LESA-01-
BIOSPEC” spectrometer, 2 — a broadband
radiation source, 3 — a computer with the
program “Uno Momento", 4 — a y-shaped
optical fiber, 5 - fiber-optic diffuser, 6 —
Foley catheter. The investigated tissue is
the intestinal wall (7).
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r - paccmosiHue/ distance
Bosdyx/ air O6nacme pacnpocmpaHeHus
demexmupyemMbIx ¢homoHos/
The range of propagation of
detected photons

TkaHs/
tissue

Z - enybuHa
30HOUposaHUs/
probing depth

f 7

NA of detecting fiber

NAof source fiber

The receiving fibers at the entrance to the spectrometer
form a line that serves as the entrance slit of the
monochromator, hence they are located perpendicular
to the diffraction plane of the dispersing element. The
diameter of each fiber is 125 microns, which determines
the distance between the centers of closely spaced
fibers. The diameter of each fiber including the sheath
is 250 microns. The numerical aperture of each fiber
is 0.22. The measurements were carried out using an
optical fiber with an aperture of 0.22 in contact with
biological tissues for both illumination and registration
of diffuse reflection spectra and transmission spectra.
The light detected in this way is the part of the diffusely
scattered light, which can be measured using an
integrating sphere. A hypothetical receiving fiber with a
numerical aperture of NA = 1 would provide detection
of light scattered by tissue at any angle, which can be
compared to the total diffuse reflectance signal recorded
using an integrating sphere. To estimate the proportion
of light received by a real optical fiber with a numerical
aperture different from 1, numerical modeling of light
propagation in a multilayer medium was performed,
the optical parameters of samples corresponded to the
optical properties of the intestinal wall layers according
to works [6-9].

Ta6namua 1.

MpuemHoe 80/10KHO/
Receiving fiber

Puc. 2. [Be KOHOU-
rypauum MCTOYHUKA U

npUeMHUKa npu npo-
BE€AEHUN YNCIIEHHOTO
3IKcnepuMeHTa.

Fig. 2. Two
configurations of the
source and receiver
when conducting a
numerical experiment.

NA of receiver

Monte Carlo simulation of light propagation in tissues

In our work, numerical simulation using the Monte
Carlo method was used to model the trajectories of
photons. Its acceptability is based on the assumption of
a large number of acts of light scattering on fluctuations
of the refractive index, which makes it possible to
neglect the consideration of wave effects. Boundary
conditions were set and every act of photon scattering
on inhomogeneities of the medium was monitored,
up to its absorption or exit from the sample. The value
of free path length and the angle of rotation, which are
random variables distributed according to a certain law,
were determined using the coefficients g, pys and pa.
The Henyey-Greenstein (HG) scattering phase function
was used to determine the scattering angle. Reflection,
refraction, and total internal reflection were taken into
account at the boundaries of the media. The receiver with
a given numerical aperture was positioned relative to the
sample both from the source side (to take into account
diffusely reflected photons) and from the opposite side
(to account for transmitted photons) (Fig.2).

The optical properties of the intestinal wall layers
were used as input parameters for modeling according
to works [6-9] (Table 1). The method was implemented
using the C# language in the Visual Studio 2019

OnTHU4ecKue CBOWMCTBA UCCIEAyEMbIX TKAHEN CTEHKU KULLIEYHUKA KaK BXOJHble aHHble 415 MOeupoBaHus pacnpo-
cTpaHeHus cBeTa metogomM MoHTe-Kapno, niutepaTypHble gaHHble [6-9]

Table 1.

Optical properties of the studied intestinal wall tissues as input data for modeling the propagation of light by the Monte Carlo

method, literature data from [6-9]

XapakTepucTmku

m Mopcnusuncrbin Cnusncrbin

KoaddurumeHT nornoweHma 6.5cm™’ 1cm? 3.5cm?’
Absorption coefficient u,
KoadodurumeHT paccesiHus 100 cm’? 100 cm”’ 300cm™”
Scattering coefficient p_
[oka3zatenb aHu3oTpONUN 0.89 0.9 0.9
Anisotropy factor g
KoadduumeHT npenomnenHna 1.36 1.36 1.38
Refractive index n
TonwuHa 1-3mm 0.2 mm 0.8 mm
Thickness d
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Ta6nuua 2.

CopeprkaHue Le/ibHOWM KPOBU B ONTUYECKUX paHTOMax U COOTBETCTBYHOLLMUE 3HAYEHUA KOG PULMEHTa MOroLEeHUs Ha

OnHax BoJIH 542, 560, 576 HM
Table 2.

The content of whole blood in optical phantoms and the corresponding absorption coefficient values at wavelengths of 542,

560, 576 nm

Koa¢ddunumeHT nornoweHns p,
(cm™) Ha gNViHe BOJIHDI

542 nm 53,29
560 nm 32,61
576 nm 55,35

development environment based on the algorithm
proposed in [11].

Principle of customization of Kubelka-Munk model

As a rule, during studying of biological tissues in a
living organism, the illuminator and light receiver are
located on the one side of the sample. Therefore, in
most cases, in vivo spectral measurements of biological
tissues are performed in diffuse reflectance geometry.
Considering the heterogeneity of biological tissues
and variations in their physiological characteristics, in
the general case the problem of restoring their optical
properties does not have a strict solution.

To restore all three optical properties (absorption
and scattering coefficients and anisotropy coefficient),
it is necessary to measure any three of the following
five parameters: total (or diffuse) transmission, total (or
diffuse) reflection, absorption of a sample placed in an
integrating sphere, collimated transmission coefficient for
non-scattered light, angular distribution of light scattered
by the sample [3]. Many methods for estimating optical
parameters of tissue are also based on a combination
of several diffuse reflection measurements with spatial
resolution, for example, at several distances from the source.

If in considered case it is enough to determine the
absorption coefficient and the reduced scattering
coefficient (without decomposing it into the anisotropy
factor and the scattering coefficient), then it is enough
to measure two of the parameters mentioned above.
This paper proposes a method for measuring diffusely
scattered light in reflected and transmitted geometry with
subsequent restoration of information about the optical
properties of an object using the two-stream Kubelka-
Munk model with empirically determined conversion
coefficients from the optical parameters of the Kubelka-
Munk model to the optical parameters of the RTT.

The Kubelka-Munk method is widely used to separate
light attenuation into contributions due to absorption
and scattering based on measured values of total diffuse
reflectance R, diffuse transmittance T, and collimated
transmittance T in turbid media such as biological tissues
[12]. This method is based on considering two radiation

13,05

22,14

CopeprKkaHve KpoBu B TKaHU (% nnu mn/100r)

21,32

10,66 2,67
6,52 3,26 1,63 0,82
11,07 5,55 2,77 1,38

fluxes propagating inside the tissue: one flow is in the
direction of the incident beam L, and the other is in
the backscattering direction L, which can be described
using the following equations [13, 14]:

ZL =—S-L-A-L+S"L, (1)
Z
% ~SL,—A-L+S L, 2)

where S and K are special parameters of the Kubelka-
Munk model describing scattering and absorption,
which can be calculated as:

ln(l_Rd;a_b)j
S = d , 3)
b-d
A=S(a-1), 4)

where Rd is the diffuse reflectance coefficient, Td is the
diffuse transmittance coefficient, d is the layer thickness
measured in cm, a and b are coefficients defined as:

2 2
_ =T+ Ry ) (5)
2R,
b’=d*-1. (6)

In this case, itis possible to associate these absorption
(A) and scattering (S) parameters of the model with the
absorption (pa) and reduced scattering (u's) coefficients
used in the radiation transfer theory, in accordance with
the following dependencies [15]:

A=2u, (7)

3 .01

="y —= 8

Expression (8) for the scattering parameter in the
Kubelka-Munk model through the optical parameters
of the RTT has a physical meaning only in the case of
an absorption coefficient less than a threefold reduced
scattering coefficient. Our work proposes alternative
conversion formulas based on the results of numerical
modeling of light propagation in a medium with optical
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parameters corresponding to ones of the intestinal
wall. These conversion formulas were tested on optical
phantoms, the optical properties of which are relevant
to the intestinal wall.

Therefore, knowing Tdand R, itis possible to calculate
which optical parameters (u, and ') correspond to values
of the observed transmittance and reflection coefficients
in scattered light through the scattering and absorption
parameters of the Kubelka-Munk model (A and S).

Empirical connections of the results of the Kubelka-
Munk method and radiative transfer coefficients were
used to derive the relationships between them. From
the measured total diffuse reflectance (R) and diffuse
transmittance (T), the relation between Kubelka-Munk
coefficients and the radiation transfer coefficients of the
tissue phantom (u_ and u') were calculated.

Fig. 3 schematically shows the empirical relationship
between the results of the Kubelka-Munk method and
radiative transfer coefficients.

Biological samples

Clinical testing was carried out ex vivo on a specimen
of intestine obtained as a result of surgical operation of
gastrointestinal tumors on the basis of the University

Clinical Hospital no. 1 of the .M. Sechenov First Moscow
State Medical University. Thereflectance and transmittance
spectra of specimen were registered at a distance of + and
- 5 cm from the tumor. The thickness of the sample was
measured using a caliper.

Results and discussion

The result of using the Monte Carlo method is R, and
T, values at different concentrations of fat emulsion and
blood for each wavelength. The simulation was carried
out with values similar to those that were obtained in
the experiment (the values of diffuse reflectance and
diffuse transmission) for the optical parameters from
Table 2. Based on the obtained values of transmission
and reflectance, the dependences of the Kubelka-
Munk coefficients were calculated at three different
wavelengths: 542 nm, 560 nm and 576 nm. Primarily, the
dependences of the obtained Kubelka-Munk coefficients
for absorption A and scattering S on the known values of
the reduced scattering coefficient i/ and the absorption
coefficient u_ were calculated.

Fig.4shows,asanexample, the calculated dependences
for a wavelength of 560 nm and an anisotropy factor of

Puc. 3. Cxema noctpoeHusi Gopmyn
LN nepecyeta napameTpoB Mogesin
Ky6enku-MyHKa 1 onTM4yeckux napa-
METPOB TEOPUMU MepeHoca Mu3yye-
HUS.

Mapametpel Mogenu
Ky6enku-Myxka/
Kubelka-Munk
parameters [A, S]

2N

Cnektpometp / YncneHHoe
“ Obpasen/ MogenuposaHue
Sample Spectrometer/ Numerical
[ra, 1] simulation
[Td , Rd]
E MNepecyet napamerpos/
Translation from [A, S] to
[pa, 1]
600 450.0
—e—abs = 8% 4000
500
—o—abs =4% 350.0 —o—scat =55 cm-1

400 —e—abs=2%
abs=1%
—e—abs =0.5%

w
o
o

N
o
o

=
o
o

S (Kubelka-Munk parameter), r.u.

~&—scat =27.5 cm-1

—o—scat =110 cm-1
scat = 220 cm-1
——scat =440 cm-1

Fig. 3. Scheme for constructing
formulas for recalculating the
parameters of the Kubelka-Munk
model and the optical parameters of
the radiation transfer theory.

Puc. 4. 3aBMCMMOCTM NnapaMeTpoB
moaenu Ky6enku-MyHka ot 3Haue-
HWA W W U ANA LJIMHBI BOJIHBI 560
HM: a — B3auMMHasi 3aBUCUMMOCTb
ABYX KO3)UUMEHTOB paccesHus;
b — B3aMMHas 3aBMCUMMOCTb ABYX
KoadpdpuumeHTOB NOrNnoLweHuns;
C — 3aBMCMMOCTb NMapameTpa pac-
ceaHns wmopenu Ky6enku-MyHka
OoT KOo3dOdULMUEHTA MOIMNOLEHUS;
d — 3aBMCMMOCTb NapameTpa norno-

0 100 200 300 400 500 00 50

W, em?

5
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=

o}

2

g +#—scat=27.5cm-1
o —~#—scat=55cm-1
3 —o—scat=110cm-1
-

g scat=220 cm-1
> —e—scat=440 cm-1
T ;

=2

[}

Q

3

=3

n

weHusa mogenu Ky6enku-MyHka ot
npuMBegeHHoro KkoadouumneHTa pac-
cesiHus.

Fig. 4. Dependences of the
parameters of the Kubelka-Munk
model on the values of y’ and u_ for

—e—abs=8%

—o—abs =4% a wavelength of 560 nm: a — muta

—e—abs = 2% | dependence of two scattering

| o ——ape=tn coefficients; b — mutualdependence

= | of two absorption coefficients;
—e—abs =0.5%

¢ — dependence of the scattering
parameter of the Kubelka-Munk
model on the absorption coefficient;

d — dependence of the absorption
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0.71: scattering S from the reduced scattering coefficient
W, scattering S from the absorption coefficient u,
absorption A from the reduced scattering coefficient u’,
and absorption A from the absorption coefficient u_.

These results show us the linear dependences of the
scattering parameter S of the Kubelka-Munk model on
the reduced scattering coefficient u’ and the absorption
parameter A of the Kubelka-Munk model on the
absorption coefficient u , which generally corresponds to
the most commonly used conversion formulas (7) and (8).
But in the range of optical properties, we are interested
in, the other conversion formulas are needed for our ratio
of parameters and geometry of measurements.

As a first approximation, we propose the following
type of dependence for the parameters under
consideration:

A ) = (1) o, +1, 9)
S(,ua.,u;)zm*u;+n(/,ta). (10)

This type of dependence (9) is due to the fact that, as
we see in Figure 3, the slope of the mutual absorption
dependence depends on the scattering, and not the
shift (Figure 3 (b)). For cross-scattering dependence
(10), we observe, on the contrary, that its shift depends

on absorption rather than its slope (Figure 3 (a)). For
example, for a wavelength of 560 nm, reciprocal terms
can be neglected due to the smallness of the coefficients
in front of them, in which case more direct relationships
will remain:

(1)
(12)

A(p,)=15.8u,+35.6,
S (o) =125, — p, —14.4.

This simplicity of the dependencies allows us to
reverse them in order to obtain recalculation formulas for
solving the inverse problem - restoring optical properties
from known transmittance and reflectance through the
Kubelka-Munk parameters:

, (4)=(4=1)/ k,
1, (A4,8)=(S+nl(A=1)/k+n0)/m.

On Fig. 5 we can see the example of restoration of
optical properties which were used as input parameters
for numerical simulation. We see a tendency for the
absorption values to be overestimated at higher scattering
coefficients, however, this is a second-order effect that we
cannot eliminate using the fast linear model. However, the
scattering coefficient is recovered with this approximation
with a fairly high accuracy. The problem with the upward

5 500
2% Kposu/

2% of blood | 400

2% Kposu/

300
2]
=
200

100

440 220 110 55

275

2% of blood

4.4 4.2 3.9 3.4 27

pa

4% Kposu/

Puc. 5. Pe3ynbratbl BOCCTaHOBJIEHUSA
ONTUYECKUX CBOWCTB OMTUYECKUX daHTo-

4% of blood

MOB, CofiepXallMx paccenBaloLme cpeabl

4% Kposu/ (KMPOBYIO 3MY/IbCHIO) N KPOBb A5t 560 HM

440 220 110 55 275

0,
4% of blood (KpacHbIM OTMEYEHbl BOCCTAHOBJEHHbIE

73 6.1 4.8

3Ha4yeHus,, CHHUM — 3ajaHHble): a — BOC-
cTaHoBfeHHe u npu 2% KPoBU B 06pasLuie;
b - BocctaHoBneHue u’ npu 2% Kpoeu B
o6pasue; ¢ — BoccTaHoBneHue u, npu 4%
KpoBM B o6Gpasue; d — BOCCTaHOBJiEHUE
u’, npu 4% KpoBu B o6Gpasue; e — BocCTa-

8% Kposu/

pa HoB/ieHWe y, npu 8% KpoBu B o6pasue;
f — BoccraHoBneHue y’ npu 8% KpoBu B
o6pasue.

Fig. 5. Results of restoration of optical

8% of blood | T

properties of optical phantoms containing

8% Kkposu/ scattering media (fat emulsion) and blood

for 560 nm (recovered values are marked
inred, specified values are marked in blue):

8% of blood

440 220 110 55

275 16.5

148 126

recovery at 2% blood in sample;
b - u’ recovery at 2% blood in sample;
, recovery at 4% blood in sample;
d - u’ recovery at 4% blood in sample;
e — u, recovery at 8% blood in sample; f —
U’ recovery at 8% blood in sample.

s

10.3 841
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038 ] —— NpUMeHeHUs MonpaBoy-
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Fig. 7. Clinical testing of modified Kubelka-Munk model applied to restoration of optical properties: a — absorption coefficient of the
Kubelka-Munk model; b — scattering coefficient of the Kubelka-Munk model; ¢ — optical properties of tissues reconstructed from the

values of the coefficients of the Kubelka-Munk model.

trend of the reconstructed absorption coefficient can be
circumvented either by complicating the algorithm for
recalculating the Kubelka-Munk parameters into optical
properties according to the RTT, or by introducing a
correction factor that takes into account the reconstructed
value of the scattering coefficient (Fig. 6).

Results of ex vivo colonic wall (thickness 0.2 cm)
optical properties assessment with customized formulas
are presented on the Fig. 7.

Conclusion
An approach has been proposed for measuring the
spectra of diffuse reflection and diffuse transmission of

light through the wall of hollow organs intraoperatively.
An algorithm for reconstructing the values of the optical
properties of the intestinal wall from the measured
spectral dependences is proposed, based on the two-
stream Kubelka-Munk model with customized formulas
for converting into optical properties based on numerical
modeling. The method was tested in a clinical setting,
which showed the promise of its use for personalizing
the calculation of the dose of light exposure in laser-
induced methods of therapy.

Theworkwas funded by the Russian Science Foundation,
grant No. 25-25-00516.
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MULTI-COURSE PHOTODYNAMIC THERAPY IN A PATIENT
WITH MALIGNANT TUMOR OF THE MAJOR DUODENAL
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Abstract

The article presents a clinical case of successful elimination of mechanical jaundice by means of a course of photodynamic therapy in a patient
with a malignant neoplasm of the major duodenal papilla and multimorbid concomitant pathology. The patient, admitted with a clinical picture of
mechanical jaundice, after additional examination was given a final diagnosis - moderately differentiated adenocarcinoma of the major duodenal
papilla, stage lla (T2NOMO), complicated by moderate mechanical jaundice. After primary stenting, a series of three consecutive courses of combined
systemic and local photodynamic therapy were performed with a three-month interval between them. During the last course, stent migration
into the duodenum was detected. Nevertheless, the complex therapy allowed to effectively eliminate the manifestations of mechanical jaundice,
stabilize the patient's condition, prevent further growth of the primary tumor, restore the patency of the ducts of the major duodenal papilla
and avoid relapses of mechanical jaundice, despite the migration of the stent. This experience demonstrates the promise of the photodynamic
approach for solving complex clinical situations associated with tumor damage to the biliary system and allows to consider this method as an
alternative in situations of high risk of complications of traditional surgery.

Key words: malignant tumor of the major duodenal papilla; course photodynamic therapy; survival.
Contacts: Tseimakh A.E., e-mail: alevtsei@rambler.ru
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MHOTIOKYPCOBAS ®OTOANHAMUNYHECKAS

TEPATUNA Y MAUMNEHTA CO 3JTOKAYECTBEHHbBIM
HOBOOBPA3OBAHMEM BOJIbLLOTO AYOOAEHAJIBHOIO
COCOYKA. KITMHUYECKMM CITYYAM

A.E. Uenmax', 4.H. WWorixet', E.A. Lleitmax’, H.K. began?, A.C. MakapeHnkog®
TANTaMCKMI rOCYaOPCTBEHHBIN MEAMUMHCKMI yHuBepcuTeT, Baprayn, Poccus
2AnTanckmit KpaeBomn oHkonorMyeckuin aucnancep, baprayn, Poccus
lopoackas 6onbHuua Neb, baprayn, Poccua

Peslome
B ctatbe npeacTaBneH KAMHWYECKUIA Cilyyall YCNeLwHOro YCTPAHEHNA MEXaHNUYECKOW XENTyX/ NoCpeACcTBOM NPoBeAeHUs KypcoBol ¢oTo-
OUHAMUYeCKol Tepanuy y NauueHTa co 3/10KayecTBEHHbIM HOBOOOPa3oBaHEM 6GOJbLLOTO AyOofAeHaNbHOrO COCOYKa ¥ MylbTUMOP6OUAHON
COMyTCTBYylOLEN natonorueil. MayueHTy, MOCTYNMBLUEMY C KIMHUYECKON KapTUHOW MEXaHUYeCKoW XenTyxu, nocse JoobcnenoBaHns 6bin
NoCTaB/ieH OKOHYaTesbHbIV AMarHo3 — yMepeHHo AnddepeHUpoBaHHas afgeHoKapLHoMa 60sbLIoro AyoAeHasbHOFO COCOYKa, ctaguu lla
(T2NOMO), ocnoXXHeHHaA MeXaHUYEeCKOW XEeNTyXOoN CpefHel cTeneHmn TaxecTu. [locne NepBMYHOIO CTEHTMPOBAHUA BbINMOMHEHa cepusa U3
TPEX NocnefoBaTesIbHbIX KyPCOB KOMOUHMPOBAHHOW CUCTEMHOW U JIOKaJIbHOW GpOTOAMHAMUYECKON Tepanu ¢ TPEXMECAYHbIM UHTEPBANIOM
MeXay HUMU. Bo Bpems nocnefHero Kypca 6biia BbiiBNieHa MUTPaLMA CTEHTa B ABEHAALATUNEPCTHYIO KMLLKY. TeM He MeHee, KOMMIeKCHas
Tepanua no3Bonuna 3pGEKTVBHO YCTPAHUTb NPOABNEHNA MEXaHNYECKO XENTYXW, CTabunn3npoBaTb COCTOAHWE NaLMeHTa, NPefoTBPaTUTb
JanbHENWN POCT NEePBUYHON OMyXOJY, BOCCTAaHOBUTb NMPOXOANMOCTb NMPOTOKOB 6OJIbLLOrO yOAeHaNbHOro COCoUKa 1 13bexaTb peunan-
BOB MEXaHUYeCKOMN XeNnTyXu, HECMOTPA Ha MUFPaLuio CTeHTa. [JaHHbI OMbIT 4EMOHCTPUPYET NepcnekTMBHOCTb GOTOAMHAMUYECKOTO NOA-
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XoAa AnAa peweHnA CNOXHbIX KIMHUYeCKUX cmyauvnh, CBA3aHHbIX C OMNYyXO0JiEBbIM MOpPakeHnem 6|/|m/|apH0|7| CUCTEMbI 1 MO3BOJIAET pacCMaTpun-
BaTb 3TOT METO KakK anbTepHaTBHOE CPeACTBO B CUTYaLNAX BbICOKOIO pUCKa OCNOXKHEHUN Tpap.I/ILl,I/IOHHOVI Xnpypruu.

KnioueBble cnoBa: 3/10KayecTBEHHOE Hosoo6pa303aHme 60sbLIOrO AyOoAeHaIbHOro COCOYKa; KypcoBas d)OTO,D,I/IHaMI/NECKaﬂ Tepanua;

BbI)KMBAEMOCTb.

KonTakTbl: Lieiimax A.E., e-mail: alevtsei@rambler.ru

Onsa yutupoBaHus: Lienvax A.E., Woixet A.H., Llemax E.A., begaH H.K.,, MakapeHkoB A.C. MHorokypcoBasi ¢oToarHammyeckas Tepanus
y NaLMeHTa Co 3/10Ka4yecTBeHHbIM HOBOOOpa3oBaHNeM 60bLIOro AyoAeHaIbHOro cocouka. KnuHuyeckuin ciyvai // Biomedical Photonics. —
2025.-T. 14, N2 3. - C. 39-42. doi: 10.24931/2413-9432-2025-14-3-39-42

Introduction

Cancer of the major duodenal papilla (MDP) is a rare
malignant pathology, which in oncological statistics
is considered in combination with other malignant
neoplasms of the bile ducts [1, 2, 3, 4]. The structure
of morbidity and mortality in biliary cancer is assessed
together with hepatocellular cancer [1, 2, 3, 4]. In the
overall structure of malignant neoplasms of the digestive
tract, the share of MDP cancer is only 0.2%. Being one of
the rarest oncological pathologies, estimated together
with hepatocellular carcinoma with a prevalence of 6.7
per 100,000 population, malignant neoplasms of the
bile ducts have one of the highest overall mortality rates
(35.2%) and mortality rates in the first year from the date
of diagnosis (66.8%), while MDP cancer in the structure
of biliary cancer is only 16.4%, which corresponds to a
prevalence of 6 per 1,000,000 population [1, 2, 3, 4].

Despite the development of radiation and
chemotherapy methods, the main method of treating
MDP cancer remains surgical with a predominance
of two types of operations: various modifications of
pancreatoduodenal resection and local resection or
papillectomy. However, radical surgical treatment is
usually difficult due to late diagnosis of the disease: 80.3%
of patients have an advanced or locally advanced process
[1, 2, 3, 4]. Among the palliative treatment options, the
main one remains the chemotherapeutic method, which
is difficult to perform in patients with the most common
complications of MDP cancer - mechanical jaundice,
cholangitis, multiple organ failure, which are the leading
clinical manifestations of MDP cancer [5].

One of the methods of palliative treatment,
complementing surgical treatment is photodynamic
therapy (PDT). PDT is a method of treating malignant
neoplasms, in which the tumor is irradiated with light
of a certain wavelength, which brings the molecules
of a special substance selectively accumulated in the
tumor tissue - a photosensitizer, into an excited state
in the presence of oxygen. The released singlet oxygen
has a direct cytotoxic effect, causing tumor cells to
die by apoptosis, necrosis and autophagy. Based on
the conducted studies of the effectiveness of PDT of
malignant neoplasms of the pancreatobiliary zone,

the authors developed a PDT technique that seems
promising for the treatment of patients who are not
indicated for radical surgical treatment [6].

Materials and Methods

Developed PDT technique

Algorithm of the developed PDT technique is
the following: fluorescence diagnostics on the laser
electron-spectral unit "Biospec" (LLC "Novyere Surgical
Technologies", Russia) and local and systemic PDT on
the software specialized laser dual-wave apparatus
"LAMI-Gelios" (LLC "New Surgical Technologies',
Russia) according to Technical Specifications 9444-
001-53807582-2010. For PDT, a photosensitizer based
on chlorin e6 (radachlorin, OOO "RADA-PHARMA",
Russia) is used. Systemic PDT is performed through a
peripheral intravenous access using an apparatus for
intravenous blood irradiation (monochromatic light with
a wavelength of 662-665 nm, irradiation time of 30 min,
light exposure dose of 1200-1400 J/cm?, output power of
the light fiber of 0.7 W, radiation power density of 0.22 W/
cm?) with intravenous administration of a photosensitizer
atadose of 1-1.2 mg/kg of body weight according to the
instructions for the drug. Local contact PDT is performed
after 3 hours (5 hours for solid tumors) from the start
of systemic PDT through antegrade percutaneous
transhepatic and/or retrograde endoscopic access,
depending on the localization of the malignant
neoplasm (irradiation with monochromatic light with a
wavelength of 662 nm, with an exposure dose of light of
220 J/cm?).To perform local PDT, a specialized dual-wave
laser software device with a fiber output power of 0.7 W
and a radiation power density of 0.22 W/cm? with a radial
diffuser is used.

In the case of pancreatic head cancer, endoscopic
ultrasound is used for navigation, and in the case
of malignant neoplasms of the intrahepatic and
extrahepatic bile ducts, transluminal PDT is used during
choledochoscopy on a guiding catheter for direct
peroral cholangioscopy with its fixation (Fig. 1). In the
case of pancreatic head cancer, if it is possible to install a
stent without percutaneous transhepatic drainage, only
retrograde endoscopic access is used.
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Puc. 1. Cxema npoBefeHuss nokanbHoi PAT y nauueHToB cO
3/10Ka4eCTBEHHBIMU HOBOOGPa30BaHUS KeN4YeBbIBOASALIMX MPO-
TOKOB.

Fig. 1. Scheme of local PDT in patients with malignant tumors of
the bile ducts.

The purpose of local PDT is to normalize the outflow
through the extrahepatic bile ducts by reducing the
volume of tumor tissue. Monitoring is carried out both
visually and fluoroscopically and in the laboratory. At
the same time, due to one of the advantages of PDT -
low toxicity of treatment, the method can be carried out
as part of a course of therapy to prevent recurrence of
mechanical jaundice and increase patient survival, which
is especially important for tumors of the pancreatobiliary
zone, which have the worst prognosis among tumors of
the digestive system [1, 2, 3.

In order to illustrate the method of course PDT, we
considered it possible to present a clinical example
of a patient with MDP cancer after stenting, in whom,
with the help of course PDT, it was possible to prevent
recurrence of mechanical jaundice despite the migration
of the stent into the duodenum.

Clinical observation

The patient, 87 years old, was hospitalized in the
surgical department of the State Healthcare Institution
of the Novosibirsk Region "Novosibirsk Regional Clinical
Hospital" in July 2024 with complaints of yellowness of
the skin for 3 weeks. No other symptoms were noted.
The patient underwent an ultrasound examination of
the abdominal organs and magnetic resonance imaging
of the abdominal organs, where biliary hypertension
was detected. The final clinical diagnosis was made after
video esophagogastroduodenoscopy with a biopsy
from the major duodenal papilla and morphological
verification of the diagnosis - moderately differentiated
adenocarcinoma of the major duodenal papilla, stage lla
(T2NOMO), complicated by moderate mechanical jaundice.

Among the concomitant pathologies, the patient had
chronic urinary retention due to prostatic hyperplasia,
chronic kidney disease stage IV (stage C4 A1) against the
background of acute kidney injury (history of acute tubular
necrosis). The patient also had significant concomitant
cardiological and endocrine pathologies: hypertension
with high cardiovascular risk stage lll, degree 3, risk 4;
chronic heart failure, functional class IIA; ischemic heart
disease with episodes of stable angina pectoris functional,
class II; diffuse multinodular goiter with signs of subclinical
hyperthyroidism; diverticulosis of the colon; compensated
type 2 diabetes mellitus; diabetic nonproliferative
retinopathy of both eyes, and polyneuropathy.

Due to multiple concomitant pathologies and
high perioperative risk, it was decided to refrain from
radical surgery. The patient underwent endoscopic
retrocholangiopancreatography, papillosphincterotomy
and stenting of the common bile duct with biopsy
from the major duodenal papilla. Two months later,
before replacing the stent, the patient underwent the
first course of local and systemic PDT according to the
method described above in the surgery department of
the Regional State BBudgetary Institution of Health Care
"City Hospital No. 5, Barnaul" A month later, the stent
was replaced at the State Healthcare Institution of the
Novosibirsk Region “State Novosibirsk Regional Clinical
Hospital’, followed by two courses of local and systemic
PDT with an interval of 3 months between each course.
During planned hospitalizations, the patient did not have
clinical and laboratory signs of mechanical jaundice.
During video esophagogastroduodenoscopy after
ultrasound examination of abdominal organs, where no
stent was detected, during planned hospitalization for the
third course of PDT 6 months after stent placement, stent
migration into the duodenum was detected (Fig. 2). At the
same time, traces of bile were present in the duodenum,
and the lumen of the major duodenal papilla was
visualized. When comparing the dynamics according to
the data of previous endoscopic studies, it was possible to

Puc. 2. 3noKkavyectBeHHoe HoBooGpa3oBaHue BCANMK ¢ Hannunem
CBOGOJHOI0 NpocBeTa U C/eAO0B Xel4Yu B ABEHaALaTUNEepCTHOM
KULLKe.

Fig. 2. Malignant tumor of the major duodenal papilla with
visualisation of free lumen and signs of bile in the duodenum.

CASE REPORTS

BIOMEDICAL PHOTONICS T. 14, N23/2025

41



wn
|_
o
O
o
L
oz
L
N
<
O

Tseimakh A.E., Shoikhet la.N., Tseimakh E.A., Bedyan N.K., Makarenkov A.S.
Multi-course photodynamic therapy in a patient with malignant tumor of the major duodenal papilla. Clinical cases

Puc. 3. 3nokayectBeHHoe HoBooGpa3zoBaHue BCAMK ¢ Hanuuunem
CcBOGOAHOrO NpoCBeTa M C/IE4OB Xel4u B ABEHAALATUNEPCTHOWM
KULLUKe.

Fig. 3. Malignant tumor of the major duodenal papilla with
visualisation of free lumen and signs of bile in the duodenum.

identify the absence of clinically significant growth of the
neoplasm into the lumen of the major duodenal papilla.

The patient underwent local PDT using a single
technique similar to previous courses (Fig. 3) with
recommendations for planned stenting.

From the moment of morphological verification
of the diagnosis to the moment of discharge after the
third course of PDT, 10 months have passed, outpatient
monitoring of the patient continues. Of particular
importance is the absence of side effects from the use
of the photosensitizer on the urinary system and the
absence of negative dynamics of clinical and laboratory

markers of chronic renal failure against the background
of multiple courses of PDT before and after surgery.

Conclusion

At the present stage, a number of studies of the
effectiveness of PDT of malignant neoplasms of the
bile ducts have been conducted, summarized in two
meta-analyses: a meta-analysis of Moole H. et al. [7],
which presents the main outcomes of heterogeneous
studies, some of which used only PDT, while most
patients underwent combined treatment (PDT and
chemotherapy); and a meta-analysis of Tseimakh A.E. et
al., which analyses homogeneous studies that assessed
only the effectiveness of PDT without the influence of
other methods of specific treatment. Despite significant
difficulties in the combined assessment of PDT studies
due to significant variability between photosensitizers,
different regimens and treatment plans for patients,
both meta-analyses equally show an increase in survival
when using PDT in patients with malignant neoplasms
of the bile ducts by more than 8 months (240 [7] and 256
[8] days, respectively) with the elimination of the clinical
picture of mechanical jaundice and the prevention of
its relapses. Thus, course PDT is a promising method for
treating mechanical jaundice and subsequent prevention
of its recurrence in patients with malignant neoplasms of
the major duodenal papilla, which allows, in the absence
of significant side effects, to improve survival, which is
especially important for older patients with multimorbid
pathology.
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Abstract

The aim of the study was to collect and analyze published data from clinical trials on the efficacy of photodynamic therapy (PDT) using 5-ALA-based
drugs and its esters in patients with basal cell carcinoma (BCC). The review was conducted using the PubMed and ClinicalTrials.gov databases for
the period from 1995 to 2025. Large prospective and retrospective studies with more than 20 patients were included in the analysis. The efficacy
of PDT was examined and compared with traditional treatment methods. The analysis demonstrated significant efficacy of PDT in the treatment
of BCC. The complete regression rate ranged from 84% to 99% after 3 months of therapy, from 62% to 96% after 12 months, and from 70% to 91%
after 5 years. A significantly better cosmetic outcome was recorded compared with surgical methods. Studies have confirmed that PDT has a high
safety profile, with severe side effects rare. The most common adverse effects include mild skin irritation, redness, and mild discomfort, which
resolve on their own.

Key words: photodynamic therapy, cutaneous basal cell carcinoma, 5-aminolevulinic acid, 5-aminolevulinic acid methyl ester.
Contacts: Filonenko E.V., e-mail: elena.filonenko@list.ru

For citations: Filonenko E.V. Ivanova-Radkevich V.. Photodynamic therapy with 5-aminolevulinic acid for basal squamous cell carcinoma,
Biomedical Photonics, 2025, vol. 14, no. 3, pp. 43-51. doi: 10.24931/2413-9432-2025-14-3 -43-51

OOTOANHAMUYECKAA TEPATUNA C 5-AJIK
BOJIbHbIX BA3AJIbBHOKJTETOYHbIM PAKOM KOXWU

E.B. ®Punonenko', B.A1. MsaHoea-Paakeruny?

"MOCKOBCKMI HAYYHO-MCCIENOBATENLCKMM OHKONOrMUECKMH MHCTUTYT M. [.A. Tepuera —
dunman PIBY «HaumoHanbHbI MEAMUMHCKMM MCCNEA0BATENLCKMM LEHTD PAAUOIOTUMY»
Mununcrepcrsa sgpasooxparenus Poccuiickon Penepaunn, Mockea, Poccus
2Poccuitckmin Yunsepeutet apyx6sl Hapopos, Mocksa, Poccus

Peslome

Llenbto Hawen paboTbl 6bIM c60p 1 aHaNM3 ony6aMKOBaHHbIX AaHHBIX KIIMHUYECKUX NCCnefoBaHnin 3ddeKTrBHOCTM doToanHaMMYecKomn
Tepanuu (OOT) c npenapatamu Ha ocHoBe 5-AJTK 1 ee 3¢1pPOB y NaLMeHTOB ¢ 6a3anbHOKNETOUHBIM pakom Koxu (BKPK). AHann3 nutepatypsbl
NPOBOAWIICA Ha OCHOBe 6a3bl AaHHbIX PubMed u ClinicalTrials.gov 3a nepuop ¢ 1995 no 2025 rr. B aHanu3 6binv BKITIOUEHbI KPYTMHbIE MPOCNeK-
TUBHbIE N PETPOCNEKTUBHbIE NCCNef0BaHNA C KONMYECTBOM MaLMeHToB cBbilwe 20 yenoBek. PaccmatpurBanack apdektrBHocTb OAT, 6b110
BbIMOJIHEHO CPaBHEHWE C TPAAVLMOHHBIMY MeTofaMu fieueHus. [poBefeHHbIV aHann3 nokasan 3HauutenbHyo 3¢pdekTrBHocTb OAT npun
neyeHun BKPK. YacToTta nonHbix perpeccuin gocturana ot 84% fo 99% yepes 3 mec nocne Hayana repanuu, ot 62% ao 96% yepes 12 mec n ot
70% [0 91% uepes 5 neT. 3aperncTPUPOBaH 3HAUNTENIBHO JTYYLLNI KOCMETUYECKUIA Pe3ynbTaT Mo CPaBHEHWIO C XMPYPrMYyecKUMN MeToaamm.
Wccneposanua noatsepavny, uto OAT obnapaeT BbICOKMM nNpodunem 6€30nacHoOCTU C PeAKMM Pa3BUTHEM THKENbIX MOBOUHbBIX SGPEKTOB.
Havbonee yacTble HeraTMBHbIE NMOCNEACTBIA BKIKOYAIOT JIETKOE Pa3fpaxkeHre KOXW, MOKPaCHeHUA 1 HeboMbLIOW AVCKOMOPT, NpoxoasaLme
CaMOCTOATESIbHO.

KnioueBble cnoBa: potogmHammueckas Tepanyis, 6a3anbHOKIIETOUHbIV PaK KOXW, 5-aMUHONEBYJIMHOBAA KNCIIOTa, METWUIIOBBIN SGUp 5-amu-
HOJIEBYNINHOBOW KNC/OTbI.

KoHTakTbi: QunoHeHko E.B., e-mail: elena.filonenko@list.ru

Ana uyntnposaHua: OunoHeHko E.B., MiBaHoBa-PagkeBny B./. DoTognHammueckas Tepanus ¢ 5-AJ1K 605bHbIX 6a3anbHOKIETOUHBIM PaKoM
koxu // Biomedical Photonics. — 2025. - T. 14, N2 3. - C. 43-51. doi: 10.24931/2413-9432-2025-14-3-43-51
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Introduction

Basal cell carcinoma (BCC) is the most common non-
melanocytic skin tumor. It is a slow-growing skin tumor.
While it rarely metastasizes, it often occurs in multiple
forms and recurs on exposed skin areas, leading to
significant treatment challenges. BCC is a heterogeneous
group of tumors with histopathological and clinical
characteristics ranging from superficial lesions to very
extensive and destructive tumors [1].

Epidemiology

In the Russian Federation, when analyzing cancer
incidence statistics, BCC is not separately considered
from other non-melanocytic skin tumors. However,
according to some data, BCC accounts for 75-97% of
malignant epithelial skin neoplasms [2,3]. In 2024, the
incidence of non-melanoma skin cancer in Russia was
313.9 cases per 100,000 population [3]. Thus, according
to indirect estimates, the incidence of non-melanoma
skin cancer is approximately 235-305 cases per 100,000
population.

In 2024, the number of newly diagnosed malignant
neoplasms in the Russian Federation was 698,693.
Of these, approximately 72,000 (10.3% of the overall
cancer incidence) were cases of malignant skin cancer
(excluding melanoma) [2]. Thus, according to indirect
estimates, the number of newly diagnosed cases of non-
melanoma skin cancer annually ranges from 54,000 to
70,000.

The incidence of BCC varies greatly depending on the
geographic region. The highest incidence is recorded in
Australia (up to 1,000 per 100,000 inhabitants per year),
followed by the United States (approximately 210-410 per
100,000 inhabitants per year) and Europe (approximately
75-160 per 100,000 inhabitants per year) [1].

The risk of developing BCC is higher in older people
and in women (approximately 2 times more often than
in men) [1].

Risk factors

The most significant risk factor for developing BCC
is sun exposure, both in childhood and in adulthood.
The development of BCC is provoked by ultraviolet rays
of the UVA and UVB spectrum (the latter to a greater
extent). This explains why most BCC lesions occur on
sun-exposed areas of skin and are more common in
people with fair skin [1]. The cause of it may be mutations
caused by UV radiation. BCC is generally characterized
by a high mutational tumor load (tumor mutational
burden (TMB)), which is 65 mutations/megabases
(compared to 14 mutations/megabases for melanoma)
and contains a high percentage of mutations induced
by UV radiation [4]. Indirect confirmation of the risk
associated with UV radiation may also be the results of
studies demonstrating an increased risk of developing

BCC in patients using solariums, with a confirmed dose-
response relationship. Other risk factors include fair
skin color, red hair, blue eyes, and older age. A number
of authors also associate increased risks of developing
BCC with existing hematological neoplasms in the
patient [4]. Immunodeficiency, including iatrogenic
immunosuppression, can provoke the development of
BCC[4]. According to some authors, the risk of developing
BCC increases more than 10-fold with tissue and organ
transplantation [5].

Classification, Staging, and Clinical
Manifestations

The 8th version of the American Joint Committee
on Cancer (AJCC) TNM staging system is currently used
for BCC staging [6]. Morphological confirmation is
mandatory; lymph node status is assessed for staging
using clinical examination and instrumental studies [6].

BCC originates from follicular and interfollicular
keratinocyte stem cells [1].

BCCis characterized by a variety of clinical forms.The
main ones are superficial, nodular, and scleroderma-
like.

Superficial BCC is characterized by an erythematous,
irregularly shaped lesion with clearly defined borders,
often with serous and hemorrhagic crusts on the
surface. This form is most often localized on the skin of
the trunk [6].

Nodular form of BCC is characterized by a
hemispherical nodule with a smooth surface, typically
gray-pink in color with a pearly hue. This form is most
often found on the face and scalp. One variant of this form
is the pigmented form, which appears as a pigmented
spot or nodule of gray-black color [6].

Scleroderma-like form of BCC is characterized by
a whitish, scar-like area with no clear boundaries
and peripheral "pearlescent" papules. The central
portion of this area may contain punctate areas of
hyperpigmentation, erosions of varying sizes, atrophic
changes, and dyschromia [6].

Diagnosis

The primary method for the initial diagnosis of
BCC is dermatoscopy. Compared to eye examination,
dermatoscopy increases the sensitivity and specificity of
diagnosis from 66.9% to 85.0% and from 97.2% to 98.2%,
respectively [7]. Dermatoscopy can also determine the
histopathological subtype of BCC[1].

According to most clinical guidelines, a biopsy is
required for the diagnosis of BCC; however, in some
cases, cytological diagnosis is acceptable for medical
facilities with the appropriate technology [1,8].

Medical imaging, such as magnetic resonance
imaging and ultrasound, is often required to determine
the extent of locally advanced tumor spread [1].
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BCC Prognosis

As noted above, BCC rarely metastasizes. Some
researchers estimate the metastasis rate to be 0.0028-
0.55% [9]. The development of metastases (especially
distant ones) significantly worsens the prognosis of BCC.
For example, in a study by McCusker M. et al,, the median
survival was 87 months for regional metastases and 24
months for distant metastases, with every third patient
receiving systemic chemotherapy [10].

The main problems with BCC are local tissue
destruction, sometimes quite extensive, and a high
recurrence rate. The risk of recurrence depends on the
tumor location (e.g., zone H on the face, characterized
by a high recurrence rate), histological subtype,
perineural invasion, immunosuppression, and previous
recurrences [1].

Severe forms of BCC are rare and heterogeneous.
Data on the proportion of severe forms in the overall BCC
structure vary significantly between studies and average
between 0.01% and 0.8% [11-12].

Therapy

Surgical Treatment

Surgical treatment is the standard treatment
for patients with BCC. Depending on the tumor
characteristics (size, location, presence of recurrence,
histology) and the surgeon's qualifications, standard
excision or Mohs micrographic surgery may be used.
The latter surgical treatment option is used for high-
risk tumors, recurrent BCC lesions, and BCC located in
critical anatomical zones [1]. Van Loo E. et al. showed
that the 10-year cumulative risk of BCC recurrence after
Mohs surgery is three times lower than after standard
surgical treatment (4.4% and 12.2%, respectively), and
for recurrent BCC, this difference is even higher (3.9%
versus 13.5%) [13]. The main adverse effect of surgical
treatment is the possibility of scarring [14].

Radiation Therapy

In elderly patients, with severe comorbidities, or
those who refuse surgical treatment, radiation therapy
may be an alternative to surgery. For BCC, external beam
therapy, brachytherapy, or localized radiation therapy
are used. The choice of radiation therapy depends on
the tumor size, location, team experience, and resources.
Radiation therapy can also be used as adjuvant therapy
when re-excision of incompletely resected BCC lesions
is not possible. Radiation therapy is comparable to
surgical treatment in terms of recurrence-free survival
[1]. However, radiation therapy may be associated with
arisk of tissue fibrosis and secondary malignancies [14].

Local Drug Therapy
Local drug therapy is also an alternative to surgery
[14]. This treatment is non-invasive but may cause local

skin reactions including erythema, swelling, itching,
hypopigmentation, crusting/scabbing/desquamation,
erosions and pain. Topical drug therapy is also associated
with lower complete cure rates compared with other
treatments [14].

Imiquimod is an immune response modifier
used to treat superficial and small nodular BCC in
immunocompetent adults. Imiquimod's action is
associated with the activation of antitumor immunity.
Imiquimod promotes the production of proinflammatory
cytokines, chemokines, and other mediators that activate
antigen-presenting cells and other components of the
innate immune system [1].

According to some authors, the efficacy of imiquimod
in BCC is comparable to that of surgical intervention.
For example, in a study by Williams H.C. et al., in the
treatment of BCC lesions, a positive outcome 5 years
after treatment was achieved in 82.5% of cases using
imiquimod, compared to 97.7% with surgery [15].

Applications with 5% 5-fluorouracil are also used
for BCC. Studies show that 5-fluorouracil is inferior to
imiquimod in efficacy in most cases [1].

Cryotherapy

Cryotherapy is indicated only for superficial, low-risk
BCC lesions and is not recommended for tumors deeper
than 3 mm [1,14]. Disadvantages of cryodestruction
include lower efficacy compared to the methods
described above, pain, and questionable cosmetic results
(the procedure often leaves hypopigmented spots that
can persist for years) [1].

Photodynamic Therapy

Photodynamic therapy (PDT) is another alternative
treatment option for basal cell carcinoma [1,14,16].
Its high efficacy against a range of skin cancers and
precancerous conditions has been demonstrated in
numerous clinical and observational studies [17-20]. In
particular, our recent reviews demonstrated that PDT can
be considered as a first-line treatment option for non-
invasive basal cell carcinoma [19,20].

We searched for published results of large
randomized and observational clinical trials from 1995
to 2025 on the websites https://clinicaltrials.gov and
https://pubmed.ncbi.nim.nih.gov using the keywords
"basal cell carcinoma" and "photodynamic therapy"/"5-
aminolevulinicacid"/"MAL-5-aminolevulinicacid methyl
ester!" The analysis included randomized controlled and
observational studies with more than 20 patients. The
table provides summary data on the effectiveness of PDT
in patients with BCC.

Discussion
The studies reviewed demonstrated significant
heterogeneity in the photosensitizer concentrations,
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CBojHble faHHble pPe3ynbTaTUBHOCTU NPUMEHEeHUA ¢0TOAMHaMMHeCKOﬁ Tepanuuy nauneHToB
Cc 6a3a/bHOKNETOYHbIM PAKOM KOXHU

Table

Summary of the effectiveness of photodynamic therapy of basal cell carcinoma

ABTOpDI

Kessels et al.,
2017 [21]
Van Delft et
al., 2022 [22]

Kessels et al.,
2017 [21]
Van Delft et
al,, 2022 [22]

Salmivuori et
al,, 2020 [23]

Salmivuori et
al.,, 2020 [23]

Salmivuori et
al., 2020 [23]

Arits et al,,
2013 [24],
Roozeboom
etal, 2016
[25],

Jansen et al,,
2018 [26]

Morton C. A.
etal,
2018 [27]

Yucno
nayvneHToB /
KONNYecTBO

ouaroB/

80 naumeH-
TOB
80 patients

82 naumneHTa
82 patients

26 nauueH-
TOB

33 ovara
26 patients
33 lesions

27 nauymneH-
TOB

31 ouar

27 patients
31 lesions

24 naymeHTa
31 ouar

24 patients
31 lesions

202 naumeHTa
202 patients

121 naumeHT
148 ouyaros
121 patients
148 lesions

®opma BKPK

MepBuyHbIi BKPK

Primary BCC

MepBuyHbIi BKPK

Primary BCC

[oBepXHOCTHbIN
BKPK Ha Tene, HO
He Ha nuLe 1 BO-
NOCKCTON YacTn
rosoBbI
Superficial BCC

on the body area,
not face and scalp

[oBepXHOCTHbIN
BbKPK Ha Tene, Ho
He Ha e 1 Bo-
NOCKCTON YacTn
ronoBbl
Superficial BCC

on the body area,
not face and scalp

[oBepPXHOCTHbIN
BKPK Ha Tene, HO
He Ha NliLe 1 Bo-
JIOCUCTOW YacTu
rosioBbI
Superficial BCC

on the body area,
not face and scalp

[NoBepXHOCTHbBIN
BKPK
Superficial BCC

[oBepXHOCTHbIN
1 Y3e/IKOBbIN
BKPK

Superficial and
nodular BCC

DoToceHcun-
6unusarop

M3-AJIK3a 4y
[0 06nyyeHna
MAL

4 hours before
irradiation

5-AflIK3a4y
[0 obnyyeHua
5-ALA

4 hours before
irradiation

5-AJIK (HaHo-
aMynbcusA) 3a 3 Y
[0 065yyeHna
5-ALA (nano
emulsion)

3 hours before
irradiation

M>-AJIK3a 3y no
06nyyeHns

MAL

3 hours before
irradiation

[3-AJlK3a3y
[0 06nyyeHna
HAL

3 hours before
irradiation

M3-AJIK3a 3y
[0 obnyyeHna
MAL

3 hours before
irradiation

5-AJIK 3a3y
[0 0bnyyeHus
5-ALA

3 hours before
irradiation

75 Ox/cw?
75 J/cm?

75 Ox/cw?
75 J/cm?

37 Ox/cw?
37 J/cm?

37 Dx/cm?
37 J/em?

37 Ox/cw?
37 J/cm?

37 Ox/cw?
37 J/em?

37 Ox/cw?
37 J/cm?

46

KonunuectBo
Kypcos OAT

dddekTuBHOCTL AT

2 Kypca c uHTep- [onHas perpeccus:

BaJioM 8 gHewn.
2 courses with
an interval of 8
days

OBaxkabi B 1
neHb

C VIHTEpBaoM
2 yvaca

Twice on day 1,
interval 1 hours

2 Kypca € UH-
TepsBanom 8-14
noHen

2 courses with
an interval of
8-14 days

2 Kypca C UH-
Tepsanom 8-14
nHen

2 courses with
an interval of
8-14 days

2 Kypca

C VIHTEPBAJIOM
8-14 pHen

2 courses with
an interval of
8-14 days

2 Kypca

C VIHTEpBAIOM
1 Hen

2 courses with
an interval of
1 week

2 Kypca

C VIHTEPBAJIOM
1 Hep

2 courses with
an interval of
1 week

95% yepes 3 mec
89% uepes 12 mec
91% yepe3 60 mec
Complete regression
95% after 3 months
89% after 12 months
91% after 60 months

MonHas perpeccus:
96% uyepes 3 mec
96% yepes 12 mec
76% yepes 60 mec
Complete regression
96% after 3 months
96% after 12 months
76% after 60 months

MNMonHas perpeccus:
91% uyepes 3 mec
Complete regression
91% after 3 months

MonHas perpeccus:
97% yepes 3 mec
Complete regression
97% after 3 months

[MonHan perpeccusa:
94% yepes 3 mec
Complete regression
94% after 3 months

MonHas perpeccus:
84% uyepes 3 mec
87% yepe3 12 mec
92% yepes 36 mec
70% yepe3 60 mec
Complete regression
84% after 3 months
87% after 12 months
92% after 36 months
70% after 60 months

MNMonHas perpeccus:
93% uyepes 3 mec
92% yepe3 12 mec
Complete regression
93% after 3 months
92% after 12 months
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Morton C. A. 110 naymen-

etal, TOB

2018 [27] 127 ovaros
110 patients
127 lesions

LlepkoBckuin 130 naumen-

O.A. v co- TOB

aBT, 2017 156 oyaroB

[28] 130 patients

Tserkovsky 156 lesions

D.A.etal,

2017 [28]

Mosterd et 83 ouara

al., 2008 [29] 83 lesions

Roozeboom

etal, 2013

[30]

Kannnyc B.H. 127 nauyuen-

1 COaBT. TOB

[31] 127 patients

Kapinus V.N.

etal, 2013

[31]

De Haaset 100 naumeH-

al., 2006 [32] TOB

deVijlderet 243 ouaros

al,, 2012[33] 100 patients
243 lesions

De Haaset 55 nauuen-

al., 2006 [32] TOB

de Vijlderet 262 ouaros

al., 2012 [33] 55 patients
262 lesions
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[oBepXHOCTHbIN
1 Y3e/IKOBbIN
BKPK

Superficial and
nodular BCC

MepBUYHLIN 1 pe-

umanBHbI BKPK
Primary and
recurrent BCC

Y3enkoBbin BKPK
Nodular BCC

PeunaneHbIn
BKPK
Recurrent BCC

[oBepXHOCTHbIN
BKPK
Superficial BCC

[oBepXHOCTHbIN
BKPK
Superficial BCC

M3-ANIK3a 3y 37 Ox/cm?
[0 0bnyyeHus 37 J/em?
MAL

3 hours before

irradiation

XnopuH e6 3a 2,5- 50-300

34y poobnyyenna [Ox/cm?
Chlorin e6 50-300 J/
2.5-3 hours cm?
before irradiation

5-AJIK -

5-ALA

XnopuHe63a3y4 100-600
[0 06nyyeHus x/cm?
Chlorin e6 100-600 J/
3 hours before cm?
irradiation

M3-ANIK3a4upo 75 x/cwm?
obnyyeHua 75 J/cm?
MAL

4 hours before

irradiation

M3-AJIK3a4upo 20180
obnyyeHua Iox/cm?
MAL 4 hours 20 and
before irradiation 80 J/cm?

2 Kypca

C VIHTEpBaIoM
1 Hen

2 courses with
an interval of
1 week

1 Kypc
1 course

2 ceaHca
06nyyeHns
(MHTepBan 1y)
2 irradiation
sessions
(interval 1 hour)
1-4 kypca

1-4 courses

1 ceaHc obny-
yeHusa
1 irradiation
session

2 ceaHca obny-
YyeHuA (yepes 4
16 u)

2 irradiation
sessions (after 4
and 6 hours)

MonHas perpeccus:
92% yepes 3 mec
91% yepes 12 mec
Complete regression
92% after 3 months
91% after 12 months

MonHas perpeccus npu nep-
BMYHOM BKPK:

91% yepe3s 1-3 mec

MonHas perpeccus npu pe-
unansHom bKPK:

90% uepes 1-3 mec
Complete regression in
primary BCRC:

91% in 1-3 months
Complete regression in
recurrent BCRC:

90% in 1-3 months

MonHan perpeccus:
73% yepes 60 mec
Complete regression
73% after 60 months

MonHas perpeccus:

68,5% (cpok HabnoaeHus
6-60 mec)

Y naumeHToB ¢ peunarBamm
nocsie nyyeBow Tepanuy —
20,5%

Y MaLMeHToB ¢ peLuaBamm
rocsie ny4eBoi Tepanum —
20,5%

Y nmaumeHToB ¢ peunarea-
MW MOC/e KPUO-, S1EKTPO-,
Jla3epKoarynauum u Xmpyp-
rMYecKoro fievyeHna— 28,6-
30,8%

Y naumeHToB € peuugmBamm
rocsie npeaLecTByoLero
KOMOUHUPOBaHHOTO Nleye-
Hua - 47,2%

Complete regression:
68.5% (observation period
6-60 months)

In patients with relapses
after radiation therapy -
20.5%

In patients with relapses
after radiation therapy -
20.5%

In patients with relapses
after cryo-, electro-, laser
coagulation and surgical
treatment - 28.6-30.8%

In patients with relapses
after previous combined
treatment - 47.2%

MonHas perpeccus:
75% uepes 60 mec
Complete regression
75% after 60 months

MNonHas perpeccus:
88% uepe3 60 mec
Complete regression
88% after 60 months
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Foleyetal, 66 nauneHToB Y3enKoBbin M3-AJIK3a3 4 75 Dx/cm? - 2 Kypca MNonHaa perpeccus:
2009 [34] 75 oyaros BKPK [0 06nyyeHna 75 J/cm? cuHTepBanom  75% yepes 6 mec
66 patients Nodular MAL 1 Hep Complete regression
75 lesions BCC 3 hours before 2 courses with  75% after 6 months
irradiation an interval of 1
week
Basset- 60 naumeHToB [loBepxHOCTHbIN ~ M3-AJIK3a 3y 75 Dx/em? - 1-3 Kypca MonHaa perpeccus:
Seguin N. 114 ouaroB  BKPK Superficial ~ po obnyueHusa 75 J/cm? B TeueHue 88% uepes 3 mec
etal, 60 patients BCC MAL 3 mec 78% yepes 60 mec
2008 [35] 114 lesions 3 hours before 1-3 courses for3  Complete regression
irradiation months 88% after 3 months
78% after 60 months
Smucleret 286 nauneH-  Y3enkoBbili M3-AJIK3a 3y 75 x/cv? - 2 Kypca MNonHas perpeccus:
al, 2008 [36] TOB BKPK [0 065yyeHna 75 J/cm? CUHTEpBanoM  99% uepes 3 mec
286 o4aros Nodular MAL 1 Hep 95% uepes 12 mec
286 patients  BCC 3 hours before 2 courseswith  Complete regression
286 lesions irradiation anintervalof 1 99% after 3 months
week 95% after 12 months
Rhodesetal, 53 nauveHta  Y3enkoBbii M3-ANIK3a3upgo 75[Ox/cm?* 2 Kypca c HTep- [lonHas perpeccus:
2004 [37] 60 ouaros BKPK obnyyeHus 75 J/cm? Basiom 1 He 91% yepes 3 mec
2007 [38] 53 patients Nodular MAL 2 courses with 83% uepes 12 mec
60 lesions BCC 3 hours before anintervalof 1 76% uepe3s 24 mec
irradiation week Complete regression
91% after 3 months
83% after 12 months
76% after 24 months
Berroetaet 21 ouvar Y3enkoBbii 5-AJIK - - MonHasa perpeccus:
al,, 2007 [39] 21 lesions BKPK 5-ALA 62% uepes 12 mec
Nodular Complete regression
BCC 62% after 12 months

*BKPK — 6a3anbHOKNETOUHbBIV paK Koxu, 5-AJIK — 5-amrHoneBynuHoBas Kucnota, M3-AJIK — MeTnoBbIN 3Gpup 5-aMUHONEBYIMHOBOW KUCIOTbI,

3-AJTK - rekcrnoBbii 3Gup 5-aMUHONEBYIMHOBO KACNOTbI

*BCC - basal cell carcinoma, 5-ALA - 5-aminolevulinic acid, MAL - 5-aminolevulinic acid methyl ester, HAL — 5-aminolevulinic acid hexyl ester.

light sources, incubation times, and pretreatment
strategies used. This precludes a comparative analysis
of the efficacy of different PDT regimens and the
generalization of results to develop standardized
approaches. However, based on the analyzed results,
it can be confidently stated that PDT with 5-ALA and
MAL-based photosensitizers demonstrates high efficacy
against superficial BCC lesions with excellent cosmetic
results [14].

The rate of complete regression of BCC lesions at
3 months after PDT averaged 84-99%, 62-96% at 12
months, and 70-91% at 5 years. No difference in efficacy
was observed between 5-ALA and MAL [19,20,25-39].
Our search also identified one study involving more
than 20 patients using HAL [23]. It should be noted that
in most studies, patients with an incomplete response
could undergo an additional course of PDT. However,
the authors did not demonstrate a relationship between
the treatment effect and the number of PDT courses
[22,25,26,27,29,30,34-38].

It should be noted that in global clinical practice,
photosensitizers based on 5-ALA and its esters are most
often used for the treatment of BCC [22,23,24-27,29-
30,32-39]. Russian studies also use photosensitizers
based on chlorin e6 for the treatment of BCC [28,31]. The
treatment efficacy in both cases is quite high.

In most studies, the light dose per irradiation session
was approximately 37-75 J/cm? However, some authors

have demonstrated greater efficacy with fractionated
irradiation (two irradiation sessions separated by 1-2
hours) [32,33].

A number of studies have assessed the efficacy
of alternative treatments compared to PDT. PDT
demonstrated similar complete response rates as most
other treatments, with the exception of surgery and
imiquimod, which demonstrated better results. The main
disadvantage of surgery, especially compared with PDT,
was unsatisfactory cosmetic results [22,23,24,37].

The most common adverse events associated
with PDT are pain and discomfort. These may occur
immediately or after completion of irradiation. Most
patients tolerate the treatment well for BCC without the
need for additional analgesics. Local adverse events such
as mild to moderate erythema, local edema, pruritus,
superficial crusting, and vesicular eruptions were also
recorded during the observational studies. According to
the data from the reviewed studies, all of these reactions
were transient and self-limited. Based on these results,
PDT has a favorable safety profile [22-39].

The main limitations of some of the reviewed studies
included an observation period of less than 12 months,
heterogeneity in the assessment of clinical outcomes, and
the fact that not all studies reported treatment-related
adverse events. The duration of the observation period
was important for assessing the effectiveness of various
treatments, as BCC can recur years after treatment [14].
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Conclusion

Photodynamic therapy demonstrates high efficacy

and good cosmetic results in patients with BCC. In some
cases (eg, advanced age, severe comorbidities, patient
refusal of surgery, contraindications to surgery), PDT can
be considered as an alternative to surgery. Numerous

clinical studies and observational studies convincingly
demonstrate that PDT with 5-ALA and its derivatives is
effective, safe, and cosmetically favorable for patients
with BCC. However, the variability of treatment protocols
highlights the need for further randomized controlled
trials to determine optimal treatment parameters.
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