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CORRELATION OF SPECTROSCOPIC AND STRUCTURAL
PROPERTIES OF INDOCYANINE GREEN J-AGGREGATES

Farrakhova D.S.', Romanishkin I.D.!, Yakovlev D.V.'2, Maklygina Yu.S.!, Oleinikov V.A 2,
Fedotov P.V.'3, Kravchik M.V.4, Bezdetnaya L.>¢, Loschenov V.B.'

'Prokhorov General Physics Institute of the Russian Academy of Science, Moscow, Russia
2Shemyakin—Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Science,
Moscow, Russia

3Moscow Institute of Physics and Technology, Dolgoprudny, Russia

“Research Institute of Eye Diseases, Moscow, Russia

SInstitut de Canceérologie de Lorraine, Vandoeuvre-lés-Nancy, France

¢Centre de Recherche en Automatique de Nancy, CNRS, Université de Lorraine, Nancy, France

Abstract

Indocyanine green (ICG), when in free form in a liquid, can form stable nanoparticle structures or colloidal solution, while changing its spectroscopic
properties. In the work, the aggregation degree and the average size of nanoparticles depending on the concentration of a colloidal solution of
indocyanine green (ICG NPs) in the form of J-aggregates were investigated by various methods based on light scattering. The size of nanoparticles
is an important parameter from the point of view of clinical application, because the technique of intravenous administration of drugs, in order
to avoid microvascular thrombosis and embolism, provides dosage forms with inclusions of individual molecules or their clusters, not exceeding
500 nm diameter. In turn, small nanoparticles less than 30 nm lead to prolonged circulation of the drug in the body with an increased possibility of
permeation into cells of healthy tissue. In the course of studies, it was found that an increase in the concentration of ICG NPs in the solution leads
to an increase in the average size of spontaneously formed J-aggregates, which, in turn, leads to a decrease in the absorption coefficient in the
aggregates. Presumably, this phenomenon, i.e. the established nonlinear dependence of the J-aggregate absorption on its size, can be explained
by the formation of absorption centers on the J-aggregate surface in the form of mobile surface molecules. The threshold range of ICG molecule
concentration was determined, at which there is a transition from aggregation with an increase in size with a slow addition of ICG J-aggregate
molecules in height to a rapid addition in width.

Key words: Mie scattering, dynamic light scattering, indocyanine green, colloidal solution, J-aggregates, scattering indicatrix, aggregation degree.

For citations: Farrakhova D.S., Romanishkin I.D., Yakovlev D.V., Maklygina Yu.S., Oleinikov V.A., Fedotov PV., Kravchik M.V., Bezdetnaya L., Loschenov
V.B. Correlation of spectroscopic and structural properties of indocyanine green J-aggregates, Biomedical Photonics, 2022, vol. 11, no. 3, pp. 4-16.
doi: 10.24931/2413-9432-2022-11-3-4-16.
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Pe3siome

MHpoumnaHuH 3eneHbin (ICG), HaxoAsACh B pacTBOPe, CNOCO6eH 06pa3oBbIBaTh CTabUIbHbIE CTPYKTYPbl HAHOUACTUL, AW KOJINIOVZHbIA PacTBOp,
M3MEHAA NPY 3TOM CBOW CMEKTPOCKOMMYECKMe CBOCTBA. B paboTe pa3nnmyHbIMU MeToAaMu, OCHOBaHHBIMI Ha CBeTopacceaHun, bbinu nccrne-
[l0BaHbl CTeMeHb arperauuy 1 CpefHui pasmep HaHOUYaCTHUL, B 3aBUCUMOCTY OT KOHLIEHTPaLMM KOMTOVAHOIO pacTBopa HaHOUaCTUL, MHAOLM-
aHuHa 3eneHoro (ICG NPs) B dopme J-arperatoB. Pasmep HaHouYacTyL, NpeAcTaBAAeT COO0M BaXKHbIV MapameTp C TOUKM 3PeHUA KITMHNYECKOro
NPYIMEHeHWs, TaK Kak TeXHMKa BHYTPVBEHHOIO BBeEHUA NMPenapaTos, C Lienbio n3bexaHna TPoOMO6030B MUKPOCOCYAOB 1 SMO0NK, MPeayc-
MaTpUBaeT SieKapCTBEHHbIE GOPMbI C BKITIOUEHVAMN, B BUAE OTAESIbHbIX MOJIEKYS WM VX KNAacTepoB, He MpeBbilatowymy B grametpe 500 HM.
C ppyron CTOpoHbI, HaHOYACTULbl pa3mepoM MeHee 30 HM ANUTENbHO LMPKYNMPYIOT B OPraHU3Me 1 MOryT NMPOHMKaTb B KNETKW 3[0POBON
TKaHu. B xofie nccnepnoBaHmin, 6b110 YyCTaHOBAEHO, UTO yBenmueHne KoHueHTpaumm ICG NPs B pacTtBope BefeT K yBeNIMYEHUIO CPeAHEro pas-
Mepa CMoHTaHHO GopMUpyeMbIX J-arperaTos, UTO B CBOIO OUepeb BEAET K YyMeHbLUEHMIO Ko3pduLmeHTa nornoLieHunsa B arperatax. [peanono-
XKUTENbHO, HeNMHENHaA 3aBUCMMOCTb MOTIOLLEeHA J-arperaTa OT ero pasmepa, MOXeT ObiTb 06 bACHEH GOPMMPOBaHMEM LIEHTPOB MOTOLLEHUA
Ha MoBEepPXHOCTY J-arperata B BUAE NMOABVXKHbIX MOBEPXHOCTHbIX MofeKy. Bbin onpefeneH NoporoBblil fuana3oH KoHLUeHTpaumy monekyn ICG,
NpV KOTOPOM MPOVCXOAWT NEPEXOA OT arperauuy € yBeimieHnem pasmepa ¢ MeAneHHbIM NprbasneHnem monekyn J-arperata ICG B BbICOTY, HO
C ObICTPbIM NPKGABIEHNEM B LUVPHY.

ORIGINAL ARTICLES

KnioueBble cnoBa: paccesHve Mu, fuHaMmnyeckoe paccesiHve CBeTa, HAOLUMAHNH 3€1eHbI, KONNOVAHDI pacTtBop, J-arperatbl, MHAMKaTpUCa
pacceAHnA, CTeneHb arperaunn.

Ana yutuposBauua: Gappaxosa [].C., PomaHuwkuH U.1., Akosnes [1.B., MaknbirnHa t0.C., OnenHnkos B.A., ®epotos[1.B., Kpasunk M.B., besget-
HasA J1.,, JloweHoB B.b. B3anmMocBA3b CNEeKTPOCKONMYECKIX N CTPYKTYPHbIX CBOWCTB j-arperatoB MHAOLMaHnHa 3eneHoro // Biomedical Photonics.

-2022.-T.11,N2 3. - C.4-16. doi: 10.24931/2413-9432-2022-11-3-4-16.

KonTtaktbi: ®appaxosa [.C., e-mail: farrakhova.dina@mail.ru

Introduction [3]. In this case, the dipole moments of the electronic

The fluorescent dye ICG is the only drug with an
absorption peakinthe nearinfraredrange (NIR),approved
for clinical application in most countries of the world [1].
The ICG aqueous solution consists of monomers and
H-type dimers with two absorption peaks at 780 and 715
nm, respectively (Fig.1a). ICG is able to form J-aggregates
under certain temperature conditions, representing a
stable colloid with aggregated nanoparticles (ICG NPs)
at high concentrations [2-4]. ICG J- aggregates have an
absorption and fluorescence peaksinthe NIRrange (0,75-
1,4 um) within the biological transparency window [5],
which is promising for fluorescent diagnostics [1, 6]. The
formation of J-aggregates occurs due to hydrophobic,
non-covalent -1 interactions between ICG molecules

transitions of individual molecules are practically aligned
parallel to the line connecting their centers through the
«head to tail» arrangement (Fig.1b) [3].

The J-aggregates in the ICG NPs colloidal solution
have strong changes in spectroscopic properties, such as
anarrow J-band in the absorption spectrum and its sharp
shift of about 100 nm into NIR. Also, the fluorescence
maximum of J-aggregates in a ICG NPs colloidal solution
coincides with their absorption peak and demonstrates
a behavior close to resonance, at which point, it has a
small Stokes shift and insensitivity to the environment
[7]. Our studies of ICG NPs colloidal solution have shown
their promise for diagnostics of malignant neoplasms,
as they increase the circulation of ICG monomers and

MoHomep
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780 nm J-aggregate
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o &
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600 700 800 900 1000
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Puc. 1.
a — cnekTpbl nornoweHus ICG;

b — cxemaTnyeckas unnlcTpaums o6pasoBaHua CTPYKTyp J-arperartos.

Fig. 1.
a — absorption spectra of ICG;
b — schematic illustration of J-aggregate formation.
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H-aggregates from 30 min to 2 days [8, 9]. Moreover,
when ICG NPs interact with the environment of plasma
proteins after intravenous injection, the nanoparticles
demonstrate their stability, which can improve
fluorescence diagnostics by increasing the circulation of
the ICG monomer in the blood system, which makes it
possible to predict the pathways of metastasis [10]. Based
on experimental data, the determination of the optical
characteristic changes of the ICG NPs colloidal solution in
the tumor microenvironment remains relevant. In study
[11], it was suggested that the nonlinearity of optical
characteristics arises due to a decrease in the specific
surface of aggregates. However, no assumption was
made about the geometric alignment of the J-aggregate
nanostructures and the presence of changes (inflection
points) in the graphs of the absorption dependence on
the concentration.

Materials and methods

The molecular form of ICG, consisting of a diluted
polycrystalline powder Pulsion® (Pulsion Medical
Systems, Germany), was heated in water to 65°C, and
then kept at this temperature for 20 hours to form ICG
NPs in accordance with the previously published method
[12]. After the formation of J-aggregates, the solution
was filtered through syringe filters with 0.40 um diameter
pores to remove large aggregates. A sample with 0.25 uM
concentration was selected to study the spectroscopic
properties of the ICG NPs colloidal solution. Polylatex
calibration spheres with 110 nm diameter were used as a
reference sample.

Fluorescence excitation spectra and fluorescence
spectral maps were obtained via the Jobin-Yvon
NanolLog-4 system (Horiba, Japan). An InGaAs charge-
coupled device with 800-1600 nm operating optical
range was used as a detector. A xenon lamp (operating
range 300-900 nm) with a dual monochromator and 2
nm spectral resolution was used as an excitation source.

Resonant fluorescence registration experiments of
ICG NPs colloidal solution were carried out by excitation
of the different wavelengths in the 880-915 nm range via
Chameleon Ultra |l titanium-sapphire laser (Coherent,
USA) with 80 MHz frequency and a 140 fs pulse length.
For these studies, an installation with a spectrometer and
continuous-wave laser was assembled (Fig. 2).

Laser radiation in the 880-915 nm wavelength
range with a 1 nm step, passes through a focon into
fiber-optic bundle, then through a vertically oriented
linear polarizer onto the sample. The scattered laser
radiation from the sample passes at 90° angle through a
horizontally oriented linear polarizer and an optical fiber
into a spectrometer. The crossed polarizer configuration
makes possible to exclude the direct laser radiation.
880/10 nm narrow-band filter was also installed in front
of the sample to suppress laser radiation (Fig. 2).

For obtaining the scattering indicatrix of the ICG NPs
colloidal solution, an installation was assembled on a
rotating platform with a receiving optical fiber and fixed
optical bundle for delivering laser radiation (Fig. 3). 920
nm wavelength was chosen as laser radiation, for the
reason that ICG NPs has no absorbing properties at the
wavelength.

Nazep
Laser DOKOoH

Focon

ONTHUUYECKMIA HIyT
Fiber bundle o

duabTp 880/10 Hm
Filter 880/10 nm

Obpaseu,
Sample

Monapwuiatop
Polarizer MNonAapusaTop

Polarizer

CneKTpomertp
Spectrometer

Puc. 2. Cxema ycTaHOBKM ANnsi onpejeneHusi CneKTpockonuyeckux cesoncTs J-arperatos ICG NPs u Kanu6poBoUHbIX chep MeToaoM pac-

CesiHUA cBeTa.

Fig. 2. Installation scheme for determination of spectroscopic properties of ICG NPs J-aggregates and calibration spheres by light

scattering method.
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OnTUYecKoe BOAOKHD C

N33EPHBIM M3NYHEHWEM
Optical fiber from laser

BONOKHO
Optical fiber to detector

OeTekTUpYIDLWEee ONTHUYECKOS

Puc. 3. dKcnepumeHTanbHas ycTaHOBKa 419 onpeAeneHus
MHAMKaTPUChl pacCcesiHUsl U3JlyYeHUs, Npolleawero yepes
KonnouaHbii pacteop ICG NPs u o6pasua, cogepaliero
Kann6poBoYHble chepbl.

Fig. 3. Experimental installation for determining the
scattering indicatrix of radiation passed through the
colloidal solution of ICG NPs and the sample containing
calibration spheres.

The experimental results were approximated by
Henyey-Greenstein function to calculate the anisotropy

factor: | g2
p(cos@) = 5 32 (1)
2(1+g —2g*cos9)
where p - phase scattering function, 8 - deflection
angle of scattered light, g - anisotropy factor.
In the decomposition of the Henyey-Greenstein

function by Legendre polynomials, the anisotropy factor
is related to the expansion coefficients through the

relation: )
sate x = (2i+1)g', (2)

The elongation of the scattering indicatrix is
determined by this parameter.

To study the aggregate size and the aggregation
degree of ICG molecules at different concentrations of
ICG NPs colloidal solution, a multi-angle dynamic light
scattering analyzer Photocor Complex (Photocor, Russia)
was used. A He-Ne laser with 632.8 nm wavelength was
used as an excitation source. 15° and 145° angles were
selected to measure the power of the scattered signal on
the samples of ICG NPs colloidal solution (Fig. 4).

The aggregation degree B_ demonstrates the
ranking index of ICG molecules in a aggregate and is
determined by comparing the scattering efficiency
with the calculations of Mie scattering. The aggregation
degree can be represented in the forms:

ﬂm:Nm/Nag’ (3)

where N - numerical density of ICG molecules, N, -
numerical density of J-aggregates, and

S.N
.@FM, (4)

Clag

where fag - the proportionality factor, also called
J-aggregate absorption strength, Sag— absorption
cross section of aggregate, a, — average size of
aggregate.

Differential cross-sections of Mie scattering at
different angles of light scattering on the sample were
calculated to obtain the values of the aggregation
degree of ICG molecules. These values were then used
to calculate the average size of aggregates at different
concentrations. A detailed description of the experiment

ICG NPs

Nazep

Puc. 4. Cxema 3KcnepumeHTa U3MeEpEHUs
pasmepa YacTul, MeTofoM paccesHus Mu.
Fig. 4. Experimental scheme of measuring the
particle size by the Mie scattering method.
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design and the theoretical derivation of the formulas are
presented in work [11].

ICG NPs colloidal solution was examined by scanning
electron microscopy (SEM) to study the morphological
structure of J-aggregates. Before the study, samples of ICG
NPs colloidal solution were frozen at 77 K (by immersion
in liquid nitrogen). This method of samples temperature
lowering was necessary to avoid aggregates sticking
together and/or rearranging self-assembly. The pre-frozen
sample was placed on the Peltier table (thermoelectric
cooling) and placed in the chamber of the electron
microscope EVO LS10 (Zeiss, Germany). The surface of
the Peltier table was stabilized at 253 K temperature, the
pressure in the chamber was 70 Pa. The Peltier table was
heated from 77 Kto 253 Kiin order to ensure the invariance
of the component structure of ICG NPs samples. To avoid
water screening, the surface of the ICG NPs sample droplets
were subjected to preliminary electron beam effects until
the structured image appeared. Observations were carried
out in low vacuum mode at an 21 kV accelerating voltage
and a current on the sample of 30 pA via a backscattered
electron detector using a working segment of 13-13.5
mm. 1024x768 px images were recorded with 7.7 nm/px
hardware resolution.

Results

The sample was irradiated with 650, 700, 750 and
800 nm laser radiation to obtain fluorescence spectra for
study the spectroscopic properties of ICG NPs colloidal
solution with 0.25-uM concentration (Fig. 5a).

During the exposion to a sample of ICG NPs colloidal
solution by laser radiation with wavelengths of 750 and

800 nm, an intense fluorescence peak corresponding to
ICG NPs J-aggregates was observed. When the sample is
excited with 650 and 700 nm wavelengths, in addition
to fluorescence of J-aggregates, a small fluorescence
peak corresponding to ICG monomers is observed
at 815 nm. It was noted that with an increase of laser
radiation wavelength, a shift of the fluorescence peak
to the short-wavelength region is observed, at the same
time the dependence of the fluorescence peak and the
wavelength is linear.

Fig. 5b shows the dependence of the fluorescent
signal intensity (displayed in color) on the excitation
wavelength for ICG NPs colloidal solution. The maximum
fluorescence intensity of ICG NPs J-aggregates is observed
with laser radiation with wavelengths in the range of 775-
800 nm. There is also a fluorescence shift in of ICG NPs
J-aggregates to the short-wave region with an increase
in the wavelength of laser radiation (for clarification, a
vertical dashed line at 900 nm wavelength is drawn).

In the course of the work, the J-aggregates fluorescence
signal of ICG NPs colloidal solution under resonant
excitation was also studied. A sample with a ICG NPs
colloidal solution with a 0.25 pM concentration was
irradiated with different wavelengths in 880-915 nm
range. Polylatex calibration spheres with 110 nm diameter
were used as a reference sample to obtain the instrument
response function of the assembled system and assess
polarizer system imperfections. The spectra of scattered
laser radiation on samples of ICG NPs colloidal solution
and calibration spheres in 880-915 nm wavelength range
with 1 nm adjustment tuning step were obtained (Fig.6).
The dependences of the intensity maxima of radiation
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a — cneKkTpbl dnyopecueHumu J-arperatoB KonnongHoro pactesopa ICG NPs npu Bo36yxaeHuu Ha 650, 700, 750 1 800 Hwm;
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Fig. 5.

a - fluorescence spectra of J-aggregates of ICG NPs colloidal solution at 650, 700, 750 and 800 nm excitation;
b - spectral map of normalized fluorescence emission intensities at different wavelengths.
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scattered on samples of ICG NPs colloidal solution and
calibration spheres were obtained for visual observation of
changes in the intensity of scattered laser radiation (Fig.7a).

The decrease of the laser light scattered by the
sample is observed with an increase of the laser radiation
wavelength (Fig. 7a). The intensity maxima ratio of
the scattered laser radiation from ICG NPs sample to a
calibration sphere sample was obtained for evaluation

of the spectroscopic properties of the ICG NPs colloidal
solution (Fig. 7b). This dependence demonstrates the
ability of ICG NPs colloidal solution to absorb in 893-896
nm range. Fig. 8 shows the ratio of the intensity maxima
values of the scattered laser signal on ICG NPs colloidal
solution to the calibration sphere sample, which shows
the absorption caused by J-aggregates. To confirm this
effect, absorption spectra were obtained via a two-
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a — ICG NPs; b — Kann6poBo4Hble chepbl
Fig.6. Spectra of scattered laser radiation transmitted through the sample at 90°:
a — ICG NPs; b - calibration spheres
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MOCTH OT AJ/IUHbI BOJIHbI N1a3€PHOro U3ly4eHus,

b — OTHOLWEHMe MaKCMMYMOB MHTEHCUBHOCTEN pacCesiHHOro na3epHoro U3ny4yeHus, npowegwero Yyepes oépasen ICG NPs k kann6po-

BOYHbIM chepam.
Fig. 7.

a - intensity maxima of the radiation scattered by ICG NPs and calibration spheres depending on the laser radiation wavelength;
b — the ratio of the intensity maxima of the laser radiation scattered by ICG NPs sample to the calibration sphere sample.
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beam spectrophotometer and a spectrometer when
light passes through the sample to the lumen from a
broadband source through ICG NPs colloidal solution
and calibration spheres at 180°angle (Fig. 8).

According to the data obtained by two different
methods, the J-aggregate maximum absorption of
the ICG NPs colloidal solution is observed at 893 nm
wavelength (Fig. 8).

To suppress the intensity of the laser radiation signal,
a 880/10 nm cleaning narrowband filter was installed
in front of the sample. Also, the spectra of the laser
signal scattered on the samples were obtained with the
configuration of the installation at 90° angle (Fig. 9).

Fig. 10a shows that a decrease in the maximum
intensities of the scattered laser signal occurs with an
increase in the wavelength of the laser radiation, while
after 892 nm a low signal of scattered radiation is observed,
which indicates the absorption of the laser signal by a
narrow-band filter. The ratio of the intensity maxima of the
scattered laser signal in Fig. 10b shows a decrease in the
dependence values due to the absorption of J-aggregates
oftheICGNPs colloidal solution and subsequentabsorption
by a narrowband filter of 880/10 nm.

The absorption spectra of J-aggregates when heating
ICG NPs colloidal solution to a temperature of 65°C were
used to plot a graph on a double logarithmic scale in order
to estimate the aggregate number of nanoparticles [12].
From this dependence, based on the law of mass action:

Kz% )

m

G =C,+nC,, (6)

¢, -C,=nC,, =nKC, (7)
lgnC,,, =lgnK+nlgC, (8)

where n - the monomer number forming the aggregate,
K - proportionality coefficient, C, - total concentration
of fluorescent dye, C_ - concentration of monomer ICG,
Cagg - J-aggregate concentration. According to these
equations, an aggregate number of ICG molecules was
obtained equal to 4, which demonstrate spectroscopic
properties corresponding to ICG NPs J-aggregates
(Fig. 11). This result is confirmed by studies of the
concentration dependences of the spectroscopic effect
in work [13], assuming thermodynamic equilibrium
between two ICG states: a monomer solution and
J-aggregates. The aggregate number of molecules for
H-aggregates of ICG is 2.

For obtaining a scattering indicatrix of light
transmitted through samples of ICG NPs colloidal
solution and calibration spheres, the installation shown
in Fig. 3 was assembled with 920 nm wavelength. The
data of the angular dependence of light scattering
characterize the scattering properties of the object by
their appearance, which allows comparing the shape
and size of J-aggregates of ICG NPs colloidal solution
with calibration spheres. Polar diagrams of the intensity
dependence of scattered laser light on the rotation angle
of the receiving fiber were obtained (Fig. 12).

The obtained data of polar diagrams of the light
scattering indicatrix transmitted through a colloidal
solution and calibration spheres are shown in Fig. 12,
and demonstrate the change in the intensity of scattered
light from the scattering angle. The scattering indicatrix
of the light transmitted through the calibration spheres

- 0,20

——ICG NPs

[ 1] —— |CG NPs/spheres ratio

-

ICG NPs/sphere ratio, r.u.
e o
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1 1
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Puc. 8. OTHOLWEHNe cNeKTpoB
nponycKkaHusa cBeTa Yyepes
KonnounaHbi pacteop ICG NPs 1 yepes
Kanub6poBoYHble chepbl, NONYHEHHbIX
NP1 NOMOLLM LIMPOKOMNOJIOCHOTO
WCTOYHUKA CBEeTa U BOJIOKOHHOIO
cneKTpoMeTpa (CUHSIA IMHUSA), CNEKTP
NoriowWeHUs KONIOUAHOro pacTBopa
ICG NPs, nony4eHHbI Npy nomMoLU
ABYXJlyyeBoro cnekrpodoromeTpa
(KpacHas nuHus).

Fig. 8. The ratio of the light transmission
| spectra through the ICG NPs colloidal
solution and the calibration spheres
obtained via a broadband light source
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10[](; ! and a fiber spectrometer (blue line),
the absorption spectrum of the ICG NPs
colloidal solution obtained via a two-
beam spectrophotometer (red line).
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have a more elongated shape, which shows a cosine the g-factoraccording to the Henyey-Greenstein formula
close to the one unit of the scattering angle compared  with 920 nm wavelength for the ICG NPs colloidal solution
to the ICG NPs colloidal solution. The calculated value of  was 0.76, while for calibration spheres it was 0.86.
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Fig. 9. The obtained spectra of laser radiation scattered on samples at 90° angle with 880/10 nm narrow-band filter:
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b - calibration spheres.
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b — OTHOLWEHMe MaKCUMYMOB MHTEHCUBHOCTEW paccestHHOro la3epHoro usnyyeHus Ha oépasue ICG NPs u Ha Kann6poBoOYHbIX chepax.
Fig. 10.

a — intensity maxima of scattered laser radiation on samples of ICG NPs and the calibration spheres depending on the laser radiation
wavelength;

b - the intensity maxim ratio of scattered laser radiation on the sample of ICG NPs and the calibration spheres.
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For estimation the average size and aggregation
degree of the J-aggregates of ICG NPs colloidal solution
at different concentrations, the scattered light intensities
on nanoparticles at 15° and 145° angles were measured
by the Mie scattering method. On the basis of these data,
the differential cross-sections of the Mie scattering are
calculated as presented in study [11]. The experimentally
obtained differential cross-sections of Mie scattering at 6
= 15° and © = 145° allowed us to determine the average
aggregation degree and the average size of the J-aggregates
of ICG NPs colloidal solution, respectively (Fig. 13a).

Theaggregationdegree of nanoparticlesincreasesfrom
1.25%10° for 2-uM to 2.38x10° for 0.5 mM concentration
of ICG NPs colloidal solution. Absorption spectra of ICG

above and below by non—covalent n-n stacking, while
after 75 pM, they increase in width by growing sideways
and/or forming other ICG NPs J-aggregates.

Images of J-aggregates of ICG NPs colloidal
solution were obtained by SEM method to study the
morphological structure (Fig. 14).

Microscopic images show the position of ICG NPs
J-aggregates in the form of large sheet-like conglomerates
and in the form of flakes consisting of granular material,
and with a wide size distribution. The J-aggregates of the
ICG NPs colloidal solution are a tightly packed network
of long rod-shaped conglomerates in the obtained
images. Based on the obtained images, it is impossible
to determine individual J-aggregates from beginning

ORIGINAL ARTICLES

NPs colloidal solution were obtained from which the to end and the intersection points between individual
absorption coefficient of J-aggregates was calculated. Fig.  aggregates, at the same time the J-aggregates are slightly
10b shows how the absorption coefficient of J-aggregates  curved. The formation of a network is the cause of the
decreases with increasing concentrations, while the strong viscoelasticity observed in solutions. According
average size of J-aggregates increases, which varies from  to the obtained images, ICG NPs J-aggregates with 5-uM
144 nm for 2-uM to 175 nm for 0.5 mM concentration of  concentration are about 100-110 nm wide of the sheet-
ICG NPs colloidal solution. Presumably, until 75 pM, ICG  like aggregate and, presumably, more than 1 um in length
NPs J-aggregates grow vertically by adding ICG molecules  (Fig. 14a). With the concentration increase of the ICG
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HOHU.EHTDEIL].MFI, MM ¢ — the ratio of the absorption coefficient and the average size
Concentration, mM of the J-aggregates depending on the concentration of the ICG
c NPs colloidal solution.
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Puc. 14. SEM nso6paxeHus J-arperatoB ICG NPs ¢ KOHUeHTpauusamu:

a-5uM; b -0.1 MM;c - 0.5 MM.

Fig. 14. SEM images of ICG NPs J-aggregates with concentrations:

a-5uM;b-0.1mM; c-0.5mM.

NPs colloidal solution to 0.1 mM, the dimensions of the
aggregates increase to 120 £ 5 nm in width and 1050 +
15 nm in length (Fig. 14b). For higher concentrations than
0.5 mM, J-aggregates are large particles with a width up to
500 nm and a length up to 1 um (Fig. 14c).

Discussion

In this work, the spectroscopic properties of ICG NPs
colloidal solution, which mainly consists of J-aggregates
were considered. A shift of the fluorescence maximum of
ICG NPs J-aggregates to the short-wavelength range is
noted with anincrease in the wavelength of laser radiation.
The spectral map of fluorescence upon excitation with
different wavelengths of laser radiation demonstrates
the broadening of the emission spectrum of ICG NPs
J-aggregates with increasing fluorescence intensity.

During the study of scattered laser radiation on ICG
NPs colloidal solution passing through crossed linear
polarizers, a laser radiation signal was observed. The
resonant fluorescence of ICG NPs colloidal solution turned
out to be less intense compared to the scattered laser
radiation, and the quality of the polarizer and the analyzer
system did not allow to register a fluorescent signal.

Spectroscopic methods were used to obtain the
minimum number of ICG molecules lined up in the
brickwork of the ICG NPs J-aggregate, equal to 4, for the
bathochromic shift of the optical properties of ICG NPs
colloidal solution. When exposed to electromagnetic
radiation, the upper and lower molecules rise on one side,
breaking the bonds of interaction between the molecules
(Fig. 15). The proposed configuration of molecules in the
ICG NPs J-aggregate is potentially consistent with the data
obtained from the law of mass action (Eq. 5-8).

Scattered laser radiation was recorded on a
J-aggregates sample of ICG NPs colloidal solution by
transverse scanning with a receiving fiber at different
scattering angles to study the scattering indicatrix.
It was noted that the efficiency of the scattered laser

signal increases with decreasing scattering angle. The
scattering indicatrix of light passing through the ICG NPs
colloidal solution has an elongated forward shape, which
is confirmed by the anisotropy g-factor calculated using
the Henyey-Greenstein formula, equal to 0.76.

The aggregation degree and the average size
of J-aggregates were investigated with increasing
concentration of ICG NPs colloidal solution. The scattered
signal at an 15° angle provided information on the
average aggregation degree of the nanoparticles, while
the scattered signalatan 145°angle provided information
of the J-aggregates average size. A polydisperse size
distribution of aggregates was noted, with increasing
concentration increasing the J-aggregate size of ICG
NPs and their aggregation degree, while the absorption
coefficient decreases, which is consistent with theoretical
studies [15]. The decrease in the absorption coefficient of
J-aggregates is caused by a decrease in the total specific
surface of molecules with an increase in their size [16,
17]. ICG monomers are added mainly from above and
below the J-aggregate and slowly across up to a critical
colloidal solution concentration of 75 puM. After that,
J-aggregates begin to slowly build monomers in height
and contribute to the addition of ICG molecules on the
sides and/or form new J-aggregates.

In SEM images, ICG NPs J-aggregates are densely
packed molecules with a sheet-like morphology, which
is consistent with the brickwork packing model of ICG
molecules proposed by Kuhn et al [18]. At the same time,
with an increase in the concentration of the ICG NPs
colloidal solution, a change in the structural morphology
of the J-aggregate occurs, which is demonstrated by the
addition of ICG monomers to the surface of the aggregates.

Based on the obtained data, a new model of the
structural arrangement of molecules in the ICG J-aggregate
under the action of laser radiation was proposed. The
angle between the transition dipoles and the molecular
axis of the aggregate determines whether the transition
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Puc. 15. CxemaTtuyeckoe nM3obpaxkeHne aKTuBauuu MOJIEKYN B
J-arperate ICG NPs npv Bo3aeiCTBUMN Na3€PHOro U3Ny4eHus.

Fig. 15. Schematic representation of the activation of molecules
in the ICG NPs J-aggregate under the laser radiation.

Puc. 16. CTpyKTypHOE pacnosioxkeHue moneKkyn B J-arperarte ICG
NPs npu BO34eNCTBUM Na3epHOro U3nyyeHus.

Fig. 16. Structural arrangement of molecules in the ICG NPs
J-aggregate under the laser radiation.

to lower or higher levels of the excited state is allowed. In
J- and H-type ICG aggregates, the excited state splits into
two nondegenerate states. The low energy state is formed
in the J-type ICG, which corresponds to codirectionally
oriented transition dipole moments, while the high state
contains transition dipoles with opposite orientations. In
J-aggregates, only transitions to the lower level of the split
excited state, which corresponds to the bathochromic
spectral shift, are possible. J-aggregates of ICG NPs
colloidal solution are arranged in monomolecular layers
of molecules, the long axes of which lie parallel to the
plane of the layer (Fig. 16). The shift of the absorption
peak to the long wavelength region of the J-aggregate is
due to the large lateral shift along the long molecular axis
between adjacent ICG monomers. The dipole moments
of the electronic transitions of individual molecules in
the aggregate are aligned parallel to the line connecting
their centers through the head-tail arrangement of the
monomers. When exposed to electromagnetic radiation
in this configuration, interactions occur with molecules
located on the surface of the J-aggregate, which rise,
breaking one interaction bond with the molecules of the
aggregate with a greatly increased dipole moment (Fig. 16).

Resonant excitation occurs on the surface molecules
of the J-aggregate. The narrow fluorescence spectrum
is justified by the simultaneous uplift of molecules on
the surface of the aggregate. As the concentration
increases, a quasi-two-dimensional superstructure of ICG
monomers occurs on the surface of the J-aggregate. The
decrease in the absorption coefficient with increasing
concentration is characterized by an increase in the
probability of molecules transition to an excited state
due to anincrease in the number of molecules that make
up ICG NPs J-aggregate. At the same time, J-aggregates
are characterized by a wide size distribution, which varies

from small oligomer particles to sheet-like aggregates
hundreds of nanometers long.

Conclusion

This paper presents the optical characteristics of ICG
NPs colloidal solution, mainly consisting of J-aggregates.
The obtained scattering indicatrix and anisotropy
factor give an idea of the size of the ICG aggregate
shape. According to the obtained characteristics by Mie
scattering methods, a change in spectral characteristics
was noted with an increase in the concentration of ICG
NPs colloidal solution. The aggregation degree and the
average size of the J-aggregates of ICG NPs colloidal
solution increases with increasing concentration, while
the absorption coefficient decreases, which is associated
with a decrease in the specific surface area with an
increase in the size of the J-aggregates. The SEM study
showed a sheet-like morphology of J-aggregates with
subsequent attachment of ICG monomers to the surface
of the aggregate with increasing concentration. Based on
the obtained data, a behavior model of ICG monomers
that are part of the J-aggregate was formulated. The
upper and lower molecules located on the domain
are able to move from para-position to ortho-position,
demonstrating fluorescent properties with a greatly
increased oscillator strength, which is associated with
an increase in the radiation velocity. The use of ICG NPs
colloidal solution in clinical practice will improve the
efficiency of fluorescent diagnostics of tumor tissue, the
boundaries of its growth and the pathways of metastasis.
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PHOTODYNAMIC THERAPY OF PRIMARY AND RECURRENT
FORMS OF WEAKLY PIGMENT CHOROIDAL MELANOMA

Zhyliayeva K.P.,, Demeshko P.D., Navumenka L.V., Krasny S.A., Tzerkovsky D.A., Zherko I.Yu.
N.N. Alexandrov National Cancer Center of Belarus, Lesnoy, Republic of Belarus

Abstract

Treatment of poorly-pigmented tumors of small sizes can be carried out using photodynamic therapy (PDT). The material for the analysis was data
on 112 patients. We used data from the Belarusian Cancer Registry, medical records of patients with clinically diagnosed choroid melanoma (C69.3
according to ICD-10) for the period 2013-2021. The size and level of blood flow in the tumors were assessed using an ultrasound machine with a
doppler attachment. PDT was carried out using a «UPL PDT» semiconductor laser (Lemt, Republic of Belarus, A=661 nm) with a light spot diameter
of 1to 3 mm for 60 s per field with a light dose of 50 J/cm? The entire surface of the tumor was exposed to the action, with the fields “tiled”, from
the periphery to the top of the tumor, with overlapping fields. Tumor pigmentation was assessed visually. To evaluate the treatment outcome, the
general group of patients was divided into three subgroups according to thickness and basal diameter. Group | - 40 (35.7%) patients, with an aver-
age tumor thickness of 1.4+0.2 mm, basal diameter — 5.8+1.5 mm. Il - 51 (45.5%) patients, with an average tumor thickness of 2.3 + 0.3 mm, basal
diameter - 7.9 £ 1.5 mm. Ill - 21 (18.8%) patients. The mean value of the tumor thickness was 3.8+0.4 mm, the basal diameter was 9.8+1.4 mm.
After PDT in the general group (n=112), 29 (25.9%) patients had complete tumor resorption, and 83 (74.1%) patients had stabilization. The eyeball
was saved in 107 (95.5%) patients. Continued growth and relapse were recorded in 34 patients: 25 (22.3%) and 9 (8.0%), respectively. In 29 (85.3%)
patients, the eyeball was preserved after treatment of relapse and continued growth. 5 (4.5%) enucleations were performed. Adjusted one-year
cumulative survival was 100%, 3-year and 5-year 95.8+2.4%, 93.7+3.1%, respectively.

Key words: choroid melanoma, poorly pigmented tumor, photodynamic therapy, laser transpupillar thermotherapy, brachytherapy, recurrence.
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OOTOANHAMUYECK A4 TEPANKNA NMEPBNYHbBIX
U PEULMOUNBHBIX CITABOMUIMEHTHbBIX ®OPM
MEJTAHOMbI COCYAMNCTOMN OBOJIOYKU TTA3A

E.M. Xunsesaq, MN.[0. Oemewxko, J1.B. Haymenko, C.A. KpacHbin,

O.A. Uepkoeckun, N.1O. Xepko

PecnybnmkaHCkuit HayYHO-NPAKTUYECKMI LEHTP OHKOSOMMM M MEAMLMHCKOM PAAMONIOMMUM
mm. H.H. Anekcangposa, n. Jlecron, Pecnybnuka benapycs

Pesiome

JleyeHne cnabonMrmeHTHbIX OMyXoselt MasbiX PasMepPOB MOXET MPOBOAUTLCA C MPUMeHeHNeM poToanHamuyeckon Tepanuu (OAT). Matepua-
JIOM NA aHanum3a NoCayXuny nosyyeHHble 13 benopycckoro KaHuep-pernctpa AaHHble MeANLIMHCKOM AOKYMeHTaumm 112 naumeHToB € KNUHW-
YecKn yCTaHOBNEHHbIM AVArHO30M MeJlaHOMbl COCYAMCTON obonoukn rasa (C69.3 no MKB-10) 3a nepuop 2013-2021 rr. OueHKy pasmMeposB 1
YPOBHS KDOBOTOKa B OMYXOMsAX OCYLLECTBsANM C Ucnosb3oBaHvem Y3/ annapata ¢ npuctaskor gonnnep. OAT npoBoAwv C MCMONb30BaHNEM
nonynpoBogHuKoBoro nasepa «YMNJ1 ®OT» (Lemt, Pecnybnuka benapycb, A=661 HM) C AUaMETPOM CBETOBOTO MATHA OT 1 A0 3 MM B TeueHue 60
C Ha ofjHO noe co cBeToBoW A030i1 50 [>k/cm?. Bo3aeicTBuUio MoABEpranu BClo MOBEPXHOCTb OMYXOJN, pacronaras noss «<4yepenveobpasHo»,
oT nepudepun K BEPLUMHE OMNyX0osH, C NePeKpbITUeM nosnen. MrMeHTaumio onyxonu oLeHnBany BusyanbHo. [1nA oLueHKr pesynbTaTa neyeHus
o6Lan rpynna naurueHToB bbinia pasaeneHa Ha TPy NOAFPYNMbl MO ToAWMHe 1 6a3anbHoMy auameTpy onyxonu. | rpynna — 40 (35,7%) nauneHToB
CO CpefHMM 3HaYeHNEM TONLWMHDBI onyxonu 1,4+0,2 MM 1 6a3anbHbiM AnameTpom 5,8+1,5 mm. Il - 51 (45,5%) NaumeHT co CPeAHUM 3HaUEHNEM
TONWWMHBI onyxonu 2,3£0,3 MM 1 6a3anbHbiM grnameTpom 7,9+1,5 mm. Il rpynna — 21 (18,8%) naumeHT co CpeAHNM 3HaYeHMEM TOJLLMHbI OMy-
xonu 3,8+0,4 MM 1 6a3anbHbIM guameTpom 9,8+1,4 mm. MNMocne OAT B obwen rpynne (n=112) y 29 (25,9%) 3apernctprpoBaHa nosiHas pe3opob-
uma onyxonw, y 83 (74,1%) ctabunmsauua. CoxpaHuTb rnasHoe abnoko yaanocb y 107 (95,5%) naumeHToB. MpoAoMKEeHHbIN POCT U peLuans
peructpripoBancs y 34 nayneHToB: 25 (22,3%) 1 9 (8,0%), cooTBeTCTBEHHO. ¥ 29 (85,3%) NaLMeHTOB COXPaHEHO ria3Hoe A6/10KO Nocsie neveHns
peunanea n NpoaosIXXeHHoro pocta. MpownsseaeHo 5 (4,5%) sHykneaunii CKoppeKTMpoBaHHaA ogHoroguyHaa KymynatueHas (CKB) BbixuBae-
mocTb cocTtaBuna 100%, 3-neTHASA u 5-netHAA — 95,8+2,4%, 93,7+3,1%, COOTBETCTBEHHO.

BIOMEDICAL PHOTONICS T.11, N23/2022

ORIGINAL ARTICLES

17



(V)
r
O
—
oz
<
<
=
@)
o
O
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Photodynamic therapy of primary and recurrent forms of weakly pigment choroidal melanoma

KnioueBble cnosa: menaHoma xopuownpewn, cnabonurMmeHTHas onyxonb, d)OTO,U,I/IHaMI/IlleCKaﬂ Tepanua, nasepHaa TpaHCnynunaapHaa Tepmo-

Tepanus, bpaxutepanus, peLnams, NPOAOCIKEHHbIV POCT.

Ana yntuposBanma: Kunsesa E.MN., HaymeHnko J1.B., KpacHbin C.A., Jemewko M.1. LUepkosckun [.A. XKepko U.10. DoTtognHammnyeckas Tepa-
NyA NEPBUYHBIX Y PELIMANBHBIX CI1aboNUMIMeHTHbIX GOPM MefiaHOMbl cocyamcTon obonouku rnasa // Biomedical Photonics. - 2022. - T. 11,
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Introduction

Melanoma of the vascular membrane of the eye (cho-
roidal melanoma, CM) is a tumor that develops from a
clone of cells of the second pigment system (neural
crest) which has a malignant potential. The average age
of the patients is 64.0+10.0 years [1]. In the Republic of
Belarus, the peak of morbidity has shifted to older age
groups recently [2]. Almost half of the patients who seek
help have large tumors and cannot be cured by organ-
preserving treatments. Minimally invasive methods with
preservation of the functions of the eyeball are prefer-
able for the treatment of small tumors. Patients are
cured with good results using laser techniques such as
laser transpupillary thermotherapy (TTT), photodynamic
therapy (PDT). In recent years, PDT has been actively
developed [3] and has proven itself well in the treatment
of CM and other malignant lesions of the membranes
of the eyes, including osteomas and metastatic lesions
[4]. According to some authors, PDT can be used before
a biopsy to reduce the risk of bleeding from a tumor
during an invasive method [5]. PDT gives encouraging
results related to visual acuity compared with radiation
therapy in the treatment of severe oncopathology of the
eye membranes [4, 6, 7, 8]. CM develops from melano-
cytes and belongs to one of the most resistant tumors
to all known methods of treatment. Studies conducted
all over the world show encouraging results of the use of
PDT in CM treatment [9].

Materials and methods

Database from the Belarusian Cancer Registry and
case histories of patients with a clinically established
diagnosis of CM (C 69.3 according to ICD-10) for the
period of 2013-2021 are used in the study.

The research includes the study of 112 patients with
weakly pigmented CM. 37 (33.0%) of the patients are
men and the remaining are women75 (67.0%). Tumor
pigmentation was assessed visually. All patients received
PDT. The minimum age was 22 years, the maximum was
85 years, the median was 64.5+9.0 years. The average
values of tumor thickness were 2.3+0.7 mm, basal diam-
eter — 7.4+1.9 mm. 84 (75.0%) patients were diagnosed
with a tumor with a prevalence of cTTNOMO, 28 (25.0%) -
cT2NOMO. One course of PDT was used to treat 80 (71.4%)

patients, 2 courses for 21 (18.8%) patients, 3 courses for
10 (8.9%) patients, and 1 (0.9%) patient underwent 4
courses of PDT. There were 93 (83.0%) patients with a
single diagnosed CM. Synchronous and metachronous
cancer was registered in the case of 19 (17.0%) patients.

For a detailed assessment of the results of the con-
ducted treatment, the patients were divided into three
groups depending on the thickness and basal diameter
of the tumor.

Group lincluded 40 (35.7%) patients, with the number
of 12 (30.0%) men and 28 (70.0%) women. The minimum
age was 22 years, the maximum was 81 years, the median
was 65.518.1 years. In the case of 38 (95.0%) patients, the
prevalence of shingles was cTTNOMO, in 2 (5.0%) cases —
CcT2NOMO. The minimum thickness of pubescence is 0.8
mm, the maximum is 1.7 mm, the average value is 1.4 +
0.2 mm. The minimum basal pubescence diameter is 1.2
mm, the maximum is 10.3 mm, the average value is 5.8
+ 1.5 mm. One course of PDT was applied to 34 (85.0%)
patients, 2 courses - 5 (12.5%), 3 courses - 1 (2.5%). Syn-
chronous and metachronous cancer was registered in
the case of 5 (12.5%) patients.

Group llincluded 51 (45.5%) patients with the number
of men - 16 (31.4%), women-35 (68.6%). The minimum
age was 30 years, the maximum was 85 years, the median
was 62.5+9.0 years. 42 patients (82.4%) were diagnosed
with cTTNOMO tumor, 9 patients (17.6%) — cT2NOMO. The
minimum thickness of the tumor was 1.8 mm, the maxi-
mum was 3.0 mm, the average values were 2.3+ 0.3 mm,
the minimum size of the basal diameter of the tumor was
3.0 mm, the maximum was 11.9 mm, the average value
was 7.9+£1.5 mm. Synchronous and metachronous cancer
was registered in the case of 7 (13.7%) patients. One course
of PDT was applied to 31 (60.8%) patients, 2 courses — 13
(25.5%), 3 courses — 6 (11.8%), 4 courses — 1 (1.9%).

Group lll included 21 (18.8%) patients with the num-
ber of men - 9 (42.9%), women - 12 (57.1%). The mini-
mum age was 31 years, the maximum was 83 years, the
median was 63.0+9.1 years. 4 (19.0%) patients were diag-
nosed with cTTNOMO tumor, 17 (81.0%) — cT2NOMO. The
minimum thickness of the tumor is 3.1 mm, the maxi-
mum is 5.2 mm, the average values were 3.8+ 0.4 mm,
the minimum size of the basal diameter of the tumor
was 7.0 mm, the maximum was 13.5 mm, the average
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value was 9.8+1.4 mm. One course of PDT was applied
to 15 (71.4%) patients, 2 courses — 3 (14.3%), 3 courses
-3 (14.3%). Synchronous and metachronous cancer was
registered in 7 (33.3%).

The size and level of blood flow in the tumors were
evaluated using ultrasound with the Doppler prefix. Pho-
tolon (RUE “Belmedpreparaty”, the Republic of Belarus)
was used as a photosensitizer, which was administered
intravenously for 30 minutes at a dose of 2.0-2.5 mg/kg
of the patient’s body weight in a darkened room 3 hours
before PDT. A semiconductor laser “UPL PDT” (Lemt,
Republic of Belarus, A=661 nm) with a light spot diameter
from 1 to 3 mm was used for 60 seconds per field with a
light dose of 50 J/cm2.The entire surface of the tumor was
exposed, placing the fields “tile-like", from the periphery to
the top of the tumor, with overlapping fields.

Table 1 shows the distribution of tumor in groups
depending on the localization on the fundus.

The immediate result of treatment was evaluated
according to the WHO recommendation for solid tumors.
Complete resorption of the tumor was characterized by
the formation of a full-fledged focus of atrophy in the

area of the former occurrence of the tumor, however,
possible dispersion or a slight accumulation of pigment
was allowed. The decrease in the size of the tumor, the
absence of size changes in the case of the pronounced
pigmentation and the absence of blood flow were con-
sidered to be the main criteria for stabilizing the tumor
process. The ineffectiveness of the treatment consisted
in the absence of tumor changes or the increase in its size
with the preservation or enhancement of blood flow in
it. The positive result of treatment was considered com-
plete resorption or stabilization of the tumor process.

During dynamic observation of patients with stabili-
zation of the tumor process, a case when, amid the stabi-
lization, an increase in size of the tumor and the appear-
ance of a vascular network was referred to as the contin-
ued growth of the tumor in the eye membranes. The case
when tumor growth was recorded amid an atrophic cho-
rioretinal focus (complete regression) was considered a
relapse. The appearance of distant metastases in other
organs was considered as the progression of the disease.

The SLE indicator was used to calculate the survival
rate.

Ta6nmual

PacnpepeneHue onyxonew B rpynnax ¢ y4eToMm oKaan3sauuu onyxoaun Ha rnasHom gHe

Table 1

The distribution of tumors in groups, taking into account the localization of the tumor in the fundus

Jlokanusayus
A6conoTHOE
yncno

Mpunexut K gucky
3pUTENIbHOrO HepBa 3 7,5
Adjacent to the optic nerve

MeHee 3 MM (3agHUI NONKOC)
K AUCKY 3pUTENIBHOIO HepBa
Less than 3 mm (posterior
pole) to the optic disc

18 45,0

bonee 3 mm oT Ancka
3pPUTENIbHOTO HepBa

More than 3 mm from the
optic disc

5 12,5

[punexut K makysne meHee
3 MM

Adjacent to the macula less
than 3 mm

10 25,0

OTcTONT OT MaKysbl 6onee 3 Mm
More than 3 mm away from 2 5,0
the macula

Meprdepua
Periphery

Fpynnal

Fpynnall

Fpynna lll

A6conioTHoe
yucno

A6conoTHOE
yncno

2 39 1 4,8
28 54,9 16 76,2
5 9,8 2 9,5
9 17,6 2 9,5
2 39 0 0
5 9,8 0 0
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Results

After PDT in the general group (n=112), complete
tumor resorption was registered in the case of 29 (25.9%)
patients, and stabilization of the tumor process was reg-
istered in the case of 83 (74.1%) patients with follow-up
periods from 2.5 months to 3 years. Continued growth
and relapses amid the stabilization and continued tumor
growth were registered in the case of 34 patients: 25
(22.3%) men and 9 (8.0%) women, respectively. 5 (4.5%)
enucleations were carried out to treat patients with con-
tinued tumor growth and recurrence. The eyeball was
preserved after treatment of relapses and continued
growth in the case of 29 (85.3%) patients. It was pos-
sible to preserve the eyeball in the general group of
107 (95.5%) patients. SLE constituted 100%, 3-year and
5-year 95,8+2,4%, 93,7+3,1%, accordingly.

In group I, 10 (25.0%) complete tumor resorption
with the formation of a chorioretinal atrophic focus
and 30 (75.0%) stabilization of the tumor process were
registered. During the dynamic observation, continued
growth amid recorded stabilization was detected in the
case of 1 (2.5%) patient 5 months after treatment, the
patient underwent brachytherapy (BT). 2 (5.0%) relapses
were detected after 1 year and 1.5 years, patients under-
went BT. In the case of 5 (12.5%) patients with synchro-
nous and metachronous disease, there was no contin-
ued growth and recurrence of the tumor. All patients are
alive. Complications and progression of the disease have
not been established.

In group Il, 15 (29.4%) patients had complete tumor
resorption, 36 (70.6%) had stabilization of the tumor
process. Continued growth amid recorded stabilization
was noted in the case of 14 (27.5%) patients during the
dynamic follow-up period from 2 to 8 months. 11 (21.6%)
of these patients underwent BT, 1 (2.0%) patient under-
went combined laser treatment, including PDT and
TTT courses. 2 (4.0%) patients underwent enucleation.

Relapse was registered in the case of 7 (13.7%) patients
during the follow-up period from 8 months up to 2 years.
Five (9.8%) patients were cured by PDT courses, and 2
(4.0%) patients underwent combined laser treatment
using PDT and TTT. No complications of treatment have
been registered. Among 7 (13.7%) patients with synchro-
nous and metachronous disease, 4 patients had contin-
ued growth (3 patients) of the tumor and one patient
had relapse of the disease. 2 patients were diagnosed
with the progressed disease in the liver (the patient died)
and bones (the patient is alive) in the first and second
year after diagnosis and treatment.

In group lll, 4 (19.0%) patients were diagnosed with
complete tumor resorption, 17 (81.0%) - with stabili-
zation of the tumor process. Continued growth amid
recorded stabilization was registered in the case of 10
(46.7%) patients during dynamic follow-up period from
3 months up to 1.2 years. 8 of these patients underwent
combined treatment, including TTT and BT courses. 2
patients underwent laser therapy courses, including TTT
and PDT. Subsequently, 2 patients underwent enucle-
ation. 3 (14.3%) patients had developed complications:
secondary retinal detachment, hemorrhage into the eye
membranes, opticoretinopathy after 11 months of con-
tinued growth and the second course of BT. 2 patients
from 7 (33.3%) with synchronous and metachronous
disease had continued growth. One patient died from
the progression of the disease in the liver two years after
the registration of continued tumor growth in the mem-
branes of the eye.

Tumor resorption is slow during dynamic observa-
tion after PDT, so the proportion of stabilization of the
tumor process is 3 times higher than full tumor resorp-
tion (p<0.05). The localization of the tumor in the vascu-
lar membrane of the eye (central zone, equator, periph-
ery) does not affect the result of PDT (p>0.05).

Table 2 shows the indicators of SLE by study groups.

Ta6nmua 2

MokasaTenn CKOPPEKTUPOBAHHON KyMYNSITUBHOM BbI}KUBAEMOCTH MO rpynnam MccnegoBaHus

Table 2

Indicators of adjusted cumulative survival by study groups

CKOppeKTUpoBaHHas
Fpynnal

KYMYNATUBHaA BbDKMBAeMOCTb
1-netHAA (%)
1-year old (%) ULy
3-netHaA (%)
3-year old (%) 100,0

- 0
5-netHAA (%) 100,0

5-year old (%)

Fpynnall Fpynna lll
100,0 100,0
94,9+3,6 93,3+5,4
93,3+6,4 93,3+5,4
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The result of the antitumor efficacy of PDT did not
depend on the localization of the tumor (p>0.05).

Cumulative indicators of 1-year SLE in the general
group were 100%. 5-year SLE in the first group consisted
100%. In the second group, where tumors were larger,
3-year and 5-year survival was 94.9+3.6% and 93.3+6.4%,
respectively. 3-year and 5-year SLE was 93.3+£5.4% in the
group where the observed tumors after PDT were the
largest.

Discussion

The mechanism of PDT action is based on the selec-
tive accumulation of photosensitizing medicaments
inserted into the body in cells with increased mitotic
activity (in tumor cells, endothelium of newly formed
vessels, etc.). Subsequent irradiation of a weakly pig-
mented tumor with light with a wavelength corre-
sponding to the maximum of the absorption band of
the injected photosensitizer induces photochemical
reactions in sensitized cells and tissues with the release
of singlet oxygen and free radicals — highly active bio-
logical oxidants, which leads to phototoxic damage
to pathologically altered cells [10, 11]. The selectivity
of the action determines the undoubted advantages
of PDT for use in ophthalmology. This mechanism of
action on a weakly pigmented tumor amid antitumor
exposure allows to obtain the least destructive effect
on adjacent structures, which is attractive for achiev-
ing the preservation of visual acuity associated with the
absence of the development of vasculitis and subse-
quent opticoretinopathy.

However, sporadic studies describing the results of
treatment of small tumors are devoted to the use of PDT
in CM [12, 13]. One of the main reasons hindering the
development of this direction in the world is the lack of
photosensitizers with the necessary photophysical and
pharmacokinetic properties. The production of photo-
lon in the Republic of Belarus, which has high photo-
dynamic activity with low skin phototoxicity and rapid
elimination from the body, as well as the improvement
of laser technology, bring new perspectives for a wider
integration of the PDT method into ophthalmological
practice.

Reviewing scientific and medical literature sources,
the use of verteporphyrin and an insignificant num-
ber of patients in groups (from 8 patients in the
smallest group up to 38 patients in the largest one)
attracts attention [4-23]. It indicates a small world
experience of PDT use in the treatment of CM. Short
follow-up periods after the treatment are presented:
the shortest ones are 15, 27 and 31 months, respec-
tively, and the longest follow-up period is 3.5 and
5 years in one observation. The sizes of tumors that
can be overthrown by PDT vary greatly, according to
the data presented by the authors. This is due to the

used PDT protocols (from 1 to many sessions before
the expected result is obtained). According to some
publications, PDT is most effective in melanomas with
a tumor thickness of <4 mm [4], in other publications,
the average thickness of the tumor subjected to PDT
was 2.7 mm [25]. Some authors conduct PDT in tumors
reaching a height of up to 4.4 mm [25] and even up
to 5.7 mm [23]. In all unsuccessful cases, the tumors
were 100% pigmented, there was a de novo CM, not
transformed nevi, the radial nature of tumor growth,
and not an increase in its thickness [21].

Tumor pigmentation plays a significant role in
obtaining a positive result from PDT. It is known that
the pigment shields the cells and vessels of the tumor.
Hence, highly pigmented tumors do not react well to
PDT. We do not use PDT for pigmented tumors in our
treatment experience. However, some authors, on the
contrary, note a positive effect in the treatment of pig-
mented CM [19, 20, 21]. One publication clearly shows
that it was the well-pigmented part of the tumor that
did not respond to PDT in the case of a mixed form of
pigmentation [23]. The PDT method is most effective in
low-pigmented forms of CM. The advantage of the PDT
method is a decrease in the level of subretinal fluid after
treatment, the presence of only isolated cases of fluid
increase are recorded [19, 21, 22]. The amount of sub-
retinal fluid decreased after treatment (p<0.001), vision
did not deteriorate (p=0.11) and even improved in the
case of the patients with a subfoveal tumor location
(p=0.018) [21]. It has also been shown that photody-
namic therapy does not significantly affect visual acuity
[22, 23, 25].

According to literature data, 73.4% of patients recov-
ered 1 month after PDT [8], 80% of cured patients 15
months after PDT [20], 62% of cured patients 27 months
later [19], 80% of cured patients 31 months later [4],
after PDT performed using the verteporfin photo-
sensitizer, with a follow-up period of 5 years of cured
patients — 67% [22]. All authors claim that PDT does
not cause serious complications that cause visual acu-
ity decreases. Some authors describe cases when the
amount of subretinal fluid decreases up to complete
resorption after the use of PDT [19, 21, 22]. Among the
described complications, the authors note local atro-
phy of the retinal pigment epithelium at the treatment
site in 25% of the eyes without affecting the function of
the macular or optic nerve [22]. The cases of 2 patients
with developed scleritis requiring a short course of sys-
temic steroids were described [25].

Conclusion

The main criterion for choosing the method con-
cerning the treatment of patients with weakly pig-
mented forms of melanoma of the vascular membrane
of the eye is the size of the tumor. The best results were

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T.11, N23/2022

21



w
-
O
l_
(2’4
<
<
<
O,
&
O

Zhyliayeva K.P., Demeshko P.D., Navumenka L.V., Krasny S.A., Tzerkovsky D.A., Zherko L.Yu.
Photodynamic therapy of primary and recurrent forms of weakly pigment choroidal melanoma

obtained with a tumor thickness of up to 1.7 mm and
a basal diameter of 10.3 mm, (25.0% complete tumor
resorption and 75.0% stabilization of the tumor process
with an adjusted 5-year survival rate of 100%). Photo-
dynamic therapy shows high rates of adjusted 1-year
cumulative survival — 100%, 3-year and 5-year — 95.8+
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PHOTODYNAMIC THERAPY IN THE TREATMENT
OF EXTRAMAMMARY PAGET’S DISEASE
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Abstract

Extramammary Paget'’s disease (EMPD) is a rare tumor that predominantly affects the skin containing apocrine glands. Due to insufficient data on
the effectiveness of different methods, there is no single therapeutic approach to the treatment of patients with EMPD and their subsequent man-
agement. The use of surgical methods, laser therapy and local cytotoxic drugs has a number of limitations. The advantages of using photodynamic
therapy (PDT) in EMPD are the absence of systemic toxicity, non-invasiveness, selectivity of action, the absence of carcinogenic potential, the pos-
sibility of conducting several courses of treatment, and good cosmetic results. In our review, we analyzed those published in 2000-2022 data on the
results of PDT treatment of 114 patients with EMPD. As a result of treatment, complete regression of tumor foci was achieved in 40% of patients.
Most authors note that PDT is more effective for small areas (up to 4 cm?).
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POTOANHAMUYECKA4A TEPATNNSA B JIEHEHUU
SDKCTPAMAMMAPHOTO PAKA NEOXXETA

E.B. ®unonenko', B.N. Msanosa-Pagkesuy?

1«MOCKOBCKWUIA Hay4YHO-UCCNEAOBATENBCKUIA OHKONIOMMUYECKUI MHCTUTYT MM. M.A. lepLeHa — dunuan
®rbY «HaumoHasbHbIM MeAMLMHCKUI MCCNeaoBaTENbCKUIA LLEHTP paanosiorum» MuHUCTepcTBa
3apaBooxpaHeHust Poccuiickort ®eaepaumm, Mocksa, Poccus

2Poccuiickunii YHMBepcuTeT Apy»6bl Hapoaos, MockBea, Poccus

Peslome

JKcTpamaMmapHbI pak Mepxketa (SMPI) - pefKko BCTpeyalowwanca onyxosb, KOTopasa NPenMyLLeCTBEHHO NopaXkaeT KOXyY, CofiepKalLLyto arno-
KPVHHble Xerne3bl. 3-3a HeAOCTaTOYHOrO KOIMYECTBa AaHHbIX MO 3PPEKTUBHOCTU PasHbIX METOLOB OTCYTCTBYET eUHbIV TepaneBTUYecKuni
nopxopa K neyenuto nauneHtos ¢ SMPIT v nx nocnepyiowero BeaeHua. NpumeHeHne XNPYPruyeckux METOA0B, Na3epHON Tepanmmn 1 MeCTHbIX
LIMTOCTaTUYECKMX MPernapaToB UMEET pAf orpaHnyeHmii. NpermyllectBamm ncnonb3osanusa npy IMPI dotoguHammueckon Tepanum (OOT)
ABNAIOTCA OTCYTCTBME CUCTEMHOWN TOKCUUYHOCTU, HEMHBA3UBHOCTb, 36MpPaTeIbHOCTb JeCTBUA, OTCYTCTBME KaHLIePOreHHOro NoTeHLMana, Bo3-
MO>KHOCTb MPOBEAEHUA HECKOJIbKMX KYPCOB JIeYeHNA 1 XOpoLUne KOCMeTUYecKmne pesynbraThl. B Halwem 063ope npoaHanu3npoBaHbl onyonu-
KoBaHHble B 2000-2022 rr. AaHHble O pe3ysnbTaTax JieyeHusa metogom OAT 114 naumeHToB ¢ SMPTI. B pesynbrate neyeHns nonHaa perpeccus
onyxosieBblX 04aros 6bina AocTurHyTa y 40% nauveHToB. BonblMHCTBO aBTOpoB oTMevatoT, uto OAT 3dpdeKTrBHee Npy oyarax He6oNbLIOW
nnowaau (Ao 4 cm?).

KnioueBble cnoBa: GotogrHamnyeckas Tepanis, SKCTpaMmaMMapHbIi pak Megeta, 5-aMyHONEBYIMHOBas KMCIoTa, GOTOGPUH, METUIOBbII
3dUp 5-aMUHONEBYSIMHOBOM KCIOTBI.

KoHTtakTbi: QuinoHeHko E.B., e-mail: derkul23@yandex.ru

Ana yntnposanua: GunoHeHko E.B., iBaHoBa-Pagkesuy B./. DoTtognHammnueckas Tepanuma B TeYEHUN SKCTPaMaMMapHOro paka MepxeTta //
Biomedical Photonics. — 2022. - T. 11, N2 3. - C. 24-34. doi: 10.24931/2413-9432-2022-11-3-24-34.
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Epidemiology

Extramammary Paget’s disease (EMPD) is a rare,
slow-growing intraepithelial adenocarcinoma that
predominantly affects the skin containing apocrine
glands, such as the perianal, genital, and axillary areas
of the body. Elderly people are more often diagnosed
with EMPD than the others, with such disease
characteristics as slow development and progression
[1-3]. Women tend to be exposed to EMPD more than
men (3-4,5:1) [4]. In the case of ineffective treatment,
the disease progresses into invasive and metastatic
forms.

The frequency and prevalence of EMPD are not
precisely determined, although the disease is generally
considered to be rare. Most of the notes on EMPD in
the dermatological literature over the past decades
were reports about individual clinical observations.
Due to the rare occurrence of EMPD, conducting
full-fledged prospective multicenter clinical trials is
difficult. Hence, there are no reports of such studies in
the literature [5]. On average, the incidence of EMPD
is estimated as only 0.12 per 100,000 people and
constitute 21% of primary cases of scrotal cancer, 1-2%
of primary cases of vulvar cancer [2, 6]. At the same
time, Paget’s mammary cancer accounts for 0.7-4.3%
of all cases of breast cancer [7]. EMPD accounts for only
6.5% of all forms of Paget’s disease [8]. In Germany, the
number of new cases of EMPD is estimated at the level
of 20-126 cases per year [5], in the Netherlands - 17
cases per year [9].

Clinic

EMPD affects areas of the skin containing apocrine
sweat glands. Predisposition areas include the
anogenital region and, less often, the armpits. A study
conducted by J.J. Chanda et al. with the participation
of 197 patients with EMPD showed that 128 (65%)
patients had vulva affected, 29 (15%) patients had
tumor in perianal areas, and another 27 (14%) patients
had penis, scrotum or inguinal area affected [10]. In
cases involving the vulva, in most cases, a tumor
occurs on the labia majora [9].

Clinically, EMPD lesions are often manifested by
infiltrative erythema with crusts and scales, sometimes
resembling other skin diseases, such as eczema [1].

There are primary and secondary forms of EMPD.
While primary EMPD occurs as an intraepithelial
neoplasm of the epidermis, secondary EMPD develops
as a result of the epidermotropic or direct spread
of malignant cells from the main primary focus of
the malignant neoplasm such as, usually, the lower
gastrointestinal tract or urinary tract. As the treatment
strategy and prognosis for primary and secondary
EMPD differ, an accurate diagnosis based on a

detailed histopathological assessment of a variety
of immunohistochemical markers is required. In
most cases, EMPD is diagnosed as carcinoma in situ,
which usually demonstrates a slow progression of the
disease. However, once Paget cells penetrate deep
into the dermis, the risk of developing metastases in
regional lymph nodes increases [1, 31.

Despite its slow progression, EMPD does not
respond well to therapy. The overall 10-year survival
rate for EMPD is about 60% after diagnosis [11].

The clinical manifestations of EMPD can vary
significantly depending on the area and localization
of the affected area and the duration of the disease.
The primary lesion is usually represented by a red
spot with sharp borders. Spots with depigmentation
or hyperpigmentation may appear. The color can
vary from pink, light red or dark red to red brown.
In particular, larger lesions may have a mixed color.
Larger, more common lesions may be irregularly
shaped with poorly defined borders. The centrifugal
nature of growth leads to the formation of uneven
boundaries, the appearance of which is considered to
be a characteristic feature of EMPD. The surface of the
lesion may have a rough lamellar plaque depending
on the affected area [5].

Diagnostics

Due to the similarity of the clinical picture with
many benign conditions, the diagnosis of EMPD is
often postponed for years, and only every fifth patient
is correctly diagnosed at the first appointment [12].
More often, EMPD manifests itself in the form of well-
defined or poorly defined erythematous and scaly
plaques, which can become crusted, ulcerate, or
acquire pigmentation [2]. But at an early stage, the
most common symptoms are itching, rash orerythema,
which usually do not cause any special suspicion of
malignant etiology. Initial differential diagnoses are
contact dermatitis, seborrheic eczema, and fungal
infections. Patients with EMPD are often treated for
the mentioned above diseases for several years with
the use of the conservative treatment such as local
emollients or corticosteroids, antifungal creams or
other oral treatments. And only after a long period
of unsuccessful treatment, an additional diagnosis
is carried out. As a result, the correct diagnosis is
postponed for several years [2].

The biopsy of the lesion helps to establish the final
diagnosis. Characteristic signs of EMPD are a thickened
epidermis with papillomatosis, an increase in
interpapillary furrows, hyperkeratosis or parakeratosis
on the surface, and characteristic Paget cells with
transparent abundant cytoplasm. The cytoplasm
of these cells is positive for Schiff acid staining and
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resistant to diastasis, which indicates the presence of
neutral polysaccharides and confirms the glandular
origin of the cells. Markers of the glandular epithelium
are also a positive reaction to staining with antibodies
to carcinoembryonic antigen (CEA), low molecular
weight cytokeratin (Cam 5.2), and cytokeratin 7
(CK7). Histological examination of the EMPD focus
usually reveals epidermal infiltration of Paget cells,
which look like large round cells with abundant pale
pink cytoplasm surrounding hypochromatic nuclei,
sometimes with a protruding nucleolus [13, 14].

Treatment

Due to the rare occurrence of EMPD, there are
disagreements regarding therapeutic approaches
to the treatment of patients with EMPD and
their subsequent management. Currently, the
recommendations for the EMPD treatment are based
only on the published results of several series of
clinical observations of individual institutions and
small reports on individual clinical observations, with
many different therapy options. Hence, it is difficult to
compare and evaluate their effectiveness [2].

Several invasive and non-invasive EMPD treatment
options are used with limited comparative data for the
EMPD treatment.

Surgical treatment

Although there are no established guidelines
for the EMPD treatment, surgical resection is
the generally accepted standard of practice. In
particular, wide local excision with edges from 1 to
5 cm is widely used, but its use may be associated
with a high frequency of relapses. In several studies,
it has been demonstrated that Mohs micrographic
surgery provides high efficiency of treatment with
a lower probability of relapses [2, 3, 15]. In case of
Mohs micrographic surgery use, the neoplasm is
excised with simultaneous histological examination
of layered sections. The affected tissue is removed
layer by layer, and the removed layers are sent for
urgent histological analysis. If malignant cells are
found in it, tissue excision continues. This happens
until the entire next resected area consists of healthy
tissues. Mohs micrographic surgery provides an
intraoperative microscopic assessment of 100% of
the lesion edges, which makes it possible to remove
only the affected tissue and reduce the recurrence
rate [16].

The problem with the use of Mohs micrographic
surgery, as well as any other option for surgical
treatment of EMPD, is that most cases of EMPD are
represented by extensive lesions of a significant
area. In addition, the disease primarily affects the

elderly people. Not all of whom can undergo surgery.
The necessary procedures in the surgical treatment
of anogenital diseases (for example, vulvectomy,
installation of a skin-muscle flap or artificial anus)
often lead to a significant decrease in the quality of life
[5]. In addition, many researchers note a rather high
risk of recurrence after surgical treatment of EMPD.
Thus, according to J.D. Zollo et al. [17], the average
recurrence rate after surgical treatment for all EMPD
localities is 35-44%. Hence, there is considerable
interest in less invasive therapeutic approaches due
to the potential slow progression of the disease and
limitations in the use of surgical methods of treatment
[15].

Local therapy

One of the alternatives to surgical intervention is
the use of local cytostatic and other medications. In
the studies of H.F. Haberman et al. [18] and Kawatsu
T. and co-author. [19], it was shown that the use of
5-fluorouracil in the treatment of the genital form
of EMPD makes it possible to eliminate the clinical
manifestations of the disease. At the same time, the
results of the biopsy showed the preservation of
pathological cells, which indicates a low effectiveness
of treatment. W.G. Watring et al. [20] reported a
complete therapeutic response to topical bleomycin
treatment in the case of 4 out of 7 patients with
recurrent vulvar EMPD. One of the 4 patients had a
relapse of the disease after 30 months, which required
repeated treatment.

Another medicine for local therapy in EMPD
treatment is imiquimod (an immunomodulator and
modifier of the immune response, which enhances
both innate and acquired immunity by stimulating
the production of cytokines such as interferon-a and
tumor necrosis factor-a). These cytokines, in turn,
activate the antitumor immune system, increasing the
death and destruction of tumor cells [2]. According
to H. Machida et al. [21], the therapeutic efficacy of
imiquimod in the treatment of EMPD reaches 52-80%
with a recurrence rate of 19%.

Laser therapy

The advantages of using CO, and Nd:YAG lasers
for the treatment of EMPD include non-invasiveness
and a reduction in the duration of hospitalization
compared to surgical intervention. However, the lack
of histological data for analysis, postoperative pain
and anesthesia requirements reduce the therapeutic
value of this treatment method [2]. Some researchers
note a high recurrence rate (up to 67-100%) in the case
of using this method in the treatment of multifocal,
extensive, and invasive lesions of EMPD [22, 23].
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Photodynamic therapy

Photodynamic therapy (PDT) is a minimally
invasive method of antitumor therapy, it is a procedure
involving local or systemic administration of a
photosensitizer that is selectively localized in tumor
tissues. Subsequent activation of the medicine by a
light source leads to the formation of reactive oxygen
species, which causes the death of tumor cells. The
advantages of PDT include low toxicity, the possibility
of repeated courses without the development of
resistance to treatment, preservation of organ function
and good cosmetic results, as well as the possibility
of use combined with other methods of treatment [3,
24-26]. The experience of using PDT in the treatment
of EMPD estimates more than 30 years. However, most
of the data in the literature on this topic are reports
of single clinical observations with PDT in various
modes, often using different photosensitizers treating
one patient. In the available literature, there are no
systematic reviews, meta-analyses of the effectiveness
of the use of different PDT regimens in the treatment
of EMPD or reports on the results of full-scale
prospective clinical studies of the effectiveness of PDT
in EMPD. These reasons significantly complicate the
development of a single tactic for effective treatment
of EMPD by PDT.

This review systematizes the results of EMPD
treatment by PDT in mono-mode according to
publications on pubmed.com for 2000-2022. We
analyzed the results of PDT in the treatement of 114
patients with EMPD. The number of foci was indicated
only in some publications, so it is not possible to
estimate their total number. For PDT, ointments with
5-aminolevulenic acid (5-ALA) (29 patients) and 5-ALA
methyl ether (67 patients) were most often used,
photophrine (4 patients) and a hematoporphyrin
derivative (11 patients) were also used. In the case of
3 patients, treatment was carried out using 5-ALA and
photophrine (for different foci or sequentially for one
focus).

There are no comparative data on the effectiveness
of different photosensitizers for PDT in EMPD. Some
authors point to a higher efficiency of PDT using
photophrine compared to the local application of
ointment based on 5-ALA. Thus, V. Madan et al. [27]
reported the results of treatment of an 80-year-old
patient with an extensive invasive focus of scrotal
EMPD with an area of 100 cm?, secondary to prostate
adenocarcinoma by PDT. The patient had a relapse
of the disease in 9 months after 5 courses of PDT
with local application of 20% 5-ALK ointment. The
patient underwent PDT with photofrin. Within 1 year
after treatment, the patient was observed without
registered relapse. Based on the obtained results, the
authors of the study point to the high efficiency of PDT

using photophrine. In the study of S. Shieh et al. [28]
after PDT of 16 EMPD foci with 20% 5-ALA ointment,
complete regression was obtained in 50% of cases (8
foci). One focus with partial regression of the tumor
was additionally treated with PDT with photofrin at a
dose of 1 mg/kg; the result was assessed as a complete
regression with an effect duration of 71 months.
Despite these isolated reports of the high efficacy of
photophrine, a small amount of data does not allow us
to draw reasonable conclusions about the benefits of
its use for the treatment of EMPD.

Many patients treated with PDT had of a large
area of EMPD foci. Thus, the lesion area in one of the
patients exceeded 75 cm? in the study of X.L. Wang et
al. [29], and the lesion area was about 100 cm? in the
case of the patient described in the study V. Madan et
al. [27]. Many authors note that the direct effect of PDT
depends on the area of the treated focus. Thus, both
patients in these studies had only partial regression
of the tumor after PDT. In the work of R. Fontanelli
et al. [30], it was noted that, during the treatment of
patients with small formations (with a size of up to 5
cm?), complete regression was obtained in the case of
50% of patients, with a size of 5-10 cm? foci - in 10% of
cases, more than 10 cm? - in 0%.

The long-term effects of PDT also depend on
the area of the EMPD focus. Q. Li et al. [31] note the
relationship between the frequency of relapses and
the area of the focus treated by PDT. In this study,
both relapses registered within 12 months after PDT
occurred in the case of the patients who had a focus
area of more than 4 cm? (in total, 13 patients with a
focus area of more than 4 cm? participated in the
study). None of the patients with a focal area of less
than 4 cm? (8 patients) had relapses for these periods.
In the study of M. Magnano et al. [32], complete tumor
regression was achieved after PDT treatment of a
patient with a 15 cm? EMPD lesion. However, after 2
months, the patient had a relapse of the disease.

The main complication of PDT in patients with
EMPD was severe pain during PDT. Q. Li et al. [31]
report that 12 of the 16 patients who participated in
the study could not withstand the acute pain caused
by LED irradiation, and they were given anesthesia.
The average intensity of pain on a scale from 1 to
10 was 5.4, including in case of perianal localization
of the EMPD focus - 9.1, vulvar - 6.5, axillary 4.5
and scrotal — 3.2. At the same time, the study of F.
Raspagliesi et al. [33] shows that pain was noted only
in 1 out of 7 patients with vulvar localization of EMPD
foci.

Thetable presents summarydataon 15 publications
dating from 2000 to 2022 (indexed in Pubmed) with
the results of a study on the PDT effectiveness in a
treatment of 114 patients with EMPD in total.
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Filonenko E.V., lvanova-Radkevich V.I.

Photodynamic therapy in the treatment of extramammary Paget’s disease

Conclusion

As EMPD is a relatively rare disease, there are no
clear treatment recommendations in the literature based
on large, multicenter studies comparing the efficacy
of different therapies. PDT shows good results of the
tumor treatment, both immediate (up to 40% of patients
had complete regression of EMPD foci) and long-term
(relapses in the case of 21% of patients at follow-up pe-
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Abstract

Photodynamic therapy (PDT) is one of the most effective treatments for basal cell skin cancer (BCC). As the incidence rate of BCC is increasing
worldwide, interest in developing new methods for diagnosing and treating this disease, taking into account long-term cosmetic results, is grow-
ing. The review article presents the results of domestic and foreign studies on the treatment of BCC with PDT. The presented results of studies from
various domestic and foreign clinics indicate the high efficiency of independent PDT and a combination of PDT with other treatment methods.
PDT is proposed to be used in combination with surgical methods and radiation therapy, immunomodulating and chemotherapeutic agents, and
inhibitors of molecules involved in the carcinogenic process. These new strategies open the way to increasing the effectiveness of treatment and
prevention of BCC. Moreover, in all studies, the safety of this non-invasive treatment, a low level of adverse reactions during therapy, good toler-
ance for the patient and excellent cosmetic treatment results are noted. The guidelines currently being developed in Europe and the United States
provide consistent expert advice that reflects current published evidence of treatment outcomes for BCC using PDT. Moreover, the recommenda-
tions emphasize that the treatment plan for patients with “difficult to treat” BCC should be discussed at an interdisciplinary oncological council.

Key words: basal cell cancer, photodynamic therapy, photosensitizer, photogem, photosens, photoditazine, photolon, aminolevulinic acid.
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TEPAMNUU MNPU BA3AJIbBHOKJIETOYHOM PAKE KOXWU
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Peslome

QoTtoanHamunuyeckas Tepanus (POT) aBnAaeTca ogHUM 13 Harbonee 3GpEKTUBHBIX METOAOB JieueHsi 6a3anbHOKNETOUYHOro paka Koxu (BKPK).
Mo mepe pocTta noka3sateneii 3aboneBaemocTn BKPK Bo BcEm Mupe Bcé bonblue Bo3pacTaeT MHTepeC K pa3paboTke HOBbIX METOLOB ANArHO-
CTUKM 1 NeYeHnA AaHHOTO 3aboneBaHNA C yYETOM OTAANEHHBIX KOCMETUYECKUX pe3ynbraToB. B 0630pHOI cTaTbe NPYBOAATCA pe3ynbTaTbl
OTeyecTBEHHbIX 1 3apybexxHbIX nccnepoBaHmii no neyeHnto BKPK ¢ nomoubio OAT. MNpepctaBneHHble pesynbraTbl NCCNEA0BAHNNA Pa3INYHbIX
oTeyecTBEeHHbIX 1 3apyOeXXHbIX KIMHUK CBUAETENbCTBYIOT O BbICOKON 3¢pdeKTnBHOCTU camocToaTenbHon OAT n kombuHaumn OAT ¢ apyrvmn
metoaamu neyvenua. O[T npeanaraeTca NPUMEHATb B COYETAHUW C XMPYPrUYECKUMI METOAAMM 1 JTyYeBOW Tepanueil, UMMyHOMOAYMPYIo-
WYMA U XUMUOTEPANEBTNYECKMMMN areHTaMu, MHIMOUTOPamMy MOJEKYJ, Y4YacCTBYIOLUX B KaHLIEPOrEHHOM MpoLecce. TV HOBble CTpaTerun
OTKPbIBAIOT MYTb K NOBbILLEHI0 3P EKTUBHOCTY NleueHuns 1 npodunaktnkm BKPK. Mpu 3Tom Bo Bcex nccieaoBaHUAX OTMeYaeTca 6e30MnacHOCTb
[laHHOTO HEMHBA3MBHOTO JIeYEHNA, HU3KUI YPOBEHb MOOOYHbIX PeaKLmWii Py MPOBEAEHU Tepanmm, XopoLuas NepPeHOCUMOCTb ANA NalyeHTa
1 MPEeBOCXOfHbIE KOCMETMYECKIME pe3ynbTaThbl eyeHus. B paspaboTtaHHbIx B HacTosALlee Bpema B EBpone n CLLA pykoBoacTBax npefAcTaBneHbl
corylacoBaHHble KCnepTHble pekoMeHAaLum, oTpaxkatoLyme TeKyllye onybnmKoBaHHble AoKa3aTeNbcTBa pesynbratmBHOCTY leyeHnsa BKPK c
ncnonb3osaHvem O/T. Mpu aToM B peKomMeHAaLMAX NOAYEPKMBAETCSA, YTO Mi1aH Tepanuy NaLuyMeHToB C TPYAHO nogaatowmmmnca neyeHnto BKPK
[OMKEH 06CY>KAATbCA Ha MEXANCLMMIIMHAPHOM OHKOJOTYECKOM COBETE.
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Introduction

The incidence of skin cancer is growing widespread
in the world [1] in general, as well as the incidence of
the most common human cancer such as basal cell skin
cancer (BCC) continues to increase [2]. The problem of
treating BCC is also relevant for the Russian Federation,
which is primarily due to a very high level of incidence.
This disease is characterized by a recurrent nature of the
course, frequent localization in open areas of the skin
with a predominance of facial skin lesions, insufficient
effectiveness of existing treatment methods, and signifi-
cant cosmetic defects. The main methods of treatment of
BCC are surgical method, radiation therapy, cryodestruc-
tion, immunotherapy, diathermocoagulation [3-12].

Anyway, the above-mentioned methods of treat-
ment have a number of disadvantages: significant side
effects, limitations in the case of repeated treatment, not
always sufficiently effective and organ-preserving treat-
ment results. Currently, photodynamic therapy (PDT) is
one of the most effective, minimally invasive, and organ-
preserving methods of treating BCC [3].

A strong inflammatory reaction and PDT-activated
immune defense of the body against tumors represent
one of the central events in the mechanism of tumor
destruction. They include a complex series of interacting
specific and nonspecific reactions of different cell types
capable of effectively destroying tumor cells by cytolytic
and apoptotic mechanisms [13].

In recent years, the PDT method has been actively
developed [14]. According to many colleagues, PDT is an
effective and safe non-invasive treatment of BCC with
excellent cosmetic results. The effectiveness of PDT in
BCC is confirmed by extensive studies and clinical trials
[15,16].

PDT in BCC treatment

A group of Russian scientists presented the results
of PDT of 139 patients with BCC in their work in 2016.
A study of the effectiveness and safety of PDT was con-
ducted using four photosensitizers (FS): photohem, pho-
tosense, photolone and photoditazine. It was shown that
PDT with the use of chlorin series FS (photolone and pho-
toditazine) provided better long-term results, improving
the relapse-free 3-year survival rate up to 90.4% and
92.3%, respectively, compared with 54.7% and 71.1% in

groups in which treatment was carried out using photo-
hem and photosense. At the same time, the authors did
not indicate any complications after PDT [17].

In 2019, the PDT subgroup of the steering committee
of the European Dermatology Forum prepared a guide
that reviewed all current approved protocols and emerg-
ing new indications for the PDT use in the treatment of
actinic keratosis, Bowen’s disease, and BCC. The manual
presents agreed expert recommendations reflecting the
current published evidence of the PDT effectiveness in
the treatment of BCC [18].

Multidisciplinary experts from European Dermato-
logical Forum, European Association of Dermato-Oncol-
ogy and European Organization of Research and Treat-
ment of Cancer jointly developed recommendations for
the diagnosis and treatment of BCC. In accordance with
these recommendations, PDT is an effective treatment
for superficial and nodular forms of BCC. At the same
time, other alternative methods are recommended for
the treatment of other forms of BCC. According to the
recommendations, the treatment plan for patients with
“difficult to treat” BCC should be discussed at the inter-
disciplinary oncological council [19].

The high efficiency of PDT in the treatment of superfi-
cial and nodular forms is indicated by numerous authors
[20-23].

K.C. Blanco et al. also showed high efficiency of treat-
ment of superficial and nodular forms of BCC with the
use of PDT during a multicenter clinical trial conducted
between 2012 and 2014. They also provided the analysis
of adverse reactions during and after PDT according to
a standardized protocol of the treatment of 866 cases of
BCC. In total, 728 patients with a confirmed clinical and
histopathological diagnosis of BCC underwent treat-
ment. The size of the tumors was up to 2 cm in diameter.
Treatment included curettage and topical application of
a cream containing 20% methyl ester of 5-aminolevu-
linate followed by PDT (radiation wavelength was 630
nm, dose rate was 150 J/cm?), which was carried out 3
hours after applying the cream. The intensity of pain
sensations during and after treatment was assessed. The
intensity correlated with the anatomical localization of
the lesion. Patients reported a higher intensity of pain in
the lesion focus located on the head and the neck. The
pain was less intense on the trunk and the limbs. The
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number of sessions also affected the pain reaction. The
authors emphasize that PDT occupies a significant place
in the treatment of BCC due to its low cost, ease of use
and low level of side effects [24].

A number of researchers recommend using PDT in
the treatment of BCC if surgical treatment cannot be car-
ried out for some reasons [25-27].

PDT has the advantage of being a non-invasive treat-
ment, providing high efficiency and optimal cosmetic
results even though, currently, surgical treatment is
most often used in the treatment of this pathology in
the world. However, resistant or recurrent tumors may
appear, becoming sometimes more aggressive. There-
fore, increasing the effectiveness of PDT by combining it
with other therapeutic methods is an interesting area of
research. Depending on the characteristics and type of
tumor, PDT can be used combined with immunomodula-
tory (imiquimod) and chemotherapeutic (5-fluorouracil,
methotrexate, diclofenac, etc.) agents, inhibitors of cer-
tain molecules involved in the carcinogenic process, sur-
gical methods, and radiation therapy. These new strate-
gies pave the way to improving the treatment effective-
ness and BCC prevention [28].

PDT is an alternative to surgical therapy in the treat-
ment of BCC. Nevertheless, PDT is mainly used in the
treatment of superficial tumors nowadays. According
to researchers from the University of Bologna, com-
bined treatment in the form of pretreatment of BCC
with ablative lasers can increase the effectiveness of
therapy. They evaluated a combination therapy using
PDT and a CO, laser for the treatment of superficial and
nodular BCC. In the presented prospective monocentric
study, patients with BCC received therapy using a con-
tinuous superimpulsive CO, laser for the treatment of
the nodular form of BCC and a fractional CO, laser in
the case of the surface form of BCC. Subsequently, all
patients underwent PDT using a 5-aminolevulinic acid
methyl ester cream and an Aktilite CL128° lamp (Gal-
derma). 32 patients (20 men, 12 women) aged 45 to 96
years (a total of 181 foci of BCR) were cured with a co,
laser combined with PDT. After 3 months, 100% cure
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was achieved, there were no signs of relapse at follow-
up from 4 to 18 months in 97.2% of cases. Mild adverse
reactions and good aesthetic results were observed.
The authors recommend this combination therapy due
to its high efficiency, good aesthetic results and a small
number of side effects [29].

X.Lietal. also propose the development of combined
treatment using PDT. In their study, 8 patients with peri-
orbital BCC received PDT using 5-aminolevulinic acid
combined with surgery. After tumor removal (mainly
with the preservation of normal skin tissue), each area
of the tumor was irradiated using laser radiation with a
wavelength of 635 nm and a power density of 177 J/cm?
for 15 minutes. In total, 3 PDT courses were conducted
during and after surgery. BCC was confirmed by histolog-
ical examination. The structure of the tumor tissues was
studied using transmission electron microscopy, which
showed that PDT has an inhibitory effect on the growth
of BCC, causing necrosis of tumor cells. Subsequently,
there were no relapses during dynamic follow-up for up
to 5 years. Patients with infiltrative orbital BCC were able
to complete the treatment protocol with good cosmetic
results and without significant side effects. The authors
note that PDT combined with limited surgical interven-
tion is a safe, effective, and minimally invasive method
of treating orbital BCC. At the same time, PDT during and
after surgery can help to reduce the volume of surgical
intervention [30].

Conclusion

The scope of PDT application continues to expand.
Currently, there are quite a lot of data that demonstrate
the effectiveness of PDT in the treatment of various
forms of BCC. PDT shows high efficiency, good tolerabil-
ity of therapy by patients and excellent cosmetic results.
Considering that pain remains the most common side
effect, various effective strategies aimed at reducing pain
are currently being developed [31].

Many prospective studies have shown an increase in
the effectiveness of the treatment of BCC with the com-
bined use of PDT and other treatment methods.
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PHOTODYNAMIC THERAPY IN A PATIENT WITH HPV-ASSOCIATED
LSIL OF THE CERVICE (CLINICAL CASE)

Filonenko E.V., Grigoryevykh N.I., Kaprin A.D.
P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC
of the Ministry of Health of the Russian Federation, Moscow, Russia

Abstract

The article describes a clinical example of timely, safe and effective photodynamic therapy (PDT) in a patient diagnosed with human papillomavirus
(HPV) CIN l-associated cervical cancer after ineffective vaccination with 4-valent Gardasil vaccine. Clinical case demonstrates the low effectiveness
of HPV vaccination in patients with established HPV infection. In this patient, the lack of adequate treatment for about 1.5 years led to the develop-
ment of HPV associated CIN | of the cervix. Center for Laser and Photodynamic Diagnostics and Therapy of Tumors and MRI P.A. Herzen, the patient
underwent a course of antiviral PDT with the achievement of complete regression of dysplasia and complete eradication of HPV viruses. The patient
tolerated the treatment well, without complications. The period of relapse-free follow-up is 19 months.

Key words: cervical dysplasia, CIN, photodynamic therapy, photosensitizer, HPV infection.
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POTOAMHAMMYECKAS TEPANMS BOJTbHOM
C BMY-ACCOLMMPOBAHHOM LSIL LUEMKU MATKM
(KIIMHUYECKOE HABJTIIOEHME)

E.B. ®unonenko, H.U. lpuropbesbix, A. . Kanpun

«MOCKOBCKMI HOYYHO-UCCNELOBATENLCKMI OHKONOrMYeckuin MHCTUTYT uM. [1.A. TepueHa
— dunuan OIBY «HaumoHanbHbIN MEAMUMHCKMIA UCCNEAOBATENBCKMIA LEHTP PAAMONOTMNY
Munmcrepcrsa sppasooxpaHenus Poccuitckon @enepaummn, Mocksa, Poccus

Peslome

B cTaTbe onucbiBaeTcA KNMHUYECKUI MpUMep NPoBeAeHNA CBoeBpeMeHHOM, 6e3onacHoii 1 3dpekTrBHON doTognHammueckon Tepanum (OAT)
y NMauMeHTKM C AMarHo30M acCoLMMPOBAHHOMN C BUPYCcOoM nanunnombl Yenoseka (BMY) CIN | weikn matkun nocne HeapdeKTMBHON BaKLMHaLUN
4-BaneHTHON BaKLUVMHOW rapaacun. KnnHnyeckoe HabnopgeHne AEMOHCTPUPYET HU3KYHO SGPEKTMBHOCTb BaKLMHaLUmm npotrs BMNY 6onbHbix ¢
ycTaHoBneHHow BMNY nHdoekumen. Y gaHHOM NaLmMeHTKN OTCYTCTBME aieKBAaTHOTO fIeUeHNA Ha NPOTAXEHUM OKOMO 1,5 NIET MPUBESIO K Pa3BUTUIO
BMY accouymnposaHHoi CIN | weiikn matku. B LieHTpe nasepHon 1 ¢oToanHamMnyecKoin AMarHoCTuky 1 Tepanum onyxonenn u MP MHAOW nm.
M.A. TepueHa naumeHTKe NpoBeaeH Kypc npotuBoBupycHon T ¢ foCTUXeHEeM NONHON perpeccun ANCNaasnMm 1 NOIHON SpajnKaLmmn BUpY-
coB BIMY. JleueHne naumeHTKa nepeHecna xopoLo, 6e3 ocnoxHeHni. Cpok 6e3peunanBHoro HabnogeHnsa — 19 mec.

KnioueBble cnosa: aricnnasus weiiku matku, CIN, poToanHammnueckas Tepanus, potoceHcnbrnmsatop, BMY-uHdpekupma.

Ana untnposaHuna: OGunoHeHko E.B., Mpuropbesbix H.U., KanpuH A.l. ®otoamHamuyeckas Tepanua 6onbHol ¢ BMY-accounmposaHHom LSIL
LLEeKIM MaTKK (KNUHNYecKkoe HabnogeHve) // Biomedical Photonics. — 2022. - T. 11, N2 3. - C. 40-44. doi: 10.24931/2413-9432-2022-11-3-40-44.

KoHtaktbi: ®unoHeHko E.B., e-mail: derkul23@yandex.ru

BIOMEDICAL PHOTONICS T.11, Ne3/2022

40



Filonenko E.V., Grigoryevykh N.I., Kaprin A.D.

Photodynamic therapy in a patient with HPV-associated LSIL of the cervice (clinical case)

Introduction

The role of human papillomavirus (HPV) persistence
in the development of cervical cancer is now considered
proven. For the prevention of cancer in these clinical
situations, the currently accepted tactic is the use of the
HPV vaccine. Clinical use of Gardasil was initiated in 2006,
Cervarix in 2009. Since then, there has been a decrease
in HPV infection in a young population of women aged
12-26 years who have been vaccinated, but prophylac-
tic vaccination does not induce immunity in individu-
als with established HPV infection or neoplasms caused
by HPV. The quadrivalent Gardasil vaccine is considered
proven to be 99% effective against HPV and, as a result,
is effective in preventing genital warts and genital warts
caused by HPV types 6, 11, 16 and 18.

According to the literature, approximately 80% of
sexually active women will contract some type of HPV
infection during their lifetime, and in most cases this will
be a transient, asymptomatic infection that is cured by
the immune system within 6 months to two years. Only
as a result of persistence of HPV infection can low or high
grade cervical intraepithelial neoplasia develop, which
can eventually progress to cervical cancer [1]. Given the
above, timely and effective treatment of HPV infection is
a technology for the prevention of cervical cancer.

We present a clinical case.

Clinical case

Patient N. aged 28, consulted a gynecologist in
August 2019. Papillomavirus infection of the cervix
(HPV) was diagnosed for the first time. PCR study for HPV
revealed the presence of HPV types 31, 56 and 59 in the
amount of 1.1 x 10 * 3 st.; 6.9 x 10 * 2 st,; 1.2x 10 * 4
st., respectively. No treatment was given. During the re-
examination on February 1, 2020, carriage of HPV type 31
was detected in the amount of 1.3 x 10 * 5 st., Type 59 —
6.9 x 10 * 5 st. HPV vaccination was recommended. From
March to September 2020, the patient was vaccinated
and twice revaccinated with the Gardasil-4 vaccine.

During the control PCR for HPV from 09/23/20, car-
riage of HPV type 31 was detected in the amount of 4.7
x 10 * 3 st., Type 56 — 8.6 x 10 * 5 st. Cytological exami-
nation for atypical cells on September 23, 2020 revealed
ASC-US. The patient was left under dynamic observation.
Cytological examination of smears from the cervix dated
12/04/20 revealed LSIL/CIN |, dyskaryosis, koilocytosis;
PCR study for HPV - the presence of HPV type 31 in the
amount of 4.1 x 10 * 3 st., Type 56 — 1.3 x 10 * 6 st.

The patient independently applied to the PA. Herzen
Moscow Oncology Research Center.

A cytological study was performed on December 17,
2020 No. 20/6-3009: a smear from the cervix - cells of the
squamous epithelium of the intermediate and surface
layers, in some of which there are signs of HPV infection,
koilocytic transformation, metaplastic cells, elements

of inflammation, moderate mixed flora = conclusion -
cytogram of moderate inflammation, squamous cells
with signs of HPV infection and low-grade intraepithe-
lial lesions — LSIL (CIN 1); No. 20/6-3010: smear from the
cervical canal - squamous epithelial cells, some of which
have signs of koilocytic transformation, metaplastic cells,
groups and clusters of cylindrical epithelium cells, blood
cells, mucus - conclusion: squamous epithelial cells
with signs of HPV infection and low-grade intraepithe-
lial lesion — LSIL (CIN I). Immunocytochemical study No.
20/8-124 dated December 23, 2020 was performed using
p16 and Ki67 markers. Some of the squamous epithelial
cells showed a positive moderate expression of the p16
protein. The Ki67 proliferative activity index in squamous
epithelial cells is low — conclusion: ICC data, together
with cytological data, correspond to the picture of HPV-
associated low-grade intraepithelial lesion — LSIL.

When viewed during the initial consultation at the PA.
Herzen Moscow Oncology Research Center — the external
genital organs are formed correctly, the external opening
of the urethra is without pathology; examination in the mir-
rors: the vaginal mucosa is not changed, on the mucous
membrane of the cervix there is an endocervical ectopia
around the external os up to 1.2 cm wide; PV: the cervix is
not compacted, the uterine body is of a normal shape and
size, dense, mobile, painless, the appendages on the left
and right are not defined, their area is painless, the arches
are free, infiltrates are not detected in the parameters, the
utero-rectal depression is free, the rectovaginal septum is
intact.

An MRI of the pelvic organs dated 01/10/21 with a tar-
geted examination of the cervix showed an endocervix
of a heterogeneous MRI signal, 2 to 3 mm thick, no volu-
metric formations of the cervix were detected. The vaults
of the vagina and parameters are intact.

Ultrasound of the pelvic organs dated 01/12/21 (on
the 9th day of the cycle) showed that the bladder was
not changed. The uterus is 47.4x28.3x42.5 mm in size,
the myometrium is homogeneous, the expansion of the
arcuate veins of the uterine body up to 2.6 mm is noted;
the endometrium is 8.3 mm thick, echopositive, homoge-
neous, the contours are clear, even. The thickness of the
median structures of the cervix is up to 12.3 mm (duplica-
tion), with single small anechoic single inclusions, moder-
ately pronounced vascularization. The cervical canal was
dilated up to 1.5 mm due to anechoic contents. At the level
of the isthmus, there are a few intra- and subendocervical
cysts up to 4.3 mm in size. The left ovary is 32x20x25 mm
in size, with follicles up to 19x11.4x18 mm, the right one is
29.4x14x24 mm, with follicles up to 7 mm in size. A mea-
ger amount of free fluid in the small pelvis is determined.

Taking into account the long-term persistence of HPV
(about 1.5 years), the ineffectiveness of previously used
therapeutic approaches, a decision was made at the
council to conduct PDT.
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In February 2021, a PDT course was conducted (Fig.).

At the control examination in July 2021, the mucous
membrane of the cervix is smooth, uniform in color,
there are no foci of ectopia of the cervical epithelium,
a control cytological study was performed No., groups
of cells of cylindrical epithelium, cytogram without fea-
tures; in scraping from the cervix - cells of the squamous
epithelium of the surface layers without signs of atypia.

During the control examination in October 2021,
another control cytological examination No. 77790000094
scraping from the cervical canal — NILM was performed;
Ne 77790000093 scraping from the cervix - NILM; PCR
study for HPV No. 77790000092 - HPV was not detected.

During the control examination in September 2022 -
scraping from the cervical canal and cervix — NILM, PCR
study for HPV - HPV was not detected.

The patient has been observed for more than 19
months without recurrence of LSIL, with complete eradi-
cation of HPV.

Discussion

Currently, HPV is recognized worldwide as an etiolog-
ical factor in the development of cervical cancer and pre-
cancerous lesions, whose DNA is found in 99.7% of cases
[2]. Cervical cancer is the fourth most common cancer
in women worldwide and the fourth leading cause of
death among women [3]. There are HPV groups of “low
risk” (type 6, 11, 42, 43), they are practically not detected
in cervical cancer. The HPV group of “high risk’, which is
isolated from cervical squamous cell carcinoma, includes
viruses 16, 18, 31, 33, 35, 39, 45, 50, 51, 56, 58, 64 and 68
types [4]. Although some HPV infections may spontane-
ously resolve due to the work of the own immune system,
studies have shown that “high risk” HPV infection is the
main trigger for the development of lesions of the cervix
[5]. Therefore, for patients with persistent high-risk infec-
tion for more than one year, timely treatment should be
undertaken to prevent malignant lesions of the cervix.
For patients with low-grade cervical disease, prompt and

aggressive treatment should be undertaken to promote
negative HPV conversion and prevent further progres-
sion of cervical intraepithelial neoplasia (CIN).

The onset of CIN can be defined as a complex mecha-
nism of uncontrolled cell division that may involve cel-
lular changes and epigenetic factors such as HPV gene
integration. In the presence of HPV infection, DNA
mutates in cellular and other environmental conditions,
which leads to the integration and triggering of mecha-
nisms for the synthesis of viral DNA and host DNA. There-
fore, viruses can elude the mechanisms of cellular and
humoral immune defense, promote cell proliferation and
inhibit apoptosis [6].

CIN includes a number of pathological changes
such as abnormal cell proliferation, poor differentiation,
nuclear anomalies, and increased mitosis in cervical epi-
thelial cells upon HPV stimulation. CIN is closely related
to and precedes cervical cancer (CC) [7].

Previously, it was customary to divide CIN into three
degrees depending on the degree of tumor cell dyspla-
sia, namely, CIN | - mild, CIN Il - moderate and CIN IIl -
severe dysplasia / cr in situ, which reflects the continu-
ous pathological process of the occurrence and develop-
ment of cervical cancer [8].

As part of the lower anogenital squamous epithelial
terminology (LAST) standardization project, squamous
intraepithelial lesions (SIL) have been used to rename
HPV-associated squamous epithelial lesions of the lower
genital tract, including the cervix, to low-grade squa-
mous intraepithelial lesions, LSIL and high-grade squa-
mous intraepithelial lesions — HSIL [9].

Squamous intraepithelial HSIL lesions without proper
treatment have a high risk of progression to invasive
cervical carcinoma. The choice of treatment method is
determined individually depending on the prevalence of
the process, age, and other factors. The main treatment
options are cervical conization using laser, ultrasound,
electro- and radiosurgical techniques, cryotherapy and
photodynamic therapy [10]. With regard to the treatment

Puc. ®oTo Wwemku
MaTKu 601bHOM
H.:a - go ®AT;

b - 3 mec nocne
OAT.

Fig. Photo of

the cervix of the
patient N.:a -
before PDT; b — 3
months after PDT.
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of LSIL, some experts believe that LSIL is only an instanta-
neous expression after HPV infection, which has different
biological properties from malignant tumors with a high
natural regression rate [11]. Rouzier R. et al. reported that
60-90% of LSILs can self-regress naturally within 2 years.
While 30% of LSIL persist, at least 10% progress to HSIL [12].

Thus, early detection and treatment of persistent
high-risk HPV infection and dysplasia can effectively pre-
vent the onset of cervical cancer.

Thanks to the knowledge that HPV is the main etio-
logical factor in the development of cervical cancer, mea-
sures have been developed to prevent cervical cancer -
a prophylactic vaccine against HPV has been developed
and has been used in clinical practice since 2006 [13].

In Russia, two types of vaccines are available that
are used for vaccination against HPV: tetravalent, which
should protect against infection with four types of HPV
-6, 11, 16 and 18 (Gardasil is produced by the Dutch
pharmaceutical company MSD Gardasil Merck Sharp and
Domu B.V.), and bivalent - from two types of HPV - 16
and 18 (Cervarix is produced in Belgium by GlaxoSmith-
Kline Biologicals). In Europe, in addition to these two
and 9-valent vaccines are used, which acts against nine
types of HPV - 6, 11, 16, 18, 31, 33, 45, 52, 58, most often
detected in cervical cancer after HPV 16 and 18 types [14].
However, even with cross-protection and an increase in
the number of HPV types covered by the 9-valent vac-
cine, any HPV vaccine does not protect against all HPV
types that increase the risk of cervical cancer [15].

In cases where the patient is diagnosed as a carrier of
HPV, the use of the vaccine is not justified. In a number of
countries, such as China, Russia, Mexico, Italy, and others,
photodynamic therapy of HPV-associated precancer and
initial cervical cancer is actively used. The mechanism of
action is based on the ability of a number of drugs — pho-
tosensitizers (PS) to accumulate in tumor tissue and, when
interacting with light radiation of a certain wavelength, ini-
tiate damage and / or destruction of tumor structures due
to a series of photophysical processes. The main targets
of photodynamic exposure are tumor cells, the microvas-
cular network of the tumor and the surrounding stroma,
and cellular elements of the body’s immune system that
infiltrate the tumor [16]. Along with the antitumor effect
of treatment, PDT also has an antiviral effect due to the
selective accumulation of PS in cells infected with HPV, fol-
lowed by their direct phototoxic destruction.

The Medical Research Ethics Committee of the Inter-
national Peace Maternity & Child Health Hospital of
China Welfare Institute approved a study of 115 patients
with HPV-associated CIN, patients admitted to the hospi-
tal from October 2020 to June 2021. The average age of
patients was 35.71+2.51 years. Three courses of PDT were
performed with an interval of 7-14 days with local appli-
cation of the drug based on 5-ALA, followed by irradia-
tion for 30 min with a power density of 80 mW/cm? The

overall cure rate and negative HPV tests was 79.0%. The
follow-up period for patients ranged from 3 to 6 months
after treatment [17].

In another study, PDT was performed on 30 Mexi-
can women in one of the states of Veracruz at the age
of 33. Based on cytological analysis, molecular tests,
and histopathological evaluation of biopsy specimens,
patients were divided into two groups: CIN | with high-
risk HPV and high-risk HPV without CIN. Three patients
withdrew from the study due to pregnancy. PDT was
performed with a topically applied preparation based
on 5-ALA, followed by irradiation of the cervix with
a light dose of 200 J/cm? Histological examination
of biopsy samples taken before PDT and 3, 6, and 12
months after treatment was performed. In the group of
women only infected with HPV, the following results of
PDT were achieved: 73% of patients got rid of the infec-
tion according to PCR data 3 months after PDT, 6 months
after PDT. the number of patients with complete eradi-
cation of HPV increased to 80%. When observed for 12
months treatment outcome was maintained. In the HPV
+ CIN | group, 3 months after PDT, 42% of 12 patients
showed complete regression of CIN |, when followed
up for 12 months - there were no recurrences. In addi-
tion, 75% of HPV-infected patients with CIN | got rid
of the infection according to PCR smears taken after 3
months, after 6 months the number of cases of com-
plete eradication of HPV increased to 83%, this percent-
age remained constant for 12 months. In cases where,
in addition to HPV infection, bacterial vaginosis was
diagnosed, it was eliminated in 83% of patients after 3
months after PDT, the absence of vaginosis persisted for
all 12 months observations [18].

In our clinical observation, we present the data of
observation and treatment of a patient who, against the
background of long-term persistence of highly onco-
genic HPV types 31 and 56, developed cervical dysplasia
— LSIL. An attempt by doctors at the place of residence to
vaccinate Gardasil-4 could not achieve a positive result in
relation to already existing viruses. PDT resulted in HPV
eradication and LSIL cure.

Conclusion

The clinical observation presented in the article dem-
onstrates the low effectiveness of HPV vaccination in the
presence of persistent HPV infection, as well as the pos-
sibility and expediency of using antiviral PDT in these
clinical situations.

There is also information in the world literature on
the effective use of PDT with 5-ALA for antiviral purposes
in women with HPV persistence in the absence of atypia
of the cervical epithelium.

Thus, antiviral PDT with 5-ALA is a promising technol-
ogy that can lead to the eradication of HPV infection and,
as a result, the prevention of cervical cancer.
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