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Filonenko E.V.
Clinical implementation and scientific development of photodynamic therapy in Russia in 2010-2020

CLINICAL IMPLEMENTATION AND SCIENTIFIC
DEVELOPMENT OF PHOTODYNAMIC THERAPY
IN RUSSIA IN 2010-2020

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

Abstract

In recent years, the development of methods of photodynamic therapy (PDT) and fluorescence diagnostic (FD) in Russia is characterized by an
intensive rise, steadily growing interest of specialists from various medical specialties in the method of specialists from various medical specialties,
an increase in the level of equipment number of hospitals with the necessary equipment for performing FD and PDT, the and the emergence of
new photosensitizers on the pharmaceutical market, and an increasing increase in the level of patients' confidence in these methods. This study
analyzes the dynamics of the development of the clinical application and scientific developments of FD and PDT over the past decade in Russia in
terms of the volume of public procurement of photosensitizers, as well as the activity of research work in the field of FD and PDT, the number of
candidate and doctoral dissertations theses on this topic and the number of scientific publications in the RSCI. 688 contracts for the supply of pho-
tosensitizers for clinical use were analyzed. The analysis showed a stable annual growth in the volume of public procurement of photosensitizers,
an increase in the number of subjects of the Russian Federation and clinical centers that purchase photosensitizers through the portal www.zak-
upki.gov.ru. From 2014 to 2020, the total volume of public procurement of all photosensitizers increased by 8 times (from 36.42 million rubles (3.58
thousand packages) to 307.37 million rubles (18.99 thousand packages)). The annual increase in the volume of public procurement in numerical
terms over the previous 6 years ranged from 9.4% to 63.2% in different years. The main share of state purchases of photosensitizers falls on Moscow
and St. Petersburg, h. However, in recent years there has been a noticeable trend towards an increase in sales of photosensitizers in the regions.
Thus, in recent years, the share of purchases of photosensitizers in the constituent entities of the Russian Federation with a population of less than
1 million people has significantly increased (from 2.9% of the total number of purchases in 2014 to 25.3% in 2020). Also, in recent years, there has
been a significant increase in the activity of research work activity in the field of FD and PDT. The number of defended candidate and doctoral dis-
sertations theses defended in the field of FD and PDT photodynamic therapy and fluorescent diagnostics has been steadily high in recent years
and, in some scientific specialties, reaches 2-3% of the total number of defended dissertations theses defended in these specialties. The increase in
the total number of publications over 10 years according to the RSCl was 224% (from 218 publications in 2014 to 489 publications in 2019), accord-
ing to the RSCI. The results obtained confirm the growing demand for photosensitizers for photodynamic therapy and fluorescence diagnostics in
clinical practice, the expansion of the geography of the use of methods, as well and the stable interest in this topic in the research environment.

Keywords: photodynamic therapy, fluorescent diagnostics, public procurement, chlorin €6, aluminum phthalocyanine, 5-aminolevulinic acid,
5-aminolevulinic acid methyl ester.

For citations: Filonenko E.V. Clinical implementation and scientific development of photodynamic therapy in Russia in 2010-2020, Biomedical
Photonics, 2021, vol. 10, no. 4, pp. 4-22. doi: 10.24931/2413-9432-2021-10-4-4-22

Contacts: Filonenko E.V., e-mail: derkul23@yandex.ru

KJIMHHUYECKOE BHEOPEHME N HAYHHOE PA3BMTUE
dOTOANHAMUYECKOU TEPATTMN B POCCUMA
B 2010-2020IT.

E.B. PunoHeHko

«MOCKOBCKMI HOYYHO-UCCIIEAOBATENBCKMIA OHKONOTUYECKMM MHCTUTYT uM. [1.A. Tepuera —
dunman PIBY «<HaumoHanbHbIM MEAUUMHCKMI MCCNEAOBATENLCKUIA LEHTP PAAMONOTMMY
Munmncrepcrsa sppasooxpaHeHus Poceunitckon Pepepaummn, Mocksa, Poccua

Pesome
B nocnefHue ropbl pa3suTne metoaos potoamHamuueckon Tepanum (OAT) n nyopecueHTHoM grnarHoctnkm (Of1) B Poccum xapakTtepusyetca
VHTEHCMBHbBIM MOABEMOM, CTaOMIIBHO PaCTYLUMM VHTEPECOM K METOAY CMELMAIMCTOB PasfINYHbIX MEAVNLIMHCKIX CMELManbHOCTE, MOBbILLIe-
H/EM YPOBHSA OCHALLEHHOCTU 6ONbHUL, He0bXOANMbBIM 060pyaoBaHMeM ana nposeaeHus O n OAT, noasneHnem Ha dapmaLeBTUYECKOM
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PbIHKE HOBbIX $OTOCEHCNOMNNMN3ATOPOB, MOBbILLIEHNEM YPOBHA OBEPUA NALIMEHTOB K YKa3aHHbIM MeTofaM. B HacToswwem nccnefoBaHmm npo-
aHaNM3MpPOoBaHa AVHaMVKa Pa3BUTWA KIMHUYECKOTO MPUMEHEHNA 1 HayuHbIX pa3paboTtok OO n AT B nocnegHee pgecAtunetve B Poccun
no o6bemam roc3akynok GpOoTOCEHCHOMNNN3ATOPOB, a TaKXKe MO aKTUBHOCTU Hay4HO-UCCeAoBaTeNnbCcKkon pabotsl B obnactn OO v OAT no
UNCIY KaHAMAATCKUX N JOKTOPCKUX AMccepTaLmii No AaHHON TeMaTUKe 1 MO Ynciy HayuHbix ny6nukaumin B PUHLL. NMpoaHanusupoBaHbl 688
[IOrOBOPOB Ha MOCTaBKY GpOTOCEHCUOWNM3ATOPOB AJIA KIIMHAYECKOTO MPUMEHEHUA. AHaNM3 NMoKasan CTabuibHbIN eXXerofHblii POCT obbema
roc3akynok ¢poToceHcMbun13aTopoB, yBennyeHune yncna cybbektoB PO 1 KIMHUYECKUX LIEHTPOB, OCYLLECTBAAIOLIMX 3aKynKy ¢poToceHcmbu-
nu3aTopoB yepe3 noptan www.zakupki.gov.ru. C 2014 no 2020 rr. 06wwuii 06bem roc3akynok Bcex ¢oToceHCMbMIN3aTopoB YBENNUMICA B 8
pa3 (c 36,42 mnH. py6. (3,58 Tbic. ynakoBoK) Ao 307,37 MiH. py6. (18,99 Tbic. ynakoBoK)). ExxerofiHbl NpuMpocT o6bema rocakynoK B YNCIIEH-
HOM Bblpa)<eHUU 3a npegplaywue 6 net coctaBun ot 9,4% o 63,2% B pa3Hble rogbl. OCHOBHas A0JA roc3akynok ¢oToceHCnbmIN3aTopos
npuxoautca Ha MockBy 1 CaHKT-MeTepbypr, oAgHaKO B MOC/eAHME roAbl 3aMeTHa TEHAEHLMA yBenmyeHna o6bemoB npoaax GpoToceHcnbunm-
3aTOPOB B pernoHax. Tak, 3a nocnefHue rofbl 3HaUMTENIbHO BbIPOC/IA [0S 3aKynoK $oToceHCcMbunusaTopoB B cybbekTax PO ¢ HaceneHnem
MeHee 1 MJTH YenoBek (c 2,9% ot obLwero uncna 3akynok B 2014 r. go 25,3% B 2020 r.). Takxke B noc/ieaHne rogbl HaboaaeTcA 3HaUNTENbHbIN
POCT aKTMBHOCTU Hay4HO-McCieAoBaTenbckon pabotbl B obnacti O n OAT. Yncno KaHAUAATCKMX 1 BOKTOPCKMX ANCCEPTaLMI, 3aliMLLeH-
HbIX MO TeMaTuKe GOTOAVHAMMNYECKO Tepanu 1 GayopecLeHTHON ANarHOCTUKY, B MOCNEAHVE rofbl CTabUIbHO BEJIMKO U, MO HEKOTOPbIM
Hay4HbIM CrieLnMasibHOCTAM, JOCTUraeT 2-3% OT 06LLero Yucna guccepraumin, 3alyieHHbIX MO AaHHbIM cneuunanbHocTaM. MpupocT obuiero
yncna ny6bnukaumn 3a 10 net no paHHbIM PUHLL coctaBun 224% (c 218 ny6nvkaumii B 2014 r. go 489 ny6nukaumn B 2019 r.). MNonyyeHHble
pe3ynbTaTbl NOATBEPXKAAIOT PACTYLLUIA CNPOC Ha GOTOCEHCUOUNM3aTOPbI ANst OTOAMHAMUYECKON Tepanun 1 GITyopecLieHTHOW ANarHOCTUKM
B KJIMHNYECKOW NMPAKTUKe, paclumpeHmne reorpadmm Ncnosib3oBaHUA METOAOB, a TakKe CTabUbHBIN NHTEPEC K JaHHOWN TEMAaTUKe B HayUYHO-
nccnepoBaTenbCcKom cpege.

ORIGINAL ARTICLES

KnioueBble cnioBa: GoToanHamMmmyeckas Tepanus, GpiyopecuyeHTHasA ANAarHoCTUKA, FOCYAaPCTBEHHbIE 3aKY MKW, XI0PVH €6, GTanoumaHyH anto-
MVHUA, 5-aMVHONEBYNIMHOBAA KNCIOTA, METUOBbIN GNP 5-aMUHOMNEBYIMHOBO KUCIOTbI

Ana untupoBanua: GunoHeHko E.B. KnnHuyeckoe BHegpeHve 1 HayuyHoe pa3Butue dotoamHammyeckon Tepanum B Poccum B 2010-2020 rr.

// Biomedical Photonics. - 2021. - T. 10, N2 4. — C. 4-22. doi: 10.24931/2413-9432-2021-10-4-4-22

KoHTtaktbi: QunoHeHko E.B., e-mail: derkul23@yandex.ru

The history of the use of photodynamic therapy (PDT)
and fluorescence diagnostic (FD) in clinical practice
has more than 100 years in the world and about 30
years in Russia [1,2,3,4]. The advantages of the PDT
method are the focus of the impact on tumor foci and
high efficiency in the absence of systemic toxicity. The
method is successfully used in clinical oncology. In many
oncological diseases, PDT makes it possible to achieve
results that are not available with other methods of
antitumor therapy. Thus, the method is effective even in
a number of metastatic forms of malignant neoplasms,
in cases where other methods are no longer applicable.
Moreover, PDT makes it possible to avoid the appearance
of rough cicatricial tissues in the treatment of precancer
and early cancer, which is very important, for example,
in gynecology during the treatment of patients of
childbearing age; to achieve a good cosmetic effect, to
minimally injure healthy tissues surrounding the tumor
in the treatment of tumors on the face, etc. Conducting
PDT of the surgical area after surgical removal of a tumor
(localized, for example, in the bladder, brain, etc.) makes
it possible to significantly reduce the risk of recurrence
[5,6,7,8,9]. On the other hand, FD is successfully used for
the purpose of early diagnosis of the disease, as well as to
clarify the boundaries of an already detected neoplasm
and identify additional foci during surgical treatment in
order to more radically remove the tumor and reduce
the likelihood of recurrences. The combination of FD and

PDT is a recognized method of oncological theranostics
[10,11,12,13,14,15].

As international experience shows, in addition to
oncology, FD and PDT are widely used in various fields of
medicine: in the treatment of infectious diseases, in der-
matology, neurosurgery, ophthalmology, dentistry, etc.

In Russia, the beginning of the clinical application
of FD and PDT methods dates back to 1992, when pre-
clinical studies of the first domestically-produced pho-
tosensitizer photohem were completed. After obtaining
permission from the Ministry of Health of Russia, the PDT
method was first used in clinical practice in Russia, as part
of the Phase | clinical trials of photohem at the Moscow
Scientific and Research Oncological Institute named after
PA. Herzen (V.V. Sokolov, E.V. Filonenko) and at the Cen-
ter for Laser Medicine (E.F. Stranadko) [1]. From 1992 to
2011, there was a stage of preclinical and clinical study of
new domestically-produced photosensitizers, develop-
ment of optimal FD and PDT methods and effective med-
ical technologies based on them. This work was carried
out with the active participation of a group of young sci-
entists from the Moscow Scientific and Research Onco-
logical Institute named after PA. Herzen, who were able
to combine the efforts of specialists from many other
institutions - synthetic chemists, physicists, biologists,
clinicians, and together go from the formation of an idea,
through the development of new molecules of photo-
sensitizers and experimental design samples of laser

BIOMEDICAL PHOTONICS T.10, N24/2021
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equipment for FD and PDT, the development of indus-
trial production of domestic drugs and laser equipment,
to the widespread introduction of FD and PDT methods
into clinical practice in the regions of Russia. This multi-
stage and multi-directional work was evaluated by the
award of the Russian Federation Government Prize in the
field of science and technology in 2011. Over time, spe-
cialists united in the Russian Photodynamic Association
(RPA) to develop and promote the method in Russia and
popularize Russian experience abroad.

At present, after years of fruitful work of the RPA,
FD and PDT methods are included in the oncological
standards and clinical recommendations for a number
of nosologies (since 2012), as well as to the program of
state financing of treatment using these methods under
the OMI system (since 2013). The result of the activities
of the field-specific professional community of RPA was
the creation of conditions, including economic ones, for
the wide development of these methods in clinical prac-
tice. The key moment that influenced the beginning of
the rapid introduction of the method into wide clinical
practice in Russia was the inclusion of the methods in
the list of therapeutic measures carried out within the
framework of state guarantees in 2013. According to IMS
Health, in the first half of 2014 the volume of the Russian
market of drugs based on photosensitizers amounted to
33 million rubles, having increased by 90% compared to
the same period in 2013, i.e. almost twice [16].

In recent years, the development of FD and PDT meth-
ods in Russia has been characterized by an intensive rise,
a steadily growing interest in the method of specialists
from various medical specialties, an increase in the equip-
ping level of hospitals with the necessary equipment for
FD and PDT, the emergence of new photosensitizers on
the pharmaceutical market, and an increase in the level
of patient confidence in these methods. Furthermore,
traditionally, FD and PDT are those scientific areas that
are in demand for the latest developments by scientists
around the world, including Russia. One of the indicators
of this is that in our country the number of dissertations
defended in the field of FD and PDT is growing every
year. Concurrently, the number of scientific studies in this
area is also increasing. The growth of interest in FD and
PDT in the regions has been especially evident in the last
few years.

The aim of this study was to analyze the dynamics of
the development of the clinical application and scientific
developments of FD and PDT in the last decade in Russia.
These indicators were assessed: by the volume of con-
tracts (according to the website www.zakupki.gov.ru) in
the framework of public procurement of photosensitiz-
ers in the constituent entities of the Russian Federation,
for specific drugs and medical institutions in which this
method is introduced into clinical practice; as well as
by the activity of research work in the FD and PDT field,

estimated by the number of candidate and doctoral dis-
sertations on this topic and by the number of scientific
publications in the RSCI.

Materials and methods

The activity of research work in the field of FD and
PDT was assessed by the number of defended disserta-
tions for the degree of candidate and doctor of science
on the specified topic over the past 9 years (2012-2020).
The dynamics of the number of defended dissertations
over the years and the share of target dissertations from
the total number of defended dissertations in individual
specialties were assessed. The source of information
about the defense of candidate's and doctoral disserta-
tions was the official website of the State Commission
for Academic Degrees and Titles under the Ministry of
Science and Higher Education of the Russian Federation
www.vak.minobrnauki.gov.ru. The sample of analyzed
dissertations was limited to the period for which disser-
tations are presented in the State Commission for Aca-
demic Degrees and Titles archive on the website www.
vak.minobrnauki.gov.ru - from 2012, there is no informa-
tion on the website prior to this period.

The number of scientific publications in the RSCI data-
base (www.elibrary.ru) for 2010-2019 was also analyzed.
The dynamics of changes in the number of full-text sci-
entific articles, abstracts of scientific reports and patents
on the subject of FD and PDT by years was assessed. The
analysis did not include publications of 2020 due to the
fact that many periodicals post materials in the RSCI with
a significant delay.

The breadth of clinical use of the methods in Russia
was assessed by analyzing data on the volume of con-
tracts in the framework of public procurement of pho-
tosensitizers intended for FD and PDT in clinical centers,
implemented using the www.zakupki.gov.ru portal. Pur-
chase volumes were analyzed in monetary and numerical
terms (number of purchased packages of photosensitiz-
ers) and by the number of clinical institutions purchasing
photosensitizers for PDT. For the analysis, we used data
for 2014-2020 (prior to 2014 information on this issue is
not available).

Results

Development of scientific research in the field of FD
and PDT over the past decade

Analysis of the development of FD/PDT as a separate
scientific area was carried out according to the number
of defenses of candidate's and doctoral dissertations,
data on which are published on the official website of
the State Commission for Academic Degrees and Titles
(vak.minobrnauki.gov.ru). The number of scientific pub-
lications in the RSCI database (www.elibrary.ru) was also
analyzed. The dynamics of changes in the number of
full-text scientific articles, abstracts of scientific reports
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Fig. 3. Distribution of theses on FD and PDT, defended in 2012-2020, by specialties.

and patents on the subject of FD and PDT by years was
assessed.

The total number of candidate's and doctoral disser-
tations defended in 2012-2020 on the subject of FD and
PDT, amounted to 93 dissertations in 26 scientific spe-
cialties out of 430 specialties represented in the State
Commission for Academic Degrees and Titles. Of these,
doctoral dissertations — 7, candidate's - 86. These fig-
ures do not exactly correspond to the real number of
defenses on these topics, since the analysis only took
into account those works in the title of which there was
an indication of PD, PDT, as well as chemical and com-
mercial names of photosensitizers. The real number of
defenses on these topics is more than the figures given,
since not all works have research and/or application of
these methods in the title. Examples include the fol-
lowing works: Murshudova S. “Peculiarities of the clini-
cal course and diagnosis of precancer and early vulvar
cancer”(2013) - the paper presents a methodology and
evaluates the results of fluorescent diagnostics in pre-
cancer and vulvar cancer. It is not possible to accurately
estimate the number of works that were not included
in this analysis for this reason, however, according to
experts, they amount to about 25-30%.

The annual growth since 2012 of new scientific spe-
cialties in which candidate's and doctoral dissertations
on the subject of FD and PDT were defended is shown
in Fig. 1.

In 2012, the number of such specialties was 9 (14.01.12
Oncology, 14.01.14 Dentistry, 14.01.03 Diseases of the
ear, nose and throat, 06.02.01 Diagnosis of diseases and
therapy of animals, pathology, oncology and morphol-
ogy of animals, 14.01.17 Surgery, 14.01.07 Eye diseases,
14.03.10 - Clinical laboratory diagnostics, 14.01.23 Urol-
ogy, 14.01.01 Obstetrics and gynecology). By 2020, the
number of specialties in which defenses were held on
the topics of FD and PDT increased by 17 and the total
number of specialties amounted to 26.

The distribution of the number of defenses of disser-
tations on FD and PDT by years is shown in Fig. 2.

As can be seen from Fig. 2a, in total, from 2012 to
2020 86 dissertations were defended for the degree of
the candidate of medical sciences and 7 - the doctor of
medical sciences. In those years when both candidate
and doctoral dissertations were defended, the propor-
tion of defending doctoral dissertations ranged from 9%
to 20% (Fig. 2b). Despite the changes in the number of
defenses of candidate's and doctoral dissertations for
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Fig. 4. Distribution of the share of theses in FD and PDT from the total number of theses defended in the specialties in 2012-2020.

individual years, on average the number of defenses
remains approximately at the same level with a tendency
to some increase in recent years. So, over the past 3 years
(2018-2020), the total number of defenses was 31 (30
candidate's and 1 doctoral), which is slightly more than in
the previous similar period (2015-2017): 28 dissertations
(25 candidate's and 3 doctoral), and close in terms of val-
ues to the previous three-year period (2012-2014): 34 dis-
sertations (31 candidate's and 3 doctoral). The share of
candidate's dissertations defended over the past 3 years
has grown and in 2018-2020 averaged 96.8% compared
t0 91.2% and 89.3% in 2012-2014 and 2015-2017.

This fact indicates that research in this area does not
stop and is relevant both in fundamental and applied
areas. In different years of the analyzed period, the total
number of dissertations defenses for the degree of a can-
didate and a doctor of medical sciences varied from 5 to
16 per year.

Fig. 3 shows the distribution of the number of disser-
tations on FD and PDT defended in 2012-2020 by indi-
vidual scientific specialties.

The largest number of dissertations over 9 years was
defended in three specialties: 14.01.14 Dentistry (15 dis-
sertations, of which 14 are candidate's and 1 doctoral),
03.01.02 Biophysics (12 theses, of which 11 are candi-
date's and 1 doctoral) and 14.01.12 Oncology (11 disser-
tations, including 9 candidate's and 2 doctoral).

Fig. 4 shows the distribution of the share of disserta-
tions in FD and PDT from the total number of disserta-
tions defended in individual specialties for a total of 9
years.

From the data presented in Fig. 4, it can be seen that
the largest share in the total number of dissertations
defended in a particular specialty over 9 years are dis-
sertations in the specialty 03.01.02 Biophysics — 3.46% of
dissertations in this specialty were defended on the top-
ics of FD and PDT. On the second and third places in this
indicator are the specialties 02.00.10 Bioorganic Chemis-
try and 14.04.01 Formulation - 2.14% and 1.82%, respec-
tively.

The number of publications on the subject of FD and
PDT in the RSCl was analyzed. The analysis includes data
on the number of scientific articles, abstracts of scien-
tific conferences and patents for 2010-2019. The analysis
did not include publications of 2020 due to the fact that
many periodicals post materials in the RSCl with a signifi-
cant delay.

Fig. 5 presents data on the annual increase in the
number of journals in which articles and abstracts on the
subject of FD/PDT were published according to the RSCI
data.

As can be seen from the data presented in Fig. 5, in
2010, 94 journals published scientific materials on the
subject of FD and PDT, in 2011, scientific materials on
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Fig. 5. An annual increase in the number of journals in which
scientific materials on FD and PDT were published according to

the subject of FD and PDT were first published in 36 new
journals, in 2012 —in 62, in 2013 - in 60, in 2014 —in 53,
in2015-in47,in2016in-in41,in 2017 -in42,in 2018
in 45 and in 2019 in 23 new magazines. The total number
of journals in which, according to the RSCI data, scientific
materials on the subject of FD and PDT were published
during this period was 503.

In the period under review, the number of scientific
publications on the subject of FD and PDT is steadily
increasing. The total number of publications over 10
years increased by 2.6 times (218 publications in 2014,
565 publications in 2019), including the doubled num-
ber of scientific articles (152 articles in 2014, 306 articles
in 2019 years), the number of conference abstracts -
increased by 8 times (23 abstracts in 2014, 183 abstracts
in 2019), the number of patents - by 1.8 times (43
patents in 2014, 76 patents in 2019). The dynamics of
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Fig. 7. An annual increase in the number of RF constituent
entities that have entered into a contract for the supply of
photosensitizers, according to the website www.zakupki.gov.ru in
2014-2020.

the number of publications for the analyzed period is
shown in Fig. 6.

As shown by Fig. 6, in addition to an increase in the
number of publications on the subject of FD and PDT,
there is also a redistribution by the nature of publica-
tions. There is a trend towards an increase in the num-
ber of conference abstracts, which in 2012 accounted for
10.6% of the total number of publications, and in 2019
- 32.4%. This trend is associated with the active holding
of schools, conferences and congresses, in particular,
the RPA holds annually: "Winter School on FD and PDT"
since 2013 and "International Congress on FD and PDT"
since 2012. The Congress in 2012 was attended by 120
specialists from 32 organizations; after 5 years (in 2017),
the number of participants increased by 5 times and
amounted to more than 600 people from 53 organiza-
tions; by 2021, the number of participants exceeded 750
people from 85 organizations.

Introduction of FD and PDT methods into clinical
oncological practice in the Russian Federation

An analysis of the dynamics of the introduction of
FD and PDT methods into clinical oncological practice
in Russia in recent years was carried out on the basis of
the data on government purchases of photosensitizers
published on the www.zakupki.gov.ru portal. It should
be understood that, due to the fact that this resource
reflects information only on purchases to federal medical
institutions, the number of volumes of purchased photo-
sensitizers, and, therefore, the number of patients treated
in commercial clinics, is not taken into account in this
analysis, which makes the data presented in the article
not absolute. There may also be an error associated with
the theoretical possibility of a situation where an already
concluded contract has not been implemented.

Analysis of information on the portal www.zakupki.
gov.ru revealed 688 contracts concluded for the pur-
chase of photosensitizers for FD and PDT in clinical insti-
tutions in the Russian Federation in 2014-2020 (prior to
2014 information on this issue is not available).

During the analyzed period, the number of new con-
stituent entities of the Russian Federation, in which the
methods of FD and PDT were first applied, increased by
3-12 per year (Fig. 7).

In 2014, photosensitizers were purchased through the
www.zakupki.gov.ru portal, and, accordingly, the FD and
PDT methods were used in 27 constituent entities of the
Russian Federation. In 2015, for the first time, purchases
were made in 12 additional constituent entities of the
Russian Federation, in 2016 -in 10,in 2017 —in 4,in 2018
-in6,in 2019 -in 6 and in 2020 - in 3 constituent entities
of the Russian Federation. Thus, by the end of 2020, the
method has been implemented in 68 constituent entities
of the Russian Federation. At the same time, in a number
of the above constituent entities (13 constituent entities),
purchases of photosensitizers through the portal www.
zakupki.gov.ru are carried out annually, in others (43) -
once every 2-3 years, there are also those where there
were so far single purchases (12).

We did not find information on public procurement
of photosensitizers in 17 constituent entities of the Rus-
sian Federation: the Republics of Adygea, Altai, Buryatia,
Dagestan, Ingushetia, Kalmykia, Karelia, Tyva, Khakassia,
the Udmurt Republic, Magadan, Oryol, Ryazan, Tambov
regions, Nenets, Chukotka, Yamalo-Nenets Autonomous
okrugs.

Distribution of total volumes of public procurement
of photosensitizers by constituent entities of the Rus-
sian Federation in 2014-2020 in monetary and numerical
terms is presented in Fig. 8 and 9, respectively.

Figs. 8 and 9 show that Moscow dominates in both
indicators. In the analyzed period, 113 contracts for the
purchase of photosensitizers for clinical practice were
concluded in Moscow, while the volume of public pro-
curement amounted to 176.36 million rubles (10.79
thousand packages). St. Petersburg city takes second
place. The volume of public procurement of photosen-
sitizers in the analyzed period in this constituent entity
of the Russian Federation is comparable to the indica-
tors of Moscow and amounted to 171.45 million rubles
(10.61 thousand packages) within the framework of 107
concluded contracts. Chelyabinsk, Murmansk, Rostov
and Sverdlovsk regions follow with a significant margin —
87.80 million rubles (5.82 thousand packages), 77.13 mil-
lion rubles (4.51 thousand packages), 72.31 million rubles
(4.09 thousand packages) and 66.54 million rubles (3.48
thousand packages), respectively. Fig. 8 and 9 also show
the distribution of the volume of public procurement of
photosensitizers in each constituent entity of the Rus-
sian Federation by years. In Moscow, the largest volume
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Fig. 8. Distribution of annual volumes of state purchases of photosensitizers by constituent entities of the Russian Federation in
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Fig. 9. Distribution of annual volumes of state purchases of photosensitizers by constituent entities of the Russian Federation in
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Puc. 10. ExxeroaHblii NpUPOCT YUCNa MeAULMHCKUX OpraHu3auui,
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Fig.10.Anannualincrease inthe numberof medical organizations
that entered into contracts for the supply of photosensitizers
according to the website www.zakupki.gov.ru in 2014-2020.

of procurement was noted in 2020 (44.77 million rubles,
2.63 thousand packages). In St. Petersburg, the largest
volume of public procurement of photosensitizers was
observed in 2019 (41.93 million rubles, 2.11 thousand
packages).

Interestingly, in Murmansk region, information on
the availability of public procurement of photosensitiz-
ers on the portal www.zakupki.gov.ru appeared only in
2019, while the volume of public procurement in 2019
amounted to 20.93 million rubles, and in 2020 - 56.20
million rubles, which is comparable to the figures for
Moscow and St. Petersburg. These data confirm the
trends in the development of FD and PDT methods in the
regions. Thus, in 2014, the share of public procurement
of photosensitizers in Moscow and St. Petersburg was

35.9% of the volume of public procurement of photosen-
sitizers throughout Russia, in 2019 this figure dropped to
26.5%. The share of purchases of photosensitizers in the
constituent entities of the Russian Federation with a pop-
ulation of less than 5 million people in 2014 was 60.4%
of the total number of purchases of photosensitizers in
Russia, and in 2020 it increased by more than 10%, and
already amounted to 70.5% of the total number of pur-
chases. Moreover, the share of purchases of photosensi-
tizers in the constituent entities of the Russian Federation
with a population of less than 1 million people from 2014
to 2020 increased by 9 times from 2.9% to 25.3% of the
total number of purchases.

The number of medical organizations on the basis of
which the methods of FD and PDT are introduced is also
growing every year. At the same time, during the ana-
lyzed period, the number of new medical organizations
in which the methods of FD and PDT were first applied,
according to the portal www.zakupki.gov.ru, increased
annually by 15-28 (Fig. 10).

In 2014, photosensitizers were purchased and,
thereof, FD and PDT methods were used in 41 medi-
cal organizations; in 2015, for the first time, purchases
were made in another 28 new medical organizations, in
2016 - in another 28, in 2017 - in another 15, in 2018 -
in another 23, in 2019 - in another 25 and in 2020 - at
21.Thus, in general, during the analyzed period, FD and
PDT methods were introduced in 181 oncological medi-
cal organizations.

In 2014, out of all constituent entities of the Russian
Federation that used FD and PDT methods according to
the portal www.zakupki.gov.ry, in 21 (77.8%) the method
was used only in one medical organization, in 4 (14.8%
) —intwo, in 1 (3.7%) - in four and in 1 (3.7%) - in eight.
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Fig. 11. Dynamics of the number of organizations in individual constituent entities of the Russian Federation that purchased
photosensitizers for FD and PDT according to the portal www.zakupki.gov.ru: a — absolute values; b — relative values.
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In 2020, out of all constituent entities of the Russian Fed-
eration that used FD and PDT methods according to the
portal www.zakupki.gov.ru, in 27 (60.0%) the method
was used only in one medical organization, in 12 (26.7%)
—in two, in 3 (6.7%) - in three, in 1 (2.2%) - in four, in 1
(2.2%) — in seven and in 1 (2.2%) - in thirteen (Fig. 11).

Fig. 11 shows that the number of constituent entities
of the Russian Federation, where FD and PDT are used
in 4 or more medical organizations, annually remains
approximately at the same level (2-4 subjects, 5.0-9.5%
of the total number of constituent entities of the Russian
Federation using FD and PDT methods in a particular
year), while the number of constituent entities in which
FD and PDT were used in 4 or more medical organiza-
tions over the entire analyzed period was 5: Moscow city,
St. Petersburg city, Rostov, Moscow and Tomsk regions.

The number of constituent entities of the Russian
Federation, where medicinal products for FD and PDT
were purchased from 2-3 medical organizations, is 2-15
(7.7-33.4%) annually, while the number of subjects in
which medicinal products for FD and PDT were pur-
chased from 2-3 medical organizations over the entire
analyzed period was 23.

The number of constituent entities of the Russian Fed-
eration where medicinal products for FD and PDT were
purchased from 1 medical organization is 21-30 (60.0-
84.6%) annually, while the number of constituent entities
in which FD and PDT were used in 1 medical organization
for the entire analyzed period was 40.

During the analyzed period, the number of subjects
in which FD and PDT are used in 4 or more medical
organizations remains approximately the same, and the
redistribution occurs due to a decrease in the number of
subjects in which PDT is used only in 1 medical organiza-
tion and an increase in the number of constituent enti-
ties in which PDT is used in 2-3 medical organizations.
For instance, in 2014 PDT in one medical organization
was presented in 21 constituent entities of the Russian
Federation (77.8%), in 2-3 organizations - in 4 (14.8%); in
2020 - in 27 (60.0%) and 15 (33.4%), respectively.

The population size in different subjects of the Rus-
sian Federation varies greatly, so it was interesting to
analyze the results obtained taking into account the
population size. Figs. 12 and 13 show the total volume
of public procurement of photosensitizers for 7 years in
the constituent entities of the Russian Federation, taking
into account the population in monetary and numerical
terms, respectively.

The largest number of packages of photosensitizers
per 100 thousand population was purchased under con-
tracts, information about which is available on the public
procurement portal, in Murmansk region - 608.7 pack-
ages per 100 thousand population in 2014-2020, which
amounted to 10.40 million rubles per 100 thousand pop-
ulation. The second place in terms of the number of pack-

ages of photosensitizers per 100 thousand population —
St. Petersburg (196.6 packages per 100 thousand popu-
lation), then Kaluga (194.0 packages per 100 thousand
population) and Chelyabinsk regions (167.8 packages
per 100 thousand population), in fifth place is Novgorod
region (147.5 packages per 100 thousand people).

At the same time, in terms of public procurement of
photosensitizers (in monetary terms) per 100 thousand
people, the second place after Murmansk region is occu-
pied by Tomsk region (3.75 million rubles per 100 thou-
sand of the population), the third — by Kamchatka Krai
(3.44 million rubles per 100 thousand population) and
St. Petersburg in fourth place (3.18 million rubles per
100 thousand population). Kaluga, Novgorod and Chely-
abinsk regions are in fifth, sixth and seventh places (2.77,
2.57 and 2.30 million rubles per 100 thousand popula-
tion), respectively.

Moscow ranks eleventh and tenth among the constit-
uent entities of the Russian Federation in terms of public
procurement of photosensitizers per 100,000 population
in monetary (1.39 million rubles per 100,000 population)
and numerical (85.1 packages per 100,000 population)
terms, accordingly, yielding, in addition to the listed enti-
ties, also Rostov and Sverdlovsk regions and the Kara-
chay-Cherkess Republic.

Figs. 14 and 15 show the distribution of the total vol-
ume of public procurement in 2014-2020 for individual
photosensitizers in monetary and numerical terms,
respectively.

Figs. 16 and 17 present data on the volume of public
procurement of individual photosensitizers by years in
monetary and numerical terms, respectively.

From the data presented in Figs. 16 and 17, it can be
seen that in recent years there has been a steady increase
in the volume of public procurement of photosensitiz-
ers. In 2014, the total volume of public procurement of
all photosensitizers amounted to 36.42 million rubles
(3.58 thousand packages), in 2015 - 67.52 million rubles
(4.97 thousand packages), in 2016 - 98.18 million rubles
(6.12 thousand packages), in 2017 — 134.25 million rubles
(7.58 thousand packages), in 2018 — 143.59 million rubles
(8.29 thousand packages), in 2019 — 255.46 million rubles
(13.65 thousand packages), in 2020 - 307.37 million
rubles (18.99 thousand packages).

It can be noted that since 2014, the volume of pub-
lic procurement of medicinal products photoditazine,
radachlorin and alasens has been proportionally increas-
ing. Yearly, throughout the analyzed period, the largest
volume of public procurement among photosensitizers
falls on radachlorin: 34.1-55.7% in monetary terms and
37.7-49.3% in numerical terms. Thus, it should be noted
that since 2014, the share of public procurement of
radachlorin has slightly decreased: from 2014 to 2020,
by 8.3% in monetary terms (from 55.7% to 47.4%) and
by 2.1% in numerical terms (from 49.3% to 47.2%). A sig-
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Fig. 12. Distribution of volumes of state purchases of photosensitizers in 2014-2020 in monetary terms by the constituent entities of

the Russian Federation, taking into account the population.
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Puc. 13. PacnpegeneHne o6bLeMoB roc3akynok ¢portoceHcuéunmsatopoB B 2014-2020 rr. B YUCIEHHOM Bbipa)X€HUU MO CyGbeKTam

Poccuitickon degepaumm ¢ y4eToM HaceneHus.
Fig. 13. Distribution of volumes of state purchases of photosensitizers in 2014-2020 in quantitative terms by the constituent entities

of the Russian Federation, taking into account the population.
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Fig. 14. Distribution of annual volumes of public procurement of photosensitizers in monetary terms.
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Fig. 15. Distribution of annual volumes of public procurement of photosensitizers in quantitative terms.
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Fig. 16. Distribution of state purchases of individual photosensitizers by year in monetary terms.
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Fig. 17. Distribution of state purchases of individual photosensitizers by year in quantitative terms.
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nificant increase in the volume of public procurement
over the analyzed years is observed for photoditazine:
the volume of public procurement in 2014 amounted to
4.46 million rubles (437 packages), in 2020 - 59.01 mil-
lion rubles (3719 packages). The same trend is observed
for alasens: the volume of public procurement in 2014
amounted to 6.85 million rubles (782 packages), in
2020 - 40.89 million rubles (2196 packages). Over the
past three years, the volume of public procurement of
photoran E6 has significantly increased: in 2018, the first
contracts for the purchase of this medicinal product in
the amount of 0.34 million rubles appear on the portal,
in 2019, the volume of public procurement doubles and
amounts to 35.23 million rubles, and in 2020 - gets to
58.29 million rubles.

From the data presented in Figs. 16 and 17, it can
be seen that the total volume of public procurement of
radachlorin significantly exceeds the volume of public
procurement of other photosensitizers - the share of its
procurement over the 7 analyzed years of the total pro-
curement of all photosensitizers is 44.9% in monetary
terms and 44.8% in numerical terms. As noted above,
there is a trend towards a gradual decrease in the share
of radachlorin purchases in the total procurement of
photosensitizers: from 55.7% in 2014 to 47.3%in 2020 in
monetary terms (from 49.3% in 2014 to 47.2% in 2020 in
numerical terms). The shares of the total public procure-
ment of alasens and photoditazine for 7 years are close
and amount to 20.39% and 20.42% in monetary terms,
and 18.8% and 20.0% in numerical terms, respectively.
At the same time, the share of purchases of alasens is
gradually falling: from 18.8% in 2014 to 13.3%in 2020 in
monetary terms (from 21.9% in 2014 to 11.6% in 2020 in
numerical terms). During the same period, the share of
purchases of photoditazine almost doubled: from 12.2%
in 2014 to 19.2% in 2020 in monetary terms (from 12.2%
in 2014 to 19.6% in 2020 in numerical terms). The share
of photoran E6 procurement has also grown signifi-
cantly in recent years: in 2018 (when the first contracts
for the supply of this photosensitizer appeared on the
website www.zakupki.gov.ru), the share of its procure-
ment was only 0.2% and 0.3% in monetary and numeri-
cal terms, respectively. In 2020, this share increased by
almost 100 times and already stood at 19.0% and 19.2%,
respectively. The total volume of public procurement of
photosens and metvix for 2014-2018 (there were no
public procurements of these two medical preparations
in 2019-2020) is insignificant and amounts to 0.08%
and 0.06% in monetary terms and 0.09% and 0.06%
in numerical terms, respectively, of the total volume
of public procurements of photosensitizers. In recent
years, the share of public procurement of photolon has
significantly decreased - from 11.2% in 2014 to 1.1% in
2020 in monetary terms (from 15.2% in 2014 to 2.5% in
2020 in numerical terms).

Discussion

Our analysis of information from available informa-
tion sources in the Russian Federation does not allow us
to determine the exact number of medical organizations
and scientists who have been dealing with the problems
of FD and PDT over the past decade, but it has made it
possible to identify trends in the development of both
the scientific and clinical components of these methods
in Russia.

A systematic increase in both scientific products on
this topic and the number of medical institutions and
constituent entities of the Russian Federation that have
applied the method has been registered.

As a rule, where the method is introduced into clini-
cal practice, it continues to be used, as evidenced by
the annual or systematic purchases of photosensitizers
in 82.4% of Russian constituent entities that have intro-
duced the method.

The number of patients who underwent FD ses-
sions is growing, as evidenced by the increase in pur-
chases of the drug for diagnostics - alasens. In 2014,
782 packages of alasens were purchased through the
public procurement portal www.zakupki.gov.ru. By
2020, this number has increased almost 3 times — up
to 2,196 packages.

The number of patients treated by PDT is growing,
which is confirmed by the growth in purchases of pho-
tosensitizers intended for PDT: photoditazine, radachlo-
rin, photoran E6, photolon. In 2014, the total volume of
their purchases through the www.zakupki.gov.ru portal
was 2,794 packages, and by 2020 it increased 6 times
and amounted to 16,792 packages.

The change in the assortment and ratio of the vol-
umes of purchased photosensitizers registered over
the past decade indicates a trend in the introduction
of methods into routine clinical practice in the regions
of Russia. Thus, the greatest demand is for photosen-
sitizers used mainly for those nosologies that occupy
a leading position in the structure of morbidity in our
country (drugs based on chlorin e6) and a drug used
for diagnosis (alasens). On the contrary, photosensitiz-
ers that have a limited number of indications (photo-
sens) or are used in secondary prevention programs
(metvix) are becoming less popular or completely
leaving the market, which is mainly due to unattrac-
tiveness for business.

Conclusion

The results obtained confirmed the growing
demand for photosensitizers for photodynamic ther-
apy and fluorescence diagnostics in clinical practice,
the expansion of the geography of the photosensitiz-
ers use, as well as the stable interest in this topic in the
research environment in the Russian Federation over
the past decade.
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Abstract

Today, photodynamic therapy is one of the most promising minimally invasive methods of treatment of various diseases, including cancer. The
main limitation of this method is the insufficient penetration into the tissue of laser radiation used to activate photosensitizer molecules, which
makes it difficult to carry out therapy in the treatment of large or deep-seated tumors. In this regard, there is a great interest in the development
of new strategies for photodynamic therapy using infrared radiation for excitation, the wavelengths of which fall into the “transparency window”
of biological tissues. In this work, it was proposed to use upconversion NaGdF,:Yb:Er nanoparticles (UCNP), which absorb infrared excitation and
serve as a donor that transfers energy to the photosensitizer. Photosens and phthalosens were chosen as the most promising photosensitizers for
the study. The aim of this work was to study the energy transfer processes between upconversion nanoparticles doped with rare-earth ions and
photosensitizer molecules. in order to excite photosensitizers with IR radiation and carry out photodynamic therapy of deep-seated neoplasms.
Using spectroscopic and time-resolved methods, it has been demonstrated that there is an efficient energy transfer between upconversion par-
ticles and photosensitizers phthalosens and photosens. The calculated efficiency of energy transfer by the Foerster mechanism was 41% for the
UCNP + photosens system and 69% for the UCNP + phthalosens system. It has been experimentally and theoretically proved that there is a bind-
ing of photosensitizer molecules with UCNP by means of surfactants, leading to a reduction in the distance between them, due to which effective
nonradiative energy transfer is realized. The generation of singlet oxygen by the phthalosens photosensitizer upon excitation by means of energy
transfer from UCNP, excited at 980 nm wavelength of, has been demonstrated.

Key words: photodynamic therapy, infrared range, upconversion nanoparticles, photosensitizer, rare earth ions, resonant energy transfer.

For citations: Pominova D.V., Bogatova A.S., Proydakova V.Y.,, Romanishkin 1.D., Akhlyustina E.V., Kuznetsov S.V., Saveleva T.A., Lukyanets E.A.,
Loschenov V.B. Study of energy transfer processes between rare earth ions and photosensitizer molecules for photodynamic therapy with IR-
excitation, Biomedical Photonics, 2021, vol. 10, no. 4, pp. 23-34. doi: 10.24931/2413-9432-2021-10-4-23-34

Contacts: Pominova D.V.,, e-mail: pominovadv@gmail.com

UCCJIEDOBAHME NMPOLUECCOB NEPEOAYMN SHEPTUU
MEXAY PEOKO3EMEJIbHBIMHU MOHAMU

U MOJIEKYTAMUN ®OTOCEHCHUBUNITTNUIATOPOB
ana 3A0A4Y @OTOANHAMUNYECKOMU TEPATTUU C
BO3bYXXOAEHMEM B UK-OUANA3OHE

[.B. Momunosa'?, A.C. boratosa?, B.1O. MNporaakoea’, N.[. Pomanuwkun', E.B.
Axnioctuna?, C.B. Kysneuos', T.A. Casenveea'?, E.A. Jlykbsnen?, B.b. JloweHos'2

Muctutyt obuien dusunkmn um. A.M. MNMpoxoposa Poccuitckoi akagemmn Hayk, Mocksa, Poccus
HNAY MU DU, Mocksa, Poccus

3000 «buocnek», Mockea, Poccus

Pesiome
Ha CeI'O,D,HFIIJJHVIVI AeHb ¢OT0,C|VIHaMVILI(-.‘CKaﬂ Tepanua (G)D,T) ABNAETCA OAHUM M3 CaMbIX NMEPCNEKTUBHbLIX MUHNMaIbHO NHBA3WUBHbIX Me-
TOAOB NIeYeHNA Pa3INYHbIX 3a60neBaHvu7|, BK/KOYaA 3/TI0Ka4yeCTBEeHHbIe Hoaoo6pa303ava. OCHOBHbIM OrpaHnyeHnem rnpMeHeHua 3TON

BIOMEDICAL PHOTONICS T.10, N24/2021

ORIGINAL ARTICLES

23



Pominova D.V., Bogatova A.S., Proydakova V.Y., Romanishkin I.D., Akhlyustina E.V.,

Kuznetsov S.V., Saveleva T.A., Lukyanets E.A., Loschenov V.B.

Study of energy transfer processes hetween rare earth ions and photosensitizer molecules
for photodynamic therapy with IR-excitation

METOAMKM ABNAETCA HeLOCTaTOYHaA MPOHMKaloLasa CoCOOHOCTb B TKaHb JIa3€PHOTO U3JTyYEHUA, UCMOJIb3YEMOTO A1 aKTBaLUV MONIEKY
doToceHcnbunumsatopa (OC), Yto 3aTpyAHAET NPOBeAEHVEe Tepanum Npu le4eHU 06beMHbIX UK ryboKo3aneratoLwmx onyxonen. B caasn
C 3TM HabnopaeTca 6oNbLLION MHTepeC K pa3paboTke HOBbIX cTpaTeruit OAT ¢ ncnonb3oBaHWeM AnA Bo3byxaeHnA nHppakpacHoro (UK)
N3Ny4YeHus, AVHbBI BOJIH KOTOPOTO NOMaAaloT B «<OKHO MPO3PayHOCTV» 6MONOrMYeckux TkaHel. B paboTe 6b110 NpeanoxeHo NCnosb3oBaTh
an-KOHBEPCUOHHble HaHouyacTnubl (AKHY) NaGdF :Yb:Er, koTopble nornowarot nHppakpacHoe Bo36yaeHune 1 cykaT OHOPOM, Nepeaa-
towmm sHepruio OC. B kauecTBe Hanbonee nepcnekTnBHbIx OC Ana nccnegosaHna 6binv Bbi6PaHbl GoToCEHC U pTanoceHc. MccnenosaHbl
npouecchl nepefaun sHeprum mexgy AKHY, nervpoBaHHbIMU pefiko3eMeNibHbIMU MOHamK, 1 MonieKynamv OC ansa BepudmKauuy Bos-
MOXHOCTU BO36yxaeHna OC UK-n3nyueHnem n nposegeHna OAT rnybokosaneraowmx HoBoobpasoBaHuil. [pyn NOMOLM CMEKTPOCKO-
NMYeCKNX 1 Bpema-paspeLleHHbIX METOA0B MPOAEMOHCTPMPOBAHO, YTo HabnogaeTca sppekTMBHaA nepedaya aHeprum mexay AKHY n
OC dTanoceHc 1 poToceHc. PacuétHas a3dbdeKTNBHOCTL Nepedaun sHeprun no mexaHnsmy Oépcrepa coctaBuna 41% gna cuctembl AKHY
+ ¢oToceHc 1 69% ana AKHY + pranoceHc. IKcneprMeHTanbHO 1 TEOPETUYECKM JoKa3aHo, YTo HabnlofaeTca cBasbiBaHne monekyn OC
¢ AKHY nocpeacTBoM NOBEPXHOCTHO-aKTMBHOIO BelecTBa, NPMBOAALLEe K COKPALLEHMIO PacCTOAHNA MEXAY HAMW, 3a CUeT Yero peanu-
3yeTcs 3dpPeKTBHaA 6e3bi3nyyaTenibHasa nepepaya sHepruu. MNpofeMoHCTprpoBaHa reHepaunsa CUHITIETHOTO KUCIOPOAa MOJIEKYIamMu
dTanoceHca npu Bo3byxaeHUN NocpeacTBom nepegdaun sHeprum ot AKHY, Bo36y»kaaembix AfVHON BOJSIHbI 980 HM.
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KO3eMeJibHble MOHbI, PE30HAHCHBI MePEHOC SHEPTUN.
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Introduction

Today, high-tech methods of theranostics are
actively being developed. One of the most promising
areas is the development of laser spectral-fluorescent
methods for diagnostics and therapy. Luminescent
diagnostics is currently the only method that allows
obtaining information both at the tissue and subcellular
levels with high sensitivity. In the last few decades,
photodynamic therapy (PDT) has been actively used
as an alternative to chemotherapy and radiation
therapy for the treatment of various diseases, including
cancer [1-5]. A typical PDT process involves three key
components: excitation light (laser radiation is most
commonly used), photosensitizer (PS) molecules, and
oxygen. After absorption of light, the PS passes from
the ground state to an excited state, then energy is
transferred to neighboring oxygen molecules, which
leads to the formation of singlet (102) or other reactive
oxygen species (ROS). ROS generated during PDT cause
destruction of tumor tissues through multifactorial
mechanisms, including necrosis and/or apoptosis of
tumor cells [6] or destruction of blood vessels that
supply the tumor [7]. PDT is considered a minimally
invasive procedure compared to chemotherapy and
radiotherapy [8, 9]. The advantages of PDT also include
the possibility of its local application, high selectivity
and minor toxic and side effects [10-13], as well as
stimulation of the immune system to recognize and
remove the remaining tumor cells [14].

Despite the aforementioned advantages of PDT,
one of the main limitations of the applicability of

this treatment technique in clinical applications is
the insufficient penetration of laser radiation used
to activate PS molecules into the tissue. The limited
penetration depth of laser radiation into biological
tissues [15, 16] makes it difficult to perform PDT in
the treatment of bulk or deep-seated tumors [17].
Therefore, there is a need to search for and develop
new PDT strategies based on the use of infrared (IR)
radiation for excitation, the wavelengths of which fall
into the "transparency window" of biological tissues.
It is believed that IR radiation (in the spectral range of
700-1000 nm) not only has a greater penetration depth
into biological tissues compared to visible light [18],
but also has low phototoxicity for cells and tissues [19].
In addition, IR radiation scatters less and does not excite
autofluorescence of biological tissues, which makes it
possible to obtain images with high contrast [20, 21].

Among the promising approaches to the
development of new PDT strategies that use IR
radiation for excitation of PSs, it is worth highlighting
PDT using two-photon excitation [22, 23] and the use
of up-conversion nanoparticles (UCNPs) [24]. When
using UCNPs to deliver light to deep layers of biological
tissues, it is necessary to create such nanostructures
with fluorophores, where UCNPs act as absorbers of IR
radiation and transfers energy to the fluorophore (both
PS and organic dye molecules or quantum dots can be
used as a fluorophore) acting as an acceptor.

UCNPs are nanocrystals doped with rare earth ions
(REls), one of which is a sensitizer that absorbs excitation
radiation (Yb3* is most often used), and the other is an
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activator (for example, Er**, Tm3*, Ho*). In UCNP, the
energy is transferred from the sensitizer to the activator
and added up with the involvement of intermediate
metastable energy states of the activator, as a result of
which UCNPs emit high-energy photonswhen excited by
low-energy IR radiation. UCNPs have low phototoxicity,
high photostability, and good biocompatibility, and
also exhibit narrow luminescence bands in the entire
visible spectral range upon IR excitation [25]. Due to
these unique properties, UCNPs have been widely
studied in recent years as new nanoprobes for medical
bioimaging [26-28], including multimodal luminescent
diagnostics in combination with magnetic resonance
imaging (MRI), positron emission tomography (PET),
and computed tomography (CT) with additional
introduction of boron and/or gadolinium ions into
the UCNP composition [29, 30]. In addition, UCNPs are
being actively studied as therapeutic agents, especially
for PDT [31, 32]. When using UCNPs as PS carriers, it is
possible toincrease the selectivity of drug accumulation
in tumor due to the different vascular permeability
of normal tissues and tumors for nanoobjects [33].
The surface of the UCNPs can be functionalized by
attaching hydrophilic molecules and targeting agents
for selective accumulation in certain cells.

Several groups of researchers have demonstrated
UCNP-mediated PDT in vitro and in vivo [34-38]. UCNPs
were first used for in vivo PDT in 2011 in mice with a
4T1 mammary tumor [33]. The chlorin e6 PS was
adsorbed onto the surface of the NaYF4:Yb,Er UCNPs
via hydrophobic interactions with the oleic acid layer.
UCNPs coated with CaF, and functionalized with
5-aminolevulinic acid (5-ALA) were studied in [35],
where the high efficiency of using such a complex with
excitation radiation at 980 nm and an increase in the
depth of therapeutic action were shown. Several studies
have shown that PDT can activate the immune system.
The combination of PS with immune adjuvants, which
can be nanoparticles, can additionally enhance the
immune response. X. Duan et al. [39] showed that PDT
using nanoparticles can activate the immune response,
causing immunogenic death of cancer cells.

The key process involved in the upconversion
transformation is the energy transfer between the
sensitizer ion and the activator ion [40]. In the case
of hybrid nanostructures consisting of UCNP and PS,
the pair of sensitizer-activator ions, in turn, acts as a
sensitizer for PS in the case of IR-mediated PDT. Despite
the fact that there are a fairly large number of examples
in the literature of using combinations of UCNPs and dye
molecules, they are mainly focused on the direct practical
application of the obtained structures in vitro and in vivo
[41-47]. At the same time, there have been relatively few
studies on the optimization of energy transfer between
UCNP and PS molecules in such systems [48 — 51].

The aim of this work is to study the processes of
energy transfer between nanoparticles doped with REIls
and dye molecules for excitation of PS by IR radiation
and PDT of deep-seated neoplasms.

Materials and methods

NaGdF4:Yb:Er UCNPs (Yb:Er = 20:2) coated with an
inert NaYF, shell were synthesized by the anhydrous
method in oleic acid. The synthesis procedure is
described in detail in [52, 53]. The ligand exchange
method was used to transfer hydrophobic nanoparticles
into the aqueous phase. Polyvinylpyrrolidone (PVP)
(Sigma Aldrich, USA) was used as a surfactant.

For the studies, we selected the clinically
approved PS Photosens ("NIOPIK", Russia), Fotoditazin
(Belmedpreparaty, Belarus), Temoporfin (Sigma-Aldrich,
USA) and PS Phthalosens not yet used in clinical practice
("NIOPIK", Russia).

The absorption of aqueous solutions of PS in the
concentration range from 1 mg/mL to 20 mg/L in the
spectral wavelength range of 350 - 900 nm was measured
on a Hitachi U-3410 double-beam spectrophotometer
(Hitachi, Japan). Spectral fluorescence studies were
carried out using a LESA-01 "BIOSPEC" spectrometer. A
laser with a wavelength of 980 nm (Biospec, Russia) was
used as a source of laser radiation for excitation of the
UCNP luminescence with 1 W/cm? power density. To
record the spectrum of upconversion luminescence in
the visible range, an optical filter FESH900 (Thorlabs, USA)
was used, which suppresses radiation with wavelengths
greater than 900 nm. UCNP colloids with the addition of
phthalosens PS were additionally examined using a Carl
Zeiss LSM 710 NLO laser scanning microscope (Carl Zeiss,
Germany). A colloid drop was dried on glass, and then its
luminescence image and spectrum were recorded using
a 32-channel GaAsP PMT spectral detector in the range
410 - 750 nm under excitation by a pulsed femtosecond
laser Chameleon Ultra Il (Coherent, USA) at a wavelength
of 980 nm.

The kinetic characteristics of the upcconversion
luminescence were recorded in the range from 1
ns to 10 ms using a C9300-508 streak camera and
a Hamamatsu Photonics streak scope C10627-13
(Hamamatsu, Japan) in the spectral range of 300-900
nm with wavelength resolution of 1.4 nm. As a source
of laser radiation, a LSR980H IR laser with a wavelength
of 980 nm operating in the modulation mode was used.
A Hamamatsu C10647-01 delay generator was used
as a source of trigger pulses. We measured the decay
time of the upconversion luminescence in the green
and red spectral ranges, corresponding to the radiative
transitions of Er’* ions *H, , *S, -*l.. ., and *F -l
respectively.

The efficiency of singlet oxygen generation for a
system consisting of UCNP with a PS was calculated

1172 15/2" 15/2'
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Puc. 1. a — npocBeynBatowas 3NeKTPOHHAA MUKPOCKONMA NoslyyeHHbIx HaHovacTuy NaGdF,: Yb, Er (cooTHoWweHne KOHLeHTpauui
nerupytowux npumecen Yb: Er = 20:2); b — cneKTpbl an-KOHBEPCUOHHOM lloMUHecLeHUun HaHouacTuy NaGdF,: Yb, Er (cooTHoweHne
KOHUEeHTpauunin nerupyrowmnx npumecen 20:2) 4o 1 nocsie NOKPbITUS MHEPTHOW 060JI04KOI; ¢ — GOTO NIOMUHECLLEHLMU NONYHEHHOIO

Konnouaa npuv Bo36yXaeHWU ANIMHOW BONTHbI 980 HM.

Fig. 1. a — TEM of the obtained NaGdF,: Yb, Er nanoparticles (the ratio of the dopant concentrations Yb: Er = 20:2); b - the
up-conversion luminescence spectra of the NaGdF,: Yb, Er nanoparticles (the ratio of the dopant concentrations 20:2) before and
after coating with an inert shell; ¢ — luminescence of the obtained colloid upon excitation with a 980 nm wavelength.

from a decrease in the optical absorption of a chemical
“trap”, a molecule of sodium tetra-a, a (anthracene-
9,10-diyl)- bis-methylmalonate (ADMA, produced by
"NIOPIK", Russia) [54]. The ADMA molecule absorbs
in the range of 350-400 nm, however, interacting
with singlet oxygen, ADMA is oxidized. The oxidized
form of the molecule is optically transparent. Optical
density measurements were carried out on a Hitachi
U-3400 double-beam spectrophotometer; a decrease
in the ADMA absorption peak was recorded in the
wavelength range 350 - 410 nm. The studied colloids
were a mixture of UCNPs with a concentration of 0.3
mg/ml with phthalosens at concentrations of 1, 2, and
5 mg/L in cuvettes with an optical path length of 10
mm. A mixture of UCNPs with a concentration of 0.3
mg/mL and a photosens with a concentration of 5 mg/L
was used as a sample for comparing the efficiency of
singlet oxygen generation. ADMA was added to the
investigated colloids immediately before irradiation, the
concentration was 0.025 mg/mL. The studied samples
were irradiated by a continuous wave diode laser with a
wavelength of 980 nm, focused into a spot with an area
of 1 cm? with 2 W/cm? power density. The samples were
irradiated for 5 min, for the total light dose of 600 J (5
min, 2 W/cm?). A mixture of PS with ADMA without the
addition of UCNPs was used as a control.

Results and discussion

As a result of the synthesis, aqueous colloids of
NaGdF4:Yb, Er@NaYF, UCNPs stabilized with PVP were
obtained, the particle size was about 30 nm (Fig. 1a).

The coating of UCNPs with an inert shell made
it possible to significantly increase the intensity of
upconversion luminescence (Figs. 1b, 1¢).

An analysis was made of the overlap between
the upconversion luminescence spectra of the UCNP
colloidal solution and the absorption spectra of the
studied PS. For this purpose, solutions of photosens,
fotoditazin and temoporfin at concentrations of 2, 8,and
4 mg/L, respectively, and phthalosens (concentration
2 mg/L), were prepared, and their absorption spectra
were recorded (Fig. 2).

Among the studied PSs, the strongest overlap of
the upconversion luminescence in the red part of the
spectrum (transition “Fg/2 —4I15/2, wavelength 665 nm) was
observed with the absorption spectrum of photosens
and phthalosens in the red region (wavelength 680 nm),
so further studies were carried out with them.

The concentration dependence of the upconversion
luminescence intensity of UCNP colloids with
photosens and phthalosens upon excitation of
colloids at a wavelength of 980 nm was studied. To
study the possibility of energy transfer from UCNPs
to PS molecules, UCNP colloids were prepared with
the PS concentration of 1, 2, 5, 10, and 20 mg/L. The
spectra exhibited characteristic peaks corresponding
to the upconversion luminescence of Er** ions in green
(transitions 2H___, %S 4l.. ., wavelengths 525, 545 nm)

1120 232" s
and red (transitions *F__ — *l wavelength 665 nm)

9/2 15/2!
parts of the spectrum (Fig. 1b).
The dependence of the  up-conversion

luminescence intensity in the green and red parts
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u ¢TanoceHca.

Fig. 2. The luminescence spectrum of the
UCNPs colloid and the absorption spectra
of photosens, photoditazin, temoporfin
and phthalosens.

of the spectrum on PS concentration was analyzed.
Graphs of the dependence of the integral area under
the green (525, 540 nm) and red (660 nm) peaks on
the concentration of photosens and phthalosens are
shown in Fig. 3.

The intensity of the green component, both
for colloids with photosens and for colloids with
phthalosens, first increases and then decreases. It is
assumed that the enhancement of green luminescence
is caused by the interaction with the PS and with the
transfer of energy from the PS triplet state to the REI.
The dependences obtained show that the intensity of
the red peak decreases with increasing concentrations
of photosens and phthalosens. It is assumed that this
occurs as a result of the absorption of part of the red
luminescence of the PS, as well as a result of energy
transfer between the UCNP and the PS molecules.
Over time, a precipitate formed in the colloids of UCNP
with phthalosens, which was examined using a laser
scanning microscope. Images of the precipitate are
shown in Fig. 4.

Aggregation of UCNP and phthalosens is observed,
the aggregates are colored blue due to the addition of
PS. The precipitate was excited at a wavelength of 980
nm (into the absorption band of UCNPs); the obtained
upconversion luminescence spectra are shown in
Fig. 4b. The spectra show peaks of upconversion
luminescence at wavelengths of 525 and 540 nm
and a small peak at a wavelength of about 690 nm,
which is the luminescence of phthalosens. The study
of a sample with a precipitate using laser scanning

microscopy allows us to conclude that the PS and
UCNPs are unevenly distributed in the solution and
bond with each other, as a result of which the distance
between the UCNPs and the PS molecule is small,
which makes possible nonradiative energy transfer
between them.

To study the processes of energy transfer and
quantify their efficiency, we investigated the decay
characteristics of the upconversion luminescence
for UCNPs colloids with the addition of photosens
and phthalosens using the method of single photon
counting. The measured upconversion luminescence
lifetimes in the green (525, 545 nm) and red (660 nm)
spectral ranges are given in Table 1.

Asignificantdecreaseinthelifetime of upconversion
luminescence in the red range is observed for UCNPs
acting as a sensitizer, which indicates the presence of
nonradiative energy transfer. The calculated efficiency
of energy transfer by the Foerster mechanism was
41% for the UCNP + photosens system and 69% for
the UCNP + phthalosens system. The increase in the
lifetime in the green part of the spectrum confirms the
earlier assumption that there is an additional energy
transfer between PS and the 2HWZ, 453/2 states, from
which the upconversion luminescence occurs in the
green part of the spectrum.

To confirm this assumption about the binding
of PS molecules to UCNPs by means of surfactants,
we studied the lifetime for UCNP colloids prepared
without the use of surfactants by dispersing UCNP
powders thoroughly washed to remove oleic acid
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Fig. 3. Dependence of the area under the green (525, 540 nm) and red (660 nm) peak of upconversion luminescence on the
concentration of photosens (a) and phthalosens (b) under excitation with a 980 nm wavelength.
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Puc. 4. a - MMKpOCKONMYeCcKoe nusobpakeHue ocagka, Habnogaemoro B konnonaax AKHY c ptanoceHcom B KOHUEeHTpauuu 5 mr/n,
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AnanasoHax (660 HM) npu BO36Y)XAeHUU ANTUHOM BOJIHbI 980 HM; b — cneKTpbl an-KOHBEPCUOHHOW IOMUHECLIEHLIMM OCcaAKa.

Fig. 4. a — microscopic image of the sediment observed in UCNPs colloids with phthalosens at a 5 mg/L concentration, obtained in
transmitted light in the visible range and luminescent images of the sediment in the green (525 nm) and red ranges (660 nm) with
excitation at a wavelength of 980 nm; b — upconversion luminescence spectra of the precipitate.
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Ta6nuua

BpemeHa XX13HU AtomuHecueHummn konnompos AKHY B cvecu ¢ ©C

Table
UCNPs luminescence lifetimes of colloids mixed with PS

O6pasey

3¢ PpekTnBHOCTL DEPCTEpOBCKOMN
pe30HaHCHOW Nepefayum SHeprun Mexay
AKHY n OC (B KpacHOM Anana3oHe)

NaGdF,: Yb: Er@NaYF, (MBI1/PVP) 123
NaGdF : Yb: Er@NaYF, (MBI1/PVP) + 144
®otoceHc 20 mr/n / Photosens 20 mg/|

NaGdF,: Yb: Er@NaYF, (MBIM/PVP) + 150
OTanoceHc 20 mr/n / Phtalosens 20 mg/I

NaGdF,: Yb: Er@NaYF, (soaa / water) 215
NaGdF,: Yb: Er@NaYF, (soga / water)+ 221
®otoceHc 1 mr/n/ Photosens 1 mg/I

NaGdF,: Yb: Er@NaYF, (sopa / water) + 223

®oToceHc 10 mr/n / Photosens 10 mg/I

MpumevaHne: T
green

MUWHeCLeHLMN B KPaCHOM JinanasoHe.

Note: Tyreen ~ 9FEEN upconversion luminescence lifetime; T

energy transfer efficiency (in red range)

red

— BpemMaA XN3HU aI'I—KOHBepCVIOHHOVI NIIOMNHeCLeHLUMN B 3€J1IeHOM AnanasoHe; T

320 -
189 41
100 69
428 =
419 2
410 4

MKC — BPEMA XU3HU aI'I-KOHBepCVIOHHOIZ JIto-

red’

- red upconversion luminescence lifetime; FRET efficiency (red),% — Forster resonance

residues in water. Photosens was added to the
obtained colloids at concentrations of 1 and 10 mg/L.
As can be seen from the obtained results, the trend
towards a decrease in the lifetime in the red part of
the spectrum, along with an increase in the lifetime in
the green part of the spectrum, remains. However, the
relative change in both components is much smaller
than in the case of surfactant-coated nanoparticles.
This fact confirms the presence of PS binding with
UCNP via surfactants, which leads to more efficient
nonradiative energy transfer between them due to
the decreased distance. The increase in the lifetime
of upconversion luminescence for colloids of
nanoparticles obtained without the use of surfactants
is due to their thorough washing from oleic acid
residues, which can act as quenching ligands on the
surface of nanoparticles.

To evaluate the efficiency of singlet oxygen
generation upon excitation at a 980 nm wavelength
(in the UNCP absorption band), the absorption
spectra of the ADMA singlet oxygen trap added
to the studied colloids of UCNPs with PS at various
concentrations were recorded. The ADMA absorption
spectra recorded before and after irradiation are
shown in Fig. 5a.

It can be seen that with an increase in the
concentration of phthalosens in the colloid from 1
mg/L to 5 mg/L, the optical absorption of the trap
decreases after irradiation compared to the value
before irradiation, which indicates that with an increase
in the phthalosens concentration, the amount of
energy transferred from the UCNP to the phthalosens
increases and, accordingly, the generation of singlet
oxygen increases. The percentage change in optical
absorption for various concentrations of phthalosens
before and after irradiation is shown in Fig. 5b. With
an increase in the PS concentration, an increase in the
efficiency of singlet oxygen generation is observed,
which indicates that UCNPs provide efficient energy
transfer and PS excitation in the studied concentration
range. The generation efficiency of singlet oxygen by
phthalosens is comparable to the generation efficiency
for photosens.

Conclusion

In this work, the processes of energy transfer from
UCNPs (Er** ions act as a sensitizer of PS fluorescence)
to PS molecules photosens and phthalosens and the
possibility of PDT under IR excitation were studied.
Using spectroscopic and time-resolved methods, it
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Fig. 5. a — optical absorption of the singlet oxygen trap ADMA before and after irradiation of UCNPs colloids with different concentrations
of phthalosens and photosens to assess the singlet oxygen generation, control — mix of phthalosens and ADMA without UCNPs; b —
percentage change in the optical absorption of the ADMA depending on the Phthalosens concentration in the colloid.

was demonstrated that for phthalosens and photosens
there is a strong overlap of the absorption spectra
with the upconversion luminescence spectra, and
an efficient energy transfer was also observed. The
calculated efficiency of energy transfer by the Foerster
mechanism was 41% for the UCNP + photosens system
and 69% for the UCNP + phthalosens system. It has
been established that the main mechanism of energy
transfer is non-radiative. It has been experimentally
and theoretically proved that there is a binding of PS
molecules with UCNP by means of surfactants, leading
to a reduction in the distance between them, due to
which effective nonradiative energy transfer is realized.
In addition, the generation of singlet oxygen by the

phthalosens PS upon excitation by means of energy
transfer from UCNP, excited at 980 nm wavelength,
has been demonstrated. At the same time, with an
increase in the PS concentration, an increase in the
efficiency of singlet oxygen generation is observed,
which indicates that UCNPs provide efficient energy
transfer and PS excitation in the studied concentration
range.

The study was carried out as part of the MEPhI State
Assignment: "New phenomena in the interaction of laser
radiation, plasma, corpuscular and radiative flows with
condensed matter as the basis of innovative technologies"
mnemonic code 0723-2020-0035, 2020-2022.
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FLUORESCENT DIAGNOSTICS WITH CHLORIN eé
IN SURGERY OF LOW-GRADE GLIOMA

Rynda A.Yu., Olyushin V.E., Rostovtsev D.M., Zabrodskaya Y.M., Papayan G.V.
Polenov Neurosurgical Institute — a branch of Almazov National Medical Research Center, Saint-
Petersburg, Russia

Abstract

Intraoperative fluorescence diagnostics of high-grade gliomas is widely used in neurosurgical practice. This work analyzes the possibilities of fluo-
rescence diagnostics for low-grade gliomas (LGG) using chlorin e6 photosensitizer. The study included patients with newly diagnosed LGG, for
whom chlorin e6 was used for intraoperative fluorescence control at a dose of 1 mg/kg. During the operation, the fluorescence intensity of various
areas of the putative tumor tissue was analyzed using the RSS Cam - Endo 1.4.313 software. Tissue samples with various degrees of fluorescence
intensity were compared with the results of their histopathological analysis (WHO tumor diagnosis, Ki-67 index, P53, VEGF). Fluorescence was de-
tected in more than half of the cases, but in most cases had a focal character and low fluorescence intensity. The fluorescence intensity directly cor-
related with the data of histopathological examination of tumor tissues (Ki-67 index (p=0.002), expression of P53 (p=0.0015) and VEGF (p=0.001)).
The sensitivity of the method for LGG surgery was 72%, the specificity was 56,7%. Intraoperative fluorescence diagnostics with chlorin e6 can be
used in LGG surgery, especially to visualize intratumoral areas with a higher degree of anaplasia.
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PJTYOPECLEHTHAS OMATHOCTUKA
C XNNOPUHOM eé B XUPYPTUUN TTTIMOM
HNU3KOWM CTEMNEHU 3NOKAHECTBEHHOCTU

A.IO. Puinpq, B.E. Oniowwun, [1.M. Poctosues, FO.M. 3abpoackas, .B. ManasH
Poccuiickuit HeMpoxupyprmyeckmin MHCTUTYT umenn npodeccopa AJI. MNonenosa —
dunman PIBY «HaumoHanbHbIA MEAMUMHCKMI MCCNEROBATENLCKMM LEHTP MeHM B.A.
Anmasosay, Carkr-lNetepbypr, Poccus

Pesiome

MpumeHeHne nHTpPaonepaLioHHON GpyopeCcLIEHTHON ANAarHOCTUKM ANA FIMOM BbICOKOW CTENEHM 3/10KaueCTBEHHOCTY LUMPOKO UCMOSb3yeTcA B
HepOXMpypruyeckoi npakTrke. B pabote npoaHanv3npoBaHbl BO3MOXKHOCTY $lyOPECLIEHTHOV AMArHOCTUKM 1A ITIVIOM HU3KOW CTEMEHW 3/10-
KauyecTBEHHOCTM C UCNOJIb30BaHKEM XJIOPUHa 6. B nccnenoBaHvie 6binn BKITIOUYEHbI MaLMEHTb C BNepBble AMarHOCTUPOBAHHOW FIMOMOW HU3-
KoV cTeneHu 3n10kavectBeHHocTH (low-grade glioma, LGG), y KOTOPbIX C Liesibio MHTPaonepaLMoHHOro $GlyopecLeHTHOro KOHTPOSIA NPYMEHEH
npenapar X/I0pviH e6 B fo3e 1 Mr/Kr Mmacchbl Tena. B npouecce onepawyv aHannu3npoBanu MHTEHCMBHOCTb GlyopecLeHLMN Pa3fIYHbIX YYaCTKOB
npeanosnaraeMon onyxosieBol TKaHu C NCMoNb30BaHWEM NporpamMmmHoro obecneyeHns RSS Cam - Endo 1.4.313. O6pa3upl TKaHel pa3nnyHomn
CTeneHn MHTEHCMBHOCTY GiyopecLieHLMN CONOCTaBANN C pe3yNibTaTamMy UX FUCTOMATONOrMYEeCcKoro aHanmsa (guarHoctuka onyxonu BO3, nH-
nekc Ki-67, P53, VEGF). OnyopecueHuus BbisiBieHa B 60riee Yem NoioBUHE CllydaeB, HO B OOMbLUMHCTBE C/lyYaeB MMesla O4aroBbi XapakTep
1 HU3KYI0 UHTEHCUBHOCTb dnyopecueHummn. IHTeHCMBHOCTL dnyopecLeHLMn HanpaMyto KoppenrpoBana ¢ faHHbIMU FUCTOMATONIOrMYeCcKoro
nccnefoBaHnA TKaHel onyxonu: nHaekc Ki-67 (p=0,002), akcnpeccua P53 (p=0,0015), VEGF (p=0,001). YyBcTBUTENBHOCTb METOAA ANA XMPYPrin
LGG cocTtaBuna 72%, cneumduruHocTb 56,7%. NpoBeaeHHOe nccnefoBaHme NOATBEPAUIIO, UTO TEXHOJNOTUA NHTPAoNepaLoHHON GnyopecLeHT-
HOW ANarHOCTUKY C MPUMEHEHMEM XJTIOPVHA €6 MOXET MPUMEHATLCA B XUPYpPrn LGG, 0cobeHHO AJ1a BU3yanu3aLuy BHY TPYOMYXOSEBbIX y4acT-
KOB C 60siee BbICOKOV CTeMeHbto aHannasnm.

KnioueBble cnoBa: rnmombl HU3KOW CTEMEHU 3/T0KAaYeCTBEHHOCTH, XJIOPWH €6, NHTpaonepaLlnoHHas d)nyopecueHTHaﬂ ANArHoCTuKa, Helhpo—
OHKoorua.

Ana untnposaHma: PoiHaa A.lO., OntowuH B.E., PoctoBues [I.M., 3abpopackas H0.M., ManasH I.B. ®nyopecueHTHas AnarHocTrka ¢ XnopuHOM
€6 B XMpYpruu rvom H13KOM cTeneHn 3nokayectBeHHocT // Biomedical Photonics. - 2021. - T. 10, N2 4. — C. 35-43. doi: 10.24931/2413-9432-

2021-10-4-35-43
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Introduction

Low-grade gliomas (LGGs) are a heterogeneous
group of astrocytic and oligodendroglial tumors and
account for about 20% of all newly diagnosed brain
tumors, with an incidence of 5.2 cases per 100,000
people per year. The mean survival of patients with
LGG ranges from 5 to 13 years. This wide range of LGG
survival rates is most likely due to differences in clini-
cal, histopathological, and molecular genetic factors.
Age and clinical status, histopathological, molecular
genetic (1p19q co-deletion, isocitrate dehydrogenase
(IDH) mutation status, O5-methylguanine methyltrans-
ferase promoter methylation status (MGMT)) and other
factors play an important role in predicting the course
of the disease in patients [1- four].

LGGs present a particular challenge for the neu-
rosurgeon during surgery due to the histopathologi-
cal heterogeneity of the tumor and the lack of a clear
tumor margin. The goal of surgical intervention in LGG
is to perform resection of the neoplasm to the maxi-
mum extent, but allowing to preserve neurological
functions and create conditions for an optimal progno-
sis of the course of the disease. Therefore, new meth-
ods are needed to overcome this surgical problem [1,
3, 4]. Intraoperative imaging of brain tumors using
fluorescence is one of the major advances in neuro-
surgery over the past decades. Initially, this method
was used exclusively for surgery of high-grade gliomas
(HGG) [5-8]. In recent years, the use of fluorescence
has been extended to other cases, such as neuroimag-
ing suspicion of LGG on MRI (CT) or PET [3, 7, 9, 10].

Commonly used modern neuronavigation systems
(MRI spectroscopy, diffusion-weighted MRI, perfused-
weighted MRI, PET using amino acids) lack accuracy
when performing glioma resection due to the so-called
“brain shift”, leading to significant inaccuracies in image
management, since neuronavigation is based on pre-
operative image data. The occurrence of brain shift dur-
ing surgery with suspected LGG may preclude accurate
detection of the tumor margin and anaplastic lesion.
Insufficient intraoperative identification of LGG tissue,
as well as insufficient differentiation of intratumoral
HGG focal tissue, which is an anaplastic lesion in LGG
tissue, are a serious problem for the neurosurgeon. As a
result, incomplete resection is observed in 88% of cases
with surgical intervention for LGG, and histopathologi-
cal inaccuracy in postoperative diagnosis is not uncom-
mon in routine neurosurgical practice [4,6,7,9, 11].

Intraoperative imaging of brain tumor tissue using
fluorescence is one of the most effective methods for
visualizing tumor tissue during surgery [5, 6, 8, 13].
An analysis of modern literature sources has shown
that there are very few works that have published the
results of using fluorescence in LGG surgery [6, 7, 11,
14, 15].

In this study, we present our experience of using
fluorescent navigation in LGG surgery using a medici-
nal product from the e6 chlorin group as a photosen-
sitizer.

Materials and methods

The study involved 7 patients with LGG oper-
ated at the Russian Research Neurosurgical Institute
named after prof. A.L. Polenova. All patients under-
went fluorescent navigation with chlorin e6 during
tumor resection in case of suspected newly diagnosed
LGG. According to the postoperative pathohistologi-
cal examination, two pilocytic astrocytomas (PA), two
fibrillar protoplasmatic astrocytoma (FPA), two oli-
goastrocytomas (OA), and one oligodendroglioma
(ODG) were diagnosed. There were 4 men in the study,
3 women (see table).

Preoperative neuroimaging assessment in all
patients was performed according to MRI of the brain
with gadolinium contrast enhancement using a Sie-
mens apparatus (1.5 T) and PET with methionine. A
mandatory criterion for inclusion of a patient in the
study was the possibility of removing more than 90%
of the tumor tissue according to the expected MRI data
with contrast. To calculate the tumor volume from MRI
data, the diameters at right angles were measured in
the axial, frontal, and sagittal planes. The calculation
was carried out according to the modified ellipsoi-
dal volume according to the formula MER=A+B+C/2,
where A, B, and C are the orthogonal values of the
tumor.

Before surgery, all patients gave informed written
consent to the administration of chlorin e6. No side
effects associated with the use of 2nd generation chlo-
rin e6 (photoditazine, produced by VETA-GRAND LLC,
Russia) were noted in the study.

2 hours before the proposed durotomy, the patient
was intravenously injected with the medicinal prod-
uct chlorin e6 at the rate of 1 mg/kg of body weight,
dissolved in 200 ml of isotonic solution. The vial with
0.9% sodium chloride solution was previously closed
from the outside with an opaque material. During the
operation, a modified neurosurgical microscope (Leica
OHS-1) Karl Storz (Germany) with a built-in fluorescent
module manufactured by LOMO (Saint-Petersburg,
Russia) was used. During the operation, to visualize
fluorescent tissue areas, the microscope was con-
stantly switched to the fluorescent mode.

The fluorescence intensity was assessed using spe-
cial software RSS Cam - Endo 1.4.313, which makes
it possible to measure the fluorescence intensity in a
given place in real time in numerical terms (Fig. 1A).
The fluorescence intensity was distributed on a scale
from 0 to 9 points depending on the numerical indica-
tor in the software, where 0 is the complete absence of
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Clinical characteristics of the patients
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fluorescence, 9 is a bright red intense glow. During the
operation, a biopsy was performed from fluorescent
and non-fluorescent areas of the tumor. A total of 80
biopsy samples with different fluorescence intensities
were examined.

The biopsy material obtained during the operation
was fixed in 10% buffered formalin, dehydrated and
embedded in paraffin. Next, sections 3 um thick were
stained with hematoxylin-eosin.

Immunohistochemical (IHC) markers were also
detected, in particular, Ki-67 (MIB-1), p53 (TP53), and
VEGF (vascular endothelial growth factor) (Fig. 11).

The paraffin blocks were sectioned 3-5 pm thick,
deparaffinized using xylene, and rehydrated with
various concentrations of ethanol. Sections were dried
in a thermostat at 45°C. The standard IHC protocol was
used with antigen demasking in a water bath (GFL,
1002), using primary antibodies from Dako (Ki-67, Clone
Mib-1, cat. no. M7240; P53, Clone DO-7, cat. no. M7001;
VEGF, Clone VC1, cat. no. M7273) and imaging systems
from Diagnostic BioSystems (UMR1000PD-BMS).

The Ki-67 proliferation index was determined by
the percentage of cells with immunoreactive nuclei
to the total number of cells. According to WHO (2016),
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these parameters are as follows: G| - 1-3%, G Il - 4-5%,
G Il - 5-10%, G IV - an average of 15-20% and above.

For the IHC study of P53, monoclonal antibodies
DO-7 were used, which detect both wtP53 and mtP53.
Itis believed that the IHC response depends mainly on
the presence of mtP53 in the tissue, since wtP53 is a
short-lived protein with a half-life of no more than 20
min, and its content may be below the sensitivity of the
IHC study. The half-life of mtP53 lasts up to 24 hours, so
the level of its accumulation in the tissue is sufficient
for visualization. To quantify the proliferative activ-
ity, as well as the expression of the P53 protein, the
ratio of stained nuclei per 300 cells was calculated at a
magnification of 400 times. Conditionally, the follow-
ing gradation was adopted: no expression (0 points);
weak expression (1 point) - less than 10% of cell nuclei
are stained; moderate expression (2 points) - more
than 10% of the nuclei are stained, but less than 33%;
strong expression (3 points) — more than 33% of cell
nuclei in the tissue are positive. The color of more than
5% of cell nuclei was considered as the control level.

The expression level of VEGF was estimated as %
of the control level (0.4 ng/ml), the measurement was
carried out in ng/mg.

Subsequently, intraoperative fluorescence data
were compared with the data obtained from the
results of histopathological examination.

Statistical analysis was performed using the STA-
TISTICA 13.0 software package (StatSoft, USA). When
correlating non-binary variables such as Ki-67 (MIB-1),
p53 (TP53), VEGF, histological subtype with fluores-
cence intensity categorical variables, the Mann-Whit-
ney U-test was used. Statistical analysis of other data
was performed using non-parametric methods using
Spearman's rank correlation coefficient. Differences
were considered statistically significant at p<0.05.

Results

Visual fluorescence was obtained in 4 out of 7
patients. In 2 observations, fluorescence had a focal
character, in 2 cases it was homogeneous. Fluores-
cence was further studied using the RSS Cam-Endo
1.4.313 software (Fig. 1A). Out of 50 biopsies with vary-
ing fluorescence intensity, about 26% were false posi-
tives according to the software, which was confirmed
by histopathological examination. But, despite this,
the sensitivity of the technique in detecting tumor
sites was high (Fig. 1Bb) (p=0.002).

When studying the distribution of fluorescence
intensity in areas of tumor tissue depending on the
WHO histological classification of tumors of the central
nervous system (2016), it was found that ODG (Grade
Il) was characterized by a greater number of intense
fluorescence regions and a more developed vascular
network. The smallest number of fluorescence sites

was characteristic of PA (Grade 1), in addition, they
were characterized by the largest number of false posi-
tive fluorescence sites in the analysis of biopsy mate-
rial (Fig. 1B). Pronounced development of the vascular
network was characteristic of FPA.

In the study of the relationship between the fluo-
rescence intensity of LGG tumor tissue areas and the
data of their histopathological examination (Ki-67,
P53, VEGF), a direct correlation was obtained. The
higher the fluorescence intensity, the higher the Ki-67
nuclear expression index (p=0.002), the higher the
level of transcription factor of the cell cycle protein
P53 (p=0.002), the higher the level of VEGF expression
(p=0.001) (Fig. 2). A stronger correlation was between
fluorescence intensity and VEGF expression (p=0.001)
(Fig. 2Q).

A study of the sensitivity and specificity of the fluo-
rescent navigation method for LGG surgery, based on
the evaluation of histopathological data from fluores-
cent and non-fluorescent biopsy specimens, showed
that the sensitivity of the method was 72% (36/50), the
specificity was 56.7% (13/30) (p= 0.003).

Clinical example

A 45-year-old patient was admitted with a diagno-
sis of a mass lesion in the left temporal and parietal
lobes of the brain. From the anamnesis it is known that
he has been ill for a year, when he began to notice the
following symptoms: headache, difficulty in pronounc-
ing words, convulsions. The neurologist sent for an MRI
of the brain with contrast enhancement. A volumetric
formation of the left temporal and parietal lobes was
revealed, evenly accumulating a contrast agent with
a moderate change in the architectonics of the gyri.
According to PET-CT of the brain with methionine, the
accumulation index of the radiopharmaceutical agent
(RPQ) is 0.7.

During the operation, the method of fluores-
cent diagnostics with a preparation of the chlorin e6
group (photoditazine) was used. A microscope Leica-
OHS1 with a fluorescent module developed by LOMO
(St. Petersburg) was used. During the removal of the
tumor in the fluorescent mode, a red glow (5-6 points)
was noted, homogeneous in all areas of the altered tis-
sue. Histopathological examination revealed fibrillar-
protoplasmatic astrocytoma (Grade Il) (Fig. 3).

Discussion

In the study of Goryainov S.A. et al. [3], which
included 27 patients with morphologically confirmed
LGG, of which 14 were diagnosed with diffuse astro-
cytoma, 6 with ODG, 4 with PA, 2 with gemistocytic
astrocytoma, 1 with desmoplastic ganglioglioma, vis-
ible fluorescence of 5-aminolevulinic acid (5 -ALK) was
detected in 14 (52%) patients. According to the homo-
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Puc. 1. AHanu3 MHTEHCUBHOCTU lyopecueHLUN YHacTKOB OMyxoneBOoW TKaHU. A — aHanu3 dnyopecueHUUN YyHacTKOB TKaHU
C Ucnojsib3oBaHMeM nporpammHoro o6ecnedyeHnss RSS Cam — Endo 1.4.313; B — 3aBUCMMOCTb MEXXAY MHTEHCUBHOCTbIO ¢pnyopec-
LeHUun 6uonTtaTa u pesynbtata rMCTONIOrM4ECKOro uccnegoBaHus (onyxonb — HeM3MeHeHHass Mo3roBasi TKaHb) (p=0,002); C — pac-
npeaefnieHne UHTEHCUBHOCTU dpyiyopecLeHLUU B yHacTKax onyxoJieBoi TKaHM B 3aBUCUMOCTU OT M’MCTONOrMYECcKon Knaccupumkaymm
onyxonu no gaHHbiMm BO3 (MA — nunouutapHas actpouutoma, PrA — pubpunnapHo-npotronnaamaTuyeckas actpouutoma, OA — onu-
roactpouuTtoma, OAl — onurogeHapornuoma); D — rpaduk pacnpeaeneHnss UHTEHCMBHOCTU ¢plyopecLeHLMU B OTOOGPaHHbIX GuonTa-
Tax; E - ructonatonornyeckoe nccnegoBaHue y4acTKOB ONyX0/iu B 3aBUCMMOCTU OT UHTEHCUBHOCTU dNiyopecLieHLUN.

Fig. 1. Analysis of the intensity of fluorescence of areas of tumor tissue. A — analysis of the fluorescence of tissue sites using the
RSS Cam Endo 1.4.313 software; B — the relationship between the fluorescence intensity of the biopsy specimen and the result of
histological examination (tumor — unchanged brain tissue (normal brain)) (p=0,002); C - distribution of fluorescence intensity in
areas of tumor tissue depending on the histological classification of the tumor according to WHO data (PA - pilocytic astrocytoma,
FPA - fibrillar-protoplasmic astrocytoma, OA - oligoastrocytoma, ODG - oligodendroglioma); D — graph of the distribution of
fluorescence intensity in the selected biopsy specimens; E — histopathological examination of tumor sites depending on the intensity
of fluorescence.
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Puc. 2. 3aBUCUMOCTb MeXJy UHTEHCUBHOCTbIO (lyopecueHLUN yHacTKOB ONyX0JIEBOM TKAHU U UHAEKCOM SilepPHOI 3Kcnpeccum
Ki-67 (MIB-1) (A); akcnpeccuei TpaHCKpUNLUOHHOIO ¢daKTopa KnetoyHoro uukna P53 (TP53) (B) u VEGF (C).

Fig. 2. Dependence between the intensity of fluorescence of tumor tissue sites and the index of Ki-67 nuclear expression (MIB-1)
(A); cell cycle transcription factor P53 (TP53) expression (B) and VEGF expression (C).
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Puc. 3. duGpunnsapHo-npoTonnasmaTuyeckas acTpouuToMma neBoii TEMEHHON U BUCOYHO Jonel rolIoBHOro Mo3ra.
A - npeponepaunoHHoe MPT ronoBHOro mo3sra ¢ KoHTpactom (T2-pexxum);

B — M3T ¢ METUOHUHOM (MHAEKC HaKonneHus PO - 0,7);

C - HTpaonepaunoHHas KapTuHa 6e3 $GplyopecLEHTHOro pexuma;
D - uHTpaonepaunoHHas KapTuHa, nosy4eHHas Bo GpayopecLeHTHOM pexume ¢ XJ10pUHOM e6;

E - nocneonepaunoHHoe MPT,

F — dub6punnapHo-npoTonnaamaTuyeckas actpouutoma. OKpalwmMBaHme reMaToKCUMANH-303MHOM. UMMyHoructoxumus. Ye. 200;
G — 3Kcnpeccus 6enka nponndepaTtuBHoON akTUBHOCTU Ki-67= 9. UMmMyHoructoxumms. YB. 200;

H - akcnpeccusa TpaHCKPUNLUOHHOIO ¢paKTopa KnetoyHoro uukna P53 (+). UmmyHoructoxmmus. YB. 200;

| — akcnpeccus TpaHcKpunuuoHHoro ¢pakTtopa Olig 2. UMmyHoructoxumums. YB. 200;

J — akcnpeccus VEGF (+). UmmyHoructoxmumms. Ys. 400.

Fig. 3. Fibrillar-protoplasmic astrocytoma of the left parietal and temporal lobes.

A - preoperative MRI of the brain with contrast (T2-mode);
B — PET with methionine (index of RP accumulation - 0.7);
C - intraoperative picture without fluorescence mode;

D - intraoperative picture in fluorescent mode with chlorin e6;

E - postoperative MRI;
F — hematoxylin-eosin (magnification 200);

G - Ki-67 protein expression (index of proliferative activity — 9). Inmunohistochemistry. (magnification 200);
H - cell cycle transcription factor P53 (+) expression. Inmunohistochemistry. (magnification 200);

| — transcription factor Olig 2 expression. Immunohistochemistry. (magnification 200);

J — VEGF (+) expression. Immunohistochemistry. (magnification 400).

geneity of fluorescence, 7 tumors showed diffuse fluo-
rescence, 7 gliomas showed focal fluorescence. Cell
density and proliferation rate were significantly higher
in positive fluorescent samples than in negative fluo-
rescent samples.

Jaber M. et al. [9] found fluorescence in 16 (21.6%)
LGG patients out of 74. Fluorescence was partly asso-
ciated with weak enhancement on MRI and increased
radiopharmaceutical uptake on PET-CT, and was not
related to Karnofsky score, tumor size, or patients'
age. With regard to molecular markers, only increased
EGFR expression differed slightly (in 19% in fluo-
rescent tumors, versus 5% in non-fluorescent ones
(p=0.057). The median of the relapse-free period was

shorter in fluorescent tumors and amounted to 46.4
months (95% Cl 41.8-51.1 months). At the same time,
IDH status and the presence of fluorescence were
directly dependent on the duration of the period
before malignant transformation of the tumor and
overall survival.

When working with 5-ALA Ji S.Y. et al. [4] also
recorded fluorescence in Grade I-Il gliomas. Fluores-
cence was detected in 5 out of 9 patients with PA, in 3
cases of strong intensity, in 2 - weak. All PA could be
completely removed regardless of the positive fluores-
cence. Out of 87 patients with Grade Il gliomas, ODG
predominated (57.5%, n=50). The majority of ODG
showed no fluorescence (82.0%). However, there were
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9 cases of fluorescence with a positive result (18.0%),
including 2 cases with high intensity (4.0%). Out of
20 patients with diffuse astrocytic gliomas and OA,
fluorescence was absent in 18 cases, and focal fluo-
rescence was observed in 2 cases. Total resection was
achieved in 15 patients, including those with positive
fluorescence.

In an additional study published in 2017, Saito K.
et al. [16] evaluated the relationship between 5-ALA
fluorescence and proliferation rate, as well as molecu-
lar markers, including IDH1 mutation status and 1p19q
co-deletion in a series of anaplasia grade Il gliomas.
Univariate analysis showed that 5-ALA fluorescence
was significantly associated with proliferation rate, as
well as IDH1 mutation status and 1p19q co-deletion.
According to multivariative analysis, only IDH1 sta-
tus remained a statistically significant factor. Gliomas
with visible 5-ALA fluorescence showed a significantly
higher incidence of wild-type IDH1 tumors.

T. Tsurubuchi et al. [17] used chlorin e6 (talapor-
fin sodium) in LGG surgery. The scientists observed
strong fluorescence in a patient with PA, although
only 1 case was studied. In patients with ODG with a
large volume of the vascular bed of the tumor, they
also managed to reliably fix fluorescence during a
morphological study.

In the work of J. Akimoto et al. [18], studying intra-
operative fluorescence using the photosensitizer chlo-
rin e6 (talaporfin sodium), a weak fluorescence inten-
sity in all patients with Grade Il gliomas was revealed.
The average concentration of chlorin e6 in tissues was
1.62 ug/g in areas with strong fluorescence, 0.67 ug/g
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with weak fluorescence and 0.19 pg/g without fluores-
cence.

In general, fluorescent diagnostics is of limited
use in Grade |-l glioma surgery and can be used to a
greater extent for visualization of anaplastic areas of
the tumor. The sensitivity of the method, according to
different authors, varies from 20 to 58% [3, 5, 14, 15, 19,
20]. Fluorescence can serve as a marker for the onset
of malignant transformation and is an independent
marker in contrast to known prognostic factors. LGG
fluorescence can be taken into account when choos-
ing adjuvant therapy [3, 19].

In our study, we obtained a high sensitivity of
the fluorescent navigation technique in LGG surgery
(72%), which is most likely due to a small sample of
patients, and creates the need for further study of this
issue. However, the specificity of the technique (56.7%)
is comparable with the data obtained by a number of
other authors [3,9, 12, 17, 18].

Conclusion

The use of intraoperative fluorescent navigation
with chlorin e6 in the treatment of patients with low-
grade gliomas provides the doctor with additional
information about the structure of the tumor in a
particular patient, which allows the neurosurgeon to
individualize the approach to surgical tactics during
surgery. Further research in this direction seems prom-
ising in terms of determining the volume of resected
tissues, which allows maintaining the ablasticity of
the intervention and does not adversely affect the
patient's quality of life.
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Abstract

Nanoparticles are used as drug carriers to increase the selectivity and effectiveness of therapy, as well as for combined therapy that utilizes differ-
ent effects. Iron oxide nanoparticles are promising in this aspect. Due to magnetic properties, they can be used as a contrast agent for magnetic
resonance imaging. Also, iron oxide nanoparticles could be coated with a photosensitizer for photodynamic therapy and their laser or magnetic
heating can be used for phototherapy. Local enhancement of the electromagnetic field near iron oxide nanoparticles can increase the fluorescence
intensity of photosensitizers and the efficiency of singlet oxygen generation.

This paper presents the results of a study of iron oxide nanoparticles focused on the photophysical aspects of the formation of “hot spots” under
laser irradiation. The photoinduced effects of iron oxide nanoparticles observed in in vitro experiments lead to the rupture of lysosomes. Theoreti-
cal modeling showed that the heating of iron oxide nanoparticles with a radius of 35 nm under the action of laser radiation is about 89°C and 19°C
for wavelengths of 458 and 561 nm, respectively. Local field enhancement occurs in pairs of nanoparticles of various sizes and strongly depends
on the distance between them. The maximum gain is achieved at small distances between nanoparticles. For a dimer of nanoparticles with radii
of 10 and 35 nm at a distance of 1 nm, an enhancement factor of two orders of magnitude was obtained. The investigated phenomenon of «hot
spots» is in demand for precision therapy, because the photo-induced processes occur at small distances between nanoparticles, in areas of their
high accumulation.

Keywords: Iron oxide nanoparticles, plasmon polaritons, «hot spots», modeling, laser hyperthermia, electromagnetic field amplification.
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Pesiome

HaHouacTuubl NCnosnb3yloTca B KauecTBe HOCUTENeN NIeKapCTBEHHbIX CPEACTB AJIA MOBbILUEHWs CENeKTUBHOCTU 1 3bPEKTUBHOCTY Tepanmu,
a TaKXe [/1A CoYeTaHHON Tepanuu, ob6bearHAIoLEeN pasHble BUAbl BO3AENCTBUA. [lepCneKTUBHbIMM B 3TOM acreKTe ABATCA HaHo4YacTu-
Libl OKCMAa xenesa. bnarogapa MarHUTHbIM CBOWCTBaM, OHU MOTYT ObiTb MPUMEHATLCA B KAaYECTBE KOHTPAcTa AN MarHUTHO-PE30HaHCHOMN
ToMorpadun. TakxKe HaHOYACTHLbl OKCUZA »Kenle3a MOTYT ObiTb MOKPbITbl POTOCEHCUOMNM3ATOPOM Al GOTOAMHAMMYECKON Tepannu, a ux
Jla3ePHbI UM MAarHUTHDBIN HAarPEB 3TUX YacTUL, MOXET 1CMNOosb3yeTcA Ana npoBeaeHusa dototepanuu. Mpu 3TOM fIoKanbHOE YCUIIeHUE dNeK-
TPOMarHWTHOro NosnsA B6MM3M HAHOYACTUL, OKCMAA XKENEe3a MOXKET NMOBbICUTb UHTEHCUBHOCTb GpryopecLieHLMN GOTOCEHCMOUNM3ATOPOB U 3¢-
$EKTVBHOCTb reHepaLuy CUHIIETHOTO KUCIopozaa.

B pabote npeactaBneHbl pe3ynbTraTbl NCCNeA0BaHNA HAHOYACTUL, OKCUAA Xene3a, CHOKYCMPOBaHHOIO Ha GoToPr3NUYECKMX acneKTax obpa-
30BaHVIA <TOPAYNX TOUYEK» NPY JTa3epHOM 061yueHU. DoTorHAYLMPOBaHHbIe 3GdEKTbl HAHOUYACTUL, OKCHAA Kene3a, HabnoJaemble B SKCne-
PUMEHTaXx in vitro, NPUBOASAT K pa3pbIBy NM30COM. TeopeTnyeckoe moaennpoBaHve NoKasaso, YTo HarpeB HAHOUACTHL OKCHAA Xene3a paauny-
com 35 HM NoA AencTBrEM Jla3ePHOro U3NyueHUa coctaBnseT nopsaaka 89°Cu 19°C ana gnunH BonH 458 1 561 HM, COOTBETCTBEHHO. JlIoKanbHoe
YCWNEHVE NOJA BO3HUKAET B Mapax 13 HaHOYACTUL, PasfIMYHOro pa3mepa v CUITbHO 3aBUCUT OT PacCTOAHUA MeXAy HUMU. MaKcuManbHoe ycu-
NeHue JOCTUraeTCa NPV Masblx PACCTOAHNUAX MEXAY HaHoYacTMLaMu. [Ina Aumepa HaHoYacTuL ¢ pagmycamu 10 HM 1 35 HM Ha paccTosiHuK 1
HM MonyyeH GpaKTop ycuneHus Ha ABa nopanKa. PaccMOTpeHHOe fiBNeHre «ropsaYmMx ToYeK» BOCTPeboBaHO A MPeL3NOoHHON Tepanuu, Tak
Kak GOTOMHAYLIMPOBaHHbIE MPOLIECChl BO3HMKAIOT Ha MaJlblX PACCTOAHMAX MEXAY HaHOYaCcTMLaMK, B 06/1aCTAX C UX BbICOKVM HaKOMIEHNEM.
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KnioueBble cnoBa: HaHOYaCTULIbl OKCMAA XKenesa, M1a3MOH-NONIAPUTOHDbI, «ropAYne TOYKN», MOAENTMPOBAHNE, NTa3epHaa rmnepTepmuns, ycu-
NieHne aNeKTPpoOMarHMTHOro nonA.
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A.B. DoToMHAYLMpPOBaHHbIe MPOLIeCChl HAHOYACTUL, OKCUAA »Kele3a ANA yCuneHua nasepHoi Tepanum // Biomedical Photonics. - 2021.-T. 10,

Ne 4. - C. 44-58. doi: 10.24931/2413-9432-2021-10-4-44-58

KoHTakTbi: PA6oBa A.B., e-mail: nastya.ryabova@gmail.com

Introduction

Nanoparticles (NPs) are attracting great attention
due to the recent progress in their synthesis and
surface functionalization, along with their ability of
photothermal conversion [1] and fluorescence in the
near infrared region [2]. The photothermal conversion
produces heating and leads to the formation of reactive
oxygen species, which destroy cancer cells [3]. NPs can
become an ideal drug carrier when modified for vector
delivery and controlled release [4].

Hyperthermia is an attractive physical approach for
cancer treatment [5-8]. When the tissue temperature
rises, usually to 40-45 °C, blood flow and tissue
oxidation increase [9], collagen fibers weaken [10], and
tumors become more sensitive to chemotherapy drugs
[11,12] or radiation [13-14]. Currently, there are various
clinical approaches that use special probes and needles
to generate heat using microwaves, radiofrequencies or
ultrasound [15, 16], but they do not allow local heating
of the targeted pathological areas.

Iron oxide exhibits amazing physical properties,
especially in the nanometer range. Iron oxide NPs
(IONPs) can be used for magnetic resonance imaging
(MRI) / optical multimodal imaging, as well as a
therapeutic mediator in the treatment of cancer [17].
IONPs themselves show promising preclinical results
in cancer therapy by modulating tumor-associated
macrophages [18]. Recently, data were published on
the therapeutic effect of Ferumoxytol — suppression of
cancer cells and activation of the immune response to

tumor [19]. IONPs have low cytotoxicity [20], and their
coating with silicon dioxide further reduces both histo-
and cytotoxicity [21, 22].

To localize the process of laser hyperthermia,
thermal sensitizers like magnetic or plasmon resonance
NPs are increasingly used [23]. Ultra small (about 30 nm
in size) superparamagnetic IONPs (SPIO) can effectively
inhibit tumor progression as photothermal agents [24].
The SPIO heat dissipation mechanism is closely related
to dipole-dipole interactions in an alternating magnetic
field. For a mixture of IONPs colloids with different
sizes, the possibility of simultaneously creating several
types of “hot spots” by varying the parameters of the
magnetic field has been demonstrated [25]. Thus,
the local temperature rise, measured by fluorescent
proteins on the surface of IONPs, reached 85 °C.
Superparamagnetic particles dissipate heat due to
the Néel-Brown relaxation [26, 27]. In magnetic
hyperthermia, intracellular aggregation of IONPs inside
endosomes is recognized as an important problem,
because both physical mechanisms are suppressed:
Brownian relaxation of nanoparticles —rotation of
whole magnetic nanoparticles in their environment,
and Néel relaxation, or rotation of the magnetic moment
inside magnetic circuits [28]. Additional disadvantage
of the clinical use of magnetic hyperthermia is the need
for high concentrations of IONPs, [Fe]=1-2 M, several
orders of magnitude higher than the concentrations
used for MRI [29]. Efforts are being made to optimize
the heating efficiency of the IONPs [30, 31].
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More recently, IONPs have been tested for in
vitro and in vivo photothermal therapy. The use of
iron oxide nanocubes as sensors for both magnetic
and laser hyperthermia has shown high efficiency of
hyperthermia in mouse tumor models [32]. The effect
of laser hyperthermia has also been demonstrated on
magnetic IONPs coated with infrared (IR) dyes Cyanine7
[33] and IR-780 [34]. It was noted that intracellular
aggregation of IONPs leads to some increase in the
photothermal heating of nanoparticles [35]. There
are also reports about the successful use of IONPs in
combination with photosensitizers for photodynamic
therapy [36,37].

When laser radiation interacts with nanoparticles,
light is absorbed and heat is scattered. The study of
these processes forms the currently actively developing
area of called thermoplasmonics [38]. The interaction of
an incident wave with a NP can be characterized using
the scattering and absorption cross sections of NPs. The
scattering cross section characterizes the part of the
radiation that, after interacting with the NP, is scattered
in different direction. The absorption cross section
describes the energy absorbed by the NP. However, the
absorption and scattering cross sections do not in any
way characterize the processes occurring in NPs in the
plasmon resonance region [39]. It was shown that in
the region of plasmon resonance, the energy flux lines
form vortex structures around the nanoparticle, which
explains the increase in the absorption cross section of
nanoparticles compared to the geometric cross section:
due to the formation of vortex structures, the energy
flux lines pass through the particle several times,
which enhances the interaction between light and the
material.

The heating that occurs when light interacts with
nanomaterials can have different physical mechanisms,
which depend on the nature of the nanomaterial. The
absorption of photons usually leads to the excitation
of photocarriers into excited states determined by
quantum mechanics, and their return to the ground
state is regulated by radiative (i.e. emission of photons)
or nonradiative processes. The latter are associated
with photonic, charge, or spin excitations or processes
of photocarrier tunneling between defect / impurity
electronic states, when the transition energy is very
low. At the nanoscale, nonradiative processes lead to
highly efficient photothermal conversion processes in
which absorbed optical energy is dissipated into heat.

In semiconducting materials such as iron oxides,
the energy of optical radiation allows for a temporary
transition of electrons from the valence band to the
conduction band, which leads to the release of heat
with the electrons relaxation back to the valence
band [40]. Photothermal conversion of non-metallic
inorganic nanoparticles demonstrates moderate

efficiency and broader optical absorption than of their
metallic counterparts. Interestingly, diffuse and direct
optical transmission and reflection components play an
important role in the absorption / scattering of photons
by colloids, especially when IONPs are aggregated [41].

In plasmon-resonant NPs, a localized surface exciton
creates a high-intensity localized electromagnetic (EM)
field near the surface, which has a significant effect on
the probability of optical processes, such as absorption
and radiative transitions (Purcell effect) [42]. An
increase in the electric field strength between two gold
nanoparticles of different sizes by two to three orders of
magnitude is well described in the literature. However,
similar phenomena for dielectric nanoparticles, such
as iron oxide nanoparticles, are poorly studied. Large
resonant field increases were predicted in the gap (from
1 to 30 nm) between two dielectric silicon microdiscs
[43].

According to our experimental data, when studying
the accumulation of iron oxide nanoparticles in cells
using laser scanning microscopy, bright sparks or
“hot spots” were observed in the images. As shown
in in vitro experiments, the emergence of “hot spots”
between IONPs during laser irradiation leads to cell
death. Presumably, the emergence of “hot spots” and
the enhancement of the therapeutic effect may be
associated with an increase in the EM field between
several IONPs, by analogy with metal NPs [44], or
their heating. In this work, we performed theoretical
modeling of the EM field enhancement for individual
IONPs and their dimers.

Materials and methods

We used commercially available NPs of iron oxide
Fe,O, (IONPs) obtained by gas-phase condensation
(NanoArc® by AlfaAesar®, USA), particle size 20-70 nm,
surface area 30-60 m?%/g, y-phase.

Sizing and Spectral Characterization of IONPs

The size and morphology of IONPs were analyzed
by transmission electron microscopy (TEM) using a LEO
912 AB Omega microscope (Carl Zeiss Group, Germany).
The hydrodynamic sizes of NPs and the (-potential
were determined using a Zetasizer Nano ZS (Malvern
Instruments, UK) in dHZO at 25 °C. All measurements
were triplicated. The absorption of colloids IONPs
in the 0.4-0.8 pm spectral range was studied using
a Hitachi U-3400 spectrophotometer (Hitachi Ltd.,
Japan). The absorbance was measured in cuvettes with
an optical path length of 1 cm; the mass concentration
of IONPs was 0.02 mg/mL.

“Hot spot” detection
To detect “hot spots” under laser irradiation, a laser
scanning confocal microscope LSM-710 (Carl Zeiss,
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Germany) was used. For measurements, the samples
were placed between two cover glasses with a fixed
distance determined by the thickness of the silicone
spacer between them. Scanning was performed with
lasers with 488 and 561 nm wavelengths. The laser
power at the exit from the objective was determined
using a LabMax-TO laser power meter (Coherent, USA).

The intensity distribution of the scanning laser
spot was calculated from considerations of the size of
the area bounded by the first-order diffraction ring for
the PSF,, point (or Airy disk) distribution function, with
radius r:

0.61Aexc
r=—,

va D
where NAis the numerical aperture of the microscope
objective, A__is the excitation wavelength.

For a 458 nm laser and a 63x oil objective with NA =
1.4,r=200 nm, spot area S =0.13 um?, measured power
density at the lens exit = 1 mW, scanning power density
p =0.839 * P/S = 0.668 MW/cm?, at a scanning speed of
0.53 ps/pixel (for temperature measurements) and 1.62
ps/pixel (for cells), the radiation dose for a single scan A
= pxt was 0.35 J/cm? (for temperature measurements)
and 1.08 J/cm? (for cells).

For a 561 nm laser, 63x oil objective with NA = 1.4,
r = 244 nm, spot area S = 0.19 pm?, measured power
density at the objective exit = 1 mW, scanning power
density p = 0.445 MW/cm?, at a scanning speed of 0.53
ps/pixel (for temperature measurements) and 1.62 us/
pixel (for cells), the radiation dose in a single scan was
0.24 J/cm? (for temperature measurements) and 0.72 J/
cm? (for cells).

The dependence of the “hot spots” number on
the concentration of IONPs, as well as on the ambient
temperature, was studied. For this, two colloids were
prepared with IONPs concentrations of 0.1 and 0.01
mg/L. To study the effect of heating on the “hot
spots” number, the studied samples were heated on
the microscope thermostat (PeCon GmbH, Erbach,
Germany) in the 20-60 °C temperature range.

The “hot spots” spectra were also studied using the
laser scanning microscope. The emission spectra of “hot
spots” were recorded with a 32-channel GaAsP detector
in the 400-750 nm spectral range. Each “hot spot” was
visualized by a microscope as a group of several pixels
with different brightness. At the initial moment of time,
which corresponds to the first pixel, the brightness is
low. Then there is a flare-up to maximum brightness,
after which the brightness decreases again. To obtain
the resulting spectrum, averaging was carried out
for several “hot spots” over pixels with the same step
after the occurrence, i.e. with approximately the same
brightness.

Registration of “hot spots” in cells in vitro

The intracellular distribution of IONPs and laser-
induced “hot spots” were studied in Hela cell culture.
Hela cells were cultured in RPMI-1640 medium
containing 10% fetal calf serum at 37°Cin 5% CO,. The
cells were subcultured every third day. For confocal
microscopy, cells were plated onto a Petri dish with a
glass bottom POC-R2 (PeCon GmbH, Erbach, Germany)
at a density of 100 x 10® /cm? one day before the
experiment. The next day, IONPs were added to the cells
4 hours before the start of microscopic examination.
Before microscopic examination, cells were washed
twice with pre-warmed phosphate buffered saline.

Theoretical modeling of the spectroscopic properties of
IONPs

We simulated the scattering and absorption cross
sections of individual IONPs in water, as well as local
field enhancement near individual IONPs and between
two nanoparticles of different sizes, forming a dimer.
Water was used as the surrounding dielectric medium
in the model.

The optical properties of individual spherical
IONPs with a radius of 10 and 35 nm in the near and
far fields were simulated using the T-matrix method
[45, 46]. The scattering was calculated for the 400-800
nm optical wavelength range. The complex refractive
indices of gold and iron oxide were taken from https://
refractiveindex.info/, where data from [47] and [48] are
presented.

The field enhancement near the surface of a NP can
be described by the formula:

u = ypu(vir), (2)

where u and u (v,) are the energy of the external field
in a unit spectral range with and without a nanoparticle,
Y, is the field enhancement factor equal to the ratio of
the field generated by the particle to the initial one:

E 2
A ,(3)

YE =

where E is the field created by the particle, E,is the
incident field.

The calculation made it possible to obtain the
dependences of the absorption and scattering cross
sections, as well as to calculate the field enhancement
factor depending on the wavelength of the incident
radiation in the medium containing the simulated NPs.
Scattering by dimers consisting of two NPs with a radius
of 10 and 30 nm located at a distance of 1, 5, 10, and
50 nm from each other was calculated using the finite
difference time domain (FDTD) method [49, 50]. The
finite difference method was used to numerically solve
partial differential equations for three-dimensional

ORIGINAL ARTICLES

BIOMEDICAL PHOTONICS T.10, N24/2021

a7



(V)
r
O
—
oz
<
<
=
@)
o
O

Pominova D.V., Romanishkin I.D., Plotnikova E.A., Morozova N.B.,
Loschenov V.B., Wittig R., Linden M., Steiner R.W., Ryabova A.V.

Photo-induced processes of iron oxide nanoparticles to enhance laser therapy

objects. In the calculation, it was assumed that the
dimer is illuminated by a plane wave propagating along
the z-axis and polarized along x-axis. The calculation
takes into account the geometric parameters of the NPs
and the dielectric constants of the medium and NPs.
The calculation of the spatial distribution of the field
and the local field enhancement between the particles
was carried out for 458 and 561 nm wavelengths, which
were used in the experiment.

Simulation of NP heating under the laser irradiation
Heating was calculated using the formula derived in
[501:

Oaps! P
ATNP — abs _

,(4)

47TR Kwater 4’”R Kwater

where o, is the absorption cross section of the
nanoparticle, / is the intensity of the incident laser
radiation (W/m?), P is the absorbed power (W), R is the
nanoparticle radius, K oter 1S the thermal conductivity of
water, 0.56 W/(m-K). The heating was calculated using
the absorption and scattering cross-sections calculated
with the T-matrix method for the corresponding
wavelengths.

Equation (4) makes it possible to calculate the
heating of nanoparticles located in water irradiated
with continuous laser radiation. The source of heat is
optical absorption, which is locally proportional to the
electric field strength and the imaginary part of the
dielectric constant. We considered that water does not
absorb the incident laser radiation. Thus, laser radiation
is absorbed only by IONPs and creates a heating source
located completely inside the nanoparticle. Due to
the large difference in the thermal conductivity of
water and Fe,0, (0.56 and 7 W/(m-K) for water and iron
oxide Fe,O,, respectively) we can assume that heat
is distributed inside a particle so quickly, compared
to the external environment, that its temperature is
almost uniform for medium-sized particles, and thermal
energy accumulates at the particle boundary before
diffusing into the water. It should be noted that this
approach was proposed by the authors of [51] for gold
NPs in water, the difference in the thermal conductivity
of gold and water is significantly higher (318 W/(m-K)
for gold). However, in addition to the ratio of thermal
conductivities, one should also take into account the
time required to reach the steady state 7, which can be
calculated as:

pc, R?
~R2—:—, 5
t x ~op’®
where R is the radius of the nanoparticle, D is

the thermal diffusivity (m?/s). For water, the thermal
diffusivity is 1.43x10% m?%/s.

The authors considered gold NPs 100 nm in size.
The largest size of the NPs considered in this work is 70
nm. Due to the quadratic dependence of T on the NP
radius, the time to reach the steady state for our NPs is
significantly shorter.

Since the temperature distribution corresponds
to the Poisson equation, which is scale-invariant, it
depends on the particle size only indirectly, through the
absorbed power P. For a small sphere, the distribution
P(r) is uniform, and the temperature rise inside the NP
can be described by the equation:

p(R* —1?)

AT(r) = o
NP

+ ATNP , (6)

where AT yr is the temperature calculated using (4).

The temperature is the highest at the center of the
particle, and tends to T,, at the surface of the particle.
Thermal heterogeneity can be calculated using the
formula:

ATmax
ATmin

= 1+K
B 2KNp

For Fe,O, NPs, the ratio AT /AT . is 1.04. It can be
said that the heat inside the NPs propagates rather
quickly compared to the external environment, and the
temperature is almost uniform inside the particles of the
considered sizes. Thus, the approach proposed for gold
nanoparticles is applicable to the IONPs considered in
this work.

Results

The TEM results show that the IONPs of hexagonal
shape and have diameters ranging from 20 to 70 nm
(Fig. 1). The hydrodynamic size of particles in the colloid
is 130£65 nm, which indicates some aggregation, the
(-potential measured in distilled water (pH = 7.0) was
354 mV.

The intracellular distribution of IONPs in Hela cell
culture obtained using laser scanning microscopy is
shown in Fig. 2.

In cells, “hot spots” are localized within
endolysosomes, which is confirmed by the rapid
discoloration of the lysosomal dye LysoTracker™ Green
DND-26 (Invitrogen, USA), data not shown. A similar
intracellular localization of IONPs is observed in many
works, for example [32]. The emission spectra of “hot
spots”are shown in Fig. 3.

The shape of the recorded spectra of “hot spots” is
characteristic for thermal radiation, which indicates a
high local temperature. To analyze and interpret the
observed effect, we performed theoretical modeling
of the local field enhancement between IONPs with a
radius of 10 and 35 nm (the largest and smallest NP size
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Puc. 1. a — cneKTpbl nornoweHus BogHoro Kosionaa IONPs; b — M3M IONPs, wkana 200 HM, Ha BcTaBke — 30 HM.
Fig. 1. a — absorption spectra of IONPs water colloid; b — TEM of IONPs, scale 200 nm, scale on the inset — 30 nm.

in the studied colloids) and the heating of IONPs under
the laser irradiation. The scattering and absorption
cross-sections for single IONPs with a radius of 10 and
35 nm, calculated using the T-matrix method, are shown
in Fig. 4.

The dependence of the field enhancement for
single IONPs with a radius of 10 and 35 nm from the
wavelength, calculated using the T-matrix method, is
shown in Fig. 5.

It can be seen that the observed field enhancement
for individual IONPs is rather low. For a pair of two

particles, the field enhancement is much higher,
Fig. 6.

The maximum enhancement is achieved at a small
distance between nanoparticles and is 112 and 96 at a
distance between nanoparticles of 1 nm for 458 and 561
nm wavelengths, respectively. These field enhancement
values are comparable to the enhancement obtained
with gold NPs. The field enhancement factor
exponentially depends on the distance between
particles, Fig. 5, and tends to the value for a large particle
at large distances between particles. The calculated

Puc. 2. MUKpOCKONUYECKNE N306ParKeHUs Kylb-
Typbl Knetok Hela, nony4yeHHble Npu nasepHom
CKaHUMPOBaHUU C AJIMHOM BONHbI 561 HM. Puo-
IeTOBbIM LBETOM NOKa3aHbl UHAYLIUPYEMbIE NPU
Nla3epHOM CKaHUPOBaHUMU «rOPSIHUE TOYKU».

Fig. 2. Microscopic images of a HeLa cell culture
obtained by laser scanning at a wavelength
of 561 nm. The «hot spots» induced by laser
scanning are shown in purple.

w
-
O
—
(a'4
<
<
Z
O
o
O

BIOMEDICAL PHOTONICS T.10, N24/2021

49



V9]
-
O
l_
(2’4
<
<
<
O,
&
O

Pominova D.V., Romanishkin I.D., Plotnikova E.A., Morozova N.B.,
Loschenov V.B., Wittig R., Linden M., Steiner R.W., Ryabova A.V.
Photo-induced processes of iron oxide nanoparticles to enhance laser therapy

B Cnextpel "ropaumx Touex" [ "Hot spot” spectra

1_207“‘E|n|‘ IREF‘Uniu — [epanidd nukcens [ 151 piuel
.%- Bropo#i nukcens / 2st pivel
E — TpeTwi nircent / 35t pixel
t 1 YereepTuif nukcens f45t pixel
=2
.
0 08
——
o
=
& 06
&
u
a 0.4
G
o
=
£ oz
]
L
E
* = :

350 450 350 650 750

Dauma sonnel [Hy] [ Wavelength [nm]

Puc. 3. a — cneKkTpbl MHAYLUPYEMbIX NPU Na3€PHOM CKAHUPOBAaHUM «FOPSAYNX TOUEK», b — nanocTpaLmMa Ucnosib3yemoro Metoaa ycpea-
HeHus. [ToKa3aHbl TPU «ropsiuve TOUKWU», NpeacTaBisiiowne co6omn rpynny NnMKcenen ¢ pasiMyHon APKoCTblo. /1 NoNy4eHUs pe3ynbTu-
PYIOLWKUX CNEKTPOB NPOBOAUIN yCPEeAHEHUE NO NUKCENAM C OAMHAKOBOW IPKOCTbIO (MMKcenb 1, NnuKcenb 2 U T.A.) ANA YeTbipex «ropsYnx
TOYEK».

Fig. 3. a — spectra of laser-scanned «hot spots», b — illustration of the averaging method used. Three <hot spots» are shown, which are a
group of pixels with different brightness. To obtain the resulting spectra, averaging was performed over pixels with the same brightness
(pixel 1, pixel 2, etc.) for four «<hot spots».

120 8000

100 - —sigma sca 10 nm E ——sigma sca 35 nm
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Puc. 4. CeveHus paccesHus u nornoweHus ana ogmHouHbix IONPs paguycom 10 HM u 35 HM, paccuMTaHHble NpY NOMOLLUK MeToaa
T-martpuu,.

Fig. 4. Scattering and absorption cross sections for single IONPs with a radius of 10 nm and 35 nm, calculated using the T-matrix
method.
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Puc. 5. PakTop ycuneHus nons ans oauHodHbix IONPs paguycom
10 HM 1 35 HM, paccyuTaHHbIi Npy NomowmM metoga T-maTpuu.
CHOCKamMMu MokKa3aHbl 3HayeHus ¢aKTopa ycuneHus nons Ans
ANVH BOMH 458 HM 1 561 HM.

Fig. 5. Field enhancement factor for single IONPs with a radius
of 10 nmand 35 nm, calculated using the T-matrix method. Data
labels show the values of the field amplification factor for the
wavelengths of 458 nm and 561 nm.

Puc. 6. dakTop ycuneHus nons ana aumepos u3 aAsyx IONPs pagu-
ycamu 10 HM 1 35 HM, paccyUTaHHbIA NPU NOMOLLU METOAA KOHeY-
HbIX pa3HOCTEW BO BPeMEHHON o6nactu Ana AAvH BONH 458 HM
1 561 HM B 3aBUCUMOCTH OT PacCTOSIHUSI MEXJy HaHo4YacTULamu d.
Fig. 6. Field enhancement factor for dimers from IONPs with a
radius of 10 nm and 35 nm, calculated using the finite difference
method in the time domain for wavelengths of 458 nm and
561 nm depending on the distance between nanoparticles d.

enhancement values for single IONPs and dimers are
shown in Table 1.

When analyzing the results obtained for the spatial
distribution of the field, several characteristic zones can
be distinguished in the EM interaction of two particles,
Fig. 7.

At distances of more than 10 nm, the particles
practically do not interact with each other. The
enhancement is almost the same as for individual IONPs
(Table 1). As the distance decreases to less than 10 nm,
the field enhancement zones around the nanoparticles
begin to overlap and local “hot spots” appear, the
enhancement in which significantly exceeds the field
enhancement for individual NPs. With a change in the
distance from 10 to 1 nm, an exponential increase in
the field enhancement factor is observed, as well as
localization of the resulting enhancement in a small
region of the space between NPs.

The values of the heating temperature under the
laser irradiation, calculated for IONPs with a radius of
10 and 35 nm (the smallest and largest particle size in a
colloid), under the laser irradiation with wavelengths of
458 and 561 nm, are shown in Table 2.

It is shown that the heating temperature of large
NPs (70 nm in size) approximately corresponds to
the heating temperature of 100 nm gold NPs by
laser radiation at the absorption maximum. The total
heating of a 100 nm NP by two wavelengths is 107.9
°C. Despite the rather high heating temperature, the
occurrence of thermal emission of nanoparticles at

BIOMEDICAL PHOTONICS T.10, N24/2021

Ta6nuual

(daKTop YCUAEHHUSA NOASA, pAaCCUMTAHHbIN AAA OAMHOUHDbIX IONP
1 UX AMMEpPOB

Table 1

Field enhancement factor calculated for single IONPs and
their dimers

Aumepbi IONPs

apaverp |E/Eo|? |E/Eo|?
d, Hm A =458 Hm A=561HM
d, nm A=458nm A=561nm
1 112 96
5 29 26
10 20 18
50 8 7
OpaunHouHble IONPs
Single IONPs
|E/Eo|? |E/Eol|?
A\ HM R=10HMm R=35HMm
A, nm R=10nm R=35nm
460 6 8
560 5 7

MpumeyaHve: d — paccTosiHMe MeXay HaHouacTULamu, N — AnvHa Bon-
Hbl, R - pagunyc HaHovacTu.

Note: d - distance between nanoparticles, A — wavelength, R - radius
of nanoparticles.
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d=1wm/d=1nm

d=5um/d=5nm

Puc. 7. lpocTpaHCTBEHHOE pacnpeaeneHue nosjs U 1IoKkaabHoro ycunexus nona mexay IONPs ¢ paguycamu 10 Hm 1 35 HM B 3aBMCUMO-

CTH OT PAacCTOSIHUA MeXy HaHoYacTULaMM d.

Fig. 7. Spatial field distribution and local field enhancement between IONPs with 10 nm and 35 nm radii depending on distance

between NPs d.

Ta6nuua 2

Bpems AOCTMXXEeHUA yCTaHOBUBLLETOCA PeXuma T U OTHOCUTeAbHOE U3MeHeHUe Temnepatypbl AT noa AENCTBUEM Aa3epHoro us-

Ay4yeHUs AN uccrepoBaHHbIx IONPs
Table 2

Time to reach steady state conditions T and relative temperature change AT under the laser irradiation for the studied IONPs

2
cpeAa /

Fe,0, 10 0.001
Fe,O, BOAa 35 0.003
Au 50 0.019

50 (458 H™m) 4.4 3Ta paborta /
18 (560 HM) 1.1 this work
3522 (458 HMm) 88.9 3Ta pabota /
1157 (560 Hm) 19.0 this work
(B pabote
He yKasaHo) / 100 [50]

NA

MNpumeyaHune: R - paanyc HaHO4YacT1L, T - BPEMA AOCTUKEHNA YCTAHOBMBLLETOCA peXXMa, 0, — Ce4eHne NOornoweHnA HaHOYaCTULbl, AT - oTHOCK-
TeNbHOE U3MeHeHNe TeMmnepaTypbl No4 nencTsnem Na3epHOro n3nyyeHus.

Note: R - radius of nanoparticles, T - time to reach steady state conditions, o

change under the laser irradiation.

s — @bsorption cross section of nanoparticle, AT - relative temperature

such temperatures is unlikely. In this regard, we assume
that the observed “hot spots” arise mainly due to the
local field enhancement.

Since the field enhancement is highly dependent
on the distance between particles, we investigated
the effect of temperature on the number of observed
“hot spots”. Presumably, as the temperature rises, the
particles more often find themselves at a close distance

from each other and the number of observed“hot spots”
should increase.

The IONPs colloid image obtained by laser scanning
at wavelengths of 488 and 561 nm is shown in Fig. 8a. The
dependence of the number of “hot spots” on temperature
and particle concentration is shown in Fig. 8b.

With an increase in temperature by 30°C, the number
of“hot spots”increased by about 7000 on average. This is
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due to the fact that with an increase in temperature, the
diffusion coefficient increases, which is proportional to
the temperature, and the particles more often approach
each other. Thus, due to more frequent approaches of
nanoparticles, enhancement occurs more often, which
confirms the assumption made about the appearance of
the observed “hot spots” due to the local enhancement
of the electromagnetic field between NPs.

Discussion and conclusion

Over the past 20 years, there has been a significant
increaseinthe numberofreports on hyperthermia. Many
focused onthelocal heating effect, a special temperature
profile near NPs with little or no macroscopic heating.
This approach has many benefits. First, the effect
becomes less dependent on the number of NPs usually
required to significantly increase the macroscopic
temperature in the target area. Consequently, biological
tissues are not exposed to serious stress, and the toxic
effects are highly localized. Second, the thermal profile
around the NP can cause drug release without thermal
damage to the treatment area.

The temperature profile of heating near a
nanoparticle is difficult to study due to its nanoscopic
size and short event time. Measurements can be
an indirect (for example, using thermosensitive

reactions) or a direct estimate of the thermal gradient
in the region of interest. Direct estimation of the local
temperature profile around nanoparticles is less studied
[52]. Using nanotherometers, such as up-conversion
NPs [53], sensors based on DNA hybridization [54],
thermosensitive polymers [55], a strong temperature
gradient was recorded from the surface of nanoparticles
to the environment.

Another interesting effect is the local enhancement
of the electromagnetic field near nanoparticles,
which can lead to an increase in the luminescence
intensity of nanoparticles and dyes [56], an increase
in the Raman scattering signal [57], and an increase
in the efficiency of singlet oxygen generation by
photosensitizers [58]. It was shown in [59] that the field
enhancement for non-spherical gold nanoparticles £/
E,is 25 to 35 times. The use of dimers made of non-
spherical gold nanoparticles and careful optimization
of their parameters made it possible to obtain a field
enhancement of 270 for two gold nanoparticles,
elliptical and spherical, differing 1000 times in volume,
located at a distance of 17 nm from each other. The
field enhancement between two spherical silver
nanoparticles with a radius of 0.5 and 5 nm exceeds
the field enhancement of one NP by a factor of 75 and
is about 400 at the resonance wavelength.

Yucno croprumrx Tosess / Number of "hot spots”™

35000

30000 /
) 25000
g =4=0.1 mr/an /
T 20000 - 0.1 mg/ml
= 15000 - ~4-0.01 mr/mn /
& > 0.01 mg/mi
Z 10000 —
B -

5000 ~
-
o T !
20 30 40 50 60 70
T°C
a b

Puc. 8. a — KpacHbIM LBETOM NpeAcTaB/eHbl «ropsiuue TOUKU» Ansi BogHoro komonaa IONPs ¢ KoHueHTpauuen 0,1 mr/mn npu o6nyye-
HUU OJ4HOBPEMEHHO na3epamMu ¢ AIMHaMu BoJIH 488 HM 1 561 HmM npu 100% mouwHocTH; b — 3aBMCMMOCTU KonlMdyecTBa HabnlogaemMbix

BCNbIWeEK oT KoHueHTpauuu IONPs n Temnepartypbl.

Fig. 8. a — red color represents «hot spots» for an aqueous colloid of IONPs with a concentration of 0.1 mg/ml under
simultaneous irradiation with 488 nm and 561 nm lasers at 100% power; b — dependences of the number of observed «hot spots» on

the concentration of IONPs and temperature.
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In our work, we have demonstrated that, upon
laser excitation of the investigated IONPs, individual
regions with a bright glow, the so-called “hot spots”,
are observed in the obtained images. In the case of in
vitro studies, these points were localized in areas of
accumulation of nanoparticles inside cells, presumably
in lysosomes. Exposure of cell cultures to high power
density laser radiation leads to cell death. It was
assumed that the cause of the observed effect may
be laser-induced heating and / or local enhancement
of the electromagnetic field near the surface of
nanoparticles.

Based on our recorded luminescence spectra of “hot
spots” in an aqueous colloid of polydisperse IONPs at
a sufficiently high laser scanning power density (MW/
cm?) characteristic of thermal radiation, conclusions can
be drawn about a very high local temperature.

However, using theoretical modeling, it was shown
that the heating temperature of large NPs (70 nm
in size) approximately corresponds to the heating
temperature of 100 nm gold NPs by continuous laser
radiation to the absorption maximum. The total
heating of a 100 nm NP by two wavelengths is 107.9
°C. Despite the rather high heating temperature, the
occurrence of thermal emission of nanoparticles
at such temperatures is unlikely. However, upon
reaching 100 °C, water begins to boil, the NP will end
up in a vapor bubble, this will reduce the rate of heat
dissipation and lead to even greater overheating. It
should be noted that, according to the literature data,
in the case of pulsed laser excitation, heating can be
significantly higher and reach 1000 K at the end of the
laser pulse [60].

Theoretical modeling of the local field enhancement
for IONPs with a radius of 10 and 35 nm showed that
the dependence of the enhancement for single NPs
is rather low. For a pair of particles with a radius of 10
and 35 nm, the field enhancement is much higher. The
maximum enhancement is achieved at a small distance
between nanoparticles and is two orders of magnitude
at a distance between nanoparticles of 1 nm. Such
values of the field enhancement are comparable to
the enhancement obtained for plasmonic NPs made of
noble metals.

At distances more than 10 nm, the particles
practically do not interact with each other. When the
distance changes from 10 to 1 nm, an exponential
increase in the field enhancement factor is observed,
as well as localization of the resulting enhancement in
a small region of the space between nanoparticles, and
local “hot spots” appear. It was also shown in [60] that,
in contrast to single spherical nanoparticles, for which a
uniform temperature distribution is observed in the bulk
of the nanoparticle, in the case of dimers and trimers
from gold nanoparticles, hot and cold zones arise in
the bulk of the particles with plasmon resonance. The
location of the maximum density of the plasma of free
electrons surrounding the nanoparticles coincides with
the location of the “hot spots” of the hot zones with high
temperature and with the location of the maximum
enhancement of the electric field inside the particles.
Thus, the observed thermal emission may be due to the
local enhancement of the electric field in IONPs dimers.
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Abstract

The paper presents the results of literature data analysis on the main directions of precancerous diseases of the cervix uteri and cervical cancer
treatment. Side effects following surgery or radiation treatment can lead to structural deformities, scarring, hyperpigmentation, systemic side ef-
fects, and destruction of normal tissue. In addition, the use of traditional methods of treatment can cause multidrug resistance, which will lead to
ineffective treatment and the development of a relapse of the disease. To avoid toxicity and reduce side effects, alternative treatment strategies
have been proposed. Photodynamic therapy (PDT) is a promising organ-preserving highly selective method for treating cervical neoplasia, which
includes two stages: the introduction of a photosensitizer and local exposure to directed light radiation. A number of studies have demonstrated
the high clinical efficacy of this method in the treatment of patients with cervical neoplasia and carriage of human papillomavirus infection with-
out adverse consequences for fertility. The use of PDT contributes to the successful outcome of the treatment of pathological foci on the mucous
membrane of the cervix, the effectiveness and safety of the method is ensured by the selective effect on tissues. In the course of treatment, normal
surrounding tissues are not damaged, there is no gross scarring and stenosis of the cervical canal, thereby PDT allows maintaining the normal
anatomical and functional characteristics of the cervix.
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Peslome

MpepcTaBneHbl pe3ynbTaTbl aHanM3a AaHHbIX IUTePaTypbl 06 OCHOBHbIX HANPaBIEHUAX JIeYeH WA NPeAPaKOBbIX 3a60NeBaHNIA WK MaTKN
1 paka LWeinkn maTku. MobouHble 3GpdeKTbl Mocne XMpPypruyeckoro UM Ny4eBoro IeUeHVs MOTYT MPUBECTMU K CTPYKTYPHbIM Aedopmauusam,
pybLam, runepnurMmeHTaumnm, CUCTEMHbIM NMOBOYHBIM 3PdeKTamM 1 pa3pyLLEHVI0 HOPMaJibHbIX TKaHel. Micnonb3oBaHye TPagULNOHHBIX Me-
TOAOB NleYEHNA MOXET BbI3BaTb MHOXXECTBEHHY!IO JIEKAPCTBEHHYIO YCTONUMBOCTb, YTO NPUBEAET K HeaGDEKTUBHOCTN NEYEHUA 1 Pa3BUTUIO
peumnpmnBa 3aboneBaHns. YTobbl 36eXaTb TOKCUYHOCTM U YMEHbBLINTb NOGOYHBIE 3PdEKTbI ObINN NPEANOKEHDI anbTePHaTVBHbIE CTPATENM
neyeHus. NlepcnekTMBHBIM OPraHOCOXPAHAIOLLMM BbICOKOCENEKTUBHBIM METOAOM JIEYEHUS HEOMJTA3MM LEVKN MaTKK ABAseTca GoToguHamu-
yeckas Tepanua (DOT), koTopas BKOYaeT ABa 3Tana: BBeAeHne GoToceHCnbmnmsaTopa 1 noKasbHOe BO3AECTBME HanpaBIEHHOrO CBETOBO-
ro nsnyyeHus. B page nccnepoBaHuin NPoAEMOHCTPUPOBaHa BbICOKaa KNMHUYeCKana SPPEKTVBHOCTb STOFO MeToAa B JIeUeHN NaLmneHToK C
LiepBUKanbHON HeoMnasnei 1 HOCUTENbCTBOM MHGEKLMUM BUPYCa NanuIoMbl YesloBeka 6e3 He61aronpuATHbIX NOCNeACTBUIA AnA GepTub-
Hoctu. Mcnonb3osaHve OAT cnocobcTByeT ycnewHoMy pesynbTaTy JIeYeHNA NaToIorMYecknX o4aroB Ha CIM3UCTO 060n0uKe WeNKy MaTKK,
3¢p$eKTUBHOCTb 1 6e30MacHOCTb METOAA 0becrneumBaeTcs U3bMpaTeNbHOCTbIO BO3AECTBUA Ha TKaHW. B npoLiecce neyeHus He MoBpeXxaatoT-
Cl HOpMaJibHble OKPYXKaloLLiMe TKaHuW, He NPOMCXOAMT rpy6boro pyoLieBaHUA 1 CTeHO3a LiepBrKaribHOro KaHana, Tem cambiv OIT no3sonser
COXPaHNTb HOPMaslbHble aHaTOMO-PYHKLIMOHANIbHbIE XapaKTEPUCTVKI LIEVKN MaTKU.

KnioueBble cnoBa: pak LK1 MaTKy, AUCMa3nA LWeKy MaTKK, BUPYC NanuiioMbl YesioBeka, poToanHaMmnyeckas Tepanis, GoToceHcmbunm-
3aTop.
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Introduction

Currently, cervical cancer (CC) is one of the most
common oncological diseases and is a serious public
health problem. In most countries, this disease is the
main cause of death for women [1]. According to the
International Agency for Research on Cancer, in 2020,
603,863 new cases of cervical cancer were registered
in the world, of which 341,680 were fatal. In the struc-
ture of oncological mortality in women, cervical can-
ceris 7.7% [2]. The 5-year survival rate of patients with
cervical cancer in 2020 varied in different countries
from 37% to 77% [3]. The proposed approaches to the
treatment of this disease largely depend on the stage
of the disease, the presence of relapses and tumor
metastases [4].

Intraepithelial neoplasia of the cervix are precan-
cerous forms of CC. The risk of developing a malignant
tumor in patients with squamous intraepithelial neo-
plasia is 20 times higher than in healthy women [5].
Therefore, timely treatment of cervical intraepithelial
neoplasia (CIN) in the early stages is an extremely
important task to prevent the development of cervical
cancer.

In the vast majority of cases, the human papil-
lomavirus (HPV) acts as the leading etiological fac-
tor in the development of squamous intraepithelial
lesions of cervical cancer and squamous cervical
cancer [6].

Conventional anticancer therapy for cervical can-
cer includes surgery, radiation therapy, and chemo-

therapy. However, these methods have obvious disad-
vantages [7].

Side effects after surgery or radiation treatment
can lead to structural deformities, scarring, hyper-
pigmentation, systemic side effects, and destruction
of normal tissues. In addition, the use of traditional
therapies can cause multidrug resistance, leading to
treatment failure and disease recurrence. Alternative
treatment strategies have been proposed to avoid tox-
icity and reduce side effects. Photodynamic therapy
(PDT) is one of the least invasive methods, in which
non-toxic photosensitizers (PS) are administered sys-
temically or applied locally, followed by their activa-
tion by light of a certain wavelength in the presence
of cellular oxygen. PDT is successfully used in clinical
practice, in particular, in the treatment of oncological
diseases [8, 9, 10]. PDT makes it possible to achieve
positive results, avoid the appearance of rough cica-
tricial tissues, and preserve the patients' quality of
life, including in cases where the use of other meth-
ods of antitumor therapy was ineffective [11, 12, 13].
Fluorescent diagnostics, also based on the use of PS,
is successfully used for the purpose of early diagnosis
of neoplasms, as well as to clarify the boundaries of an
already detected tumor focus and identify additional
foci during surgical treatment in order to more radi-
cally remove the tumor and reduce the likelihood of
recurrences [14, 15].

After a certain time (from several minutes to several
days), the tumor is irradiated with red or near infra-
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red light, which excites the PS with the formation of a
long-lived triplet state. PS reacts with ambient oxygen
to form reactive oxygen species and/or hydroxyl radi-
cals, which kill tumor cells, destroy tumor blood ves-
sels, and lead to tumor regression and necrosis [16].

The aim of the work was to analyze the literature on
the effectiveness of PDT for precancerous diseases of
the cervix and cervical cancer.

The effectiveness of PDT depends primarily on the
accumulation of PS in the affected tissue, as well as
on local light delivery. At the same time, the physico-
chemical properties of PS have a great influence on
their effectiveness, pharmacodynamics, and pharma-
cokinetics [17]. Porphyrins, chlorins, bacteriochlorins,
and phthalocyanins have been extensively studied for
use in PDT. Several compounds have received clinical
approval [18, 19]. For the treatment of large or deep-
seated tumors, bacteriochlorophyll a derivatives with
intense absorption in the long-wavelength region of
the spectrum have recently been studied [20]. Numer-
ous experimental works studying the mechanisms of
action, tissue and cellular targets of PS have been per-
formed abroad [21] and in Russia [22, 23].

Results of experimental studies of the effectiveness of
PDT

In 2019, Guo W. et al. [7] investigated in vitro the
antitumor activity of curcumin-containing liposomes
againstthreedifferentcancercelllines:HelLa, UD-SCC-2,
and VX2. Cancer cells in the concentration range from
0 to 100 umol/I were incubated with liposomes for 4
h, then irradiated with LEDs at a wavelength of 457
nm and an energy density of 1, 3, and 5 J/cm? The
results showed increased cytotoxicity at a light energy
density of 3 J/cm? a decrease in the rate of colony
formation, cell proliferation and migration. Curcumin-
containing liposomes have been proposed as an
effective treatment for HPV-associated cancers.

Microencapsulation and targeted delivery of
cytotoxic and antibacterial agents during PDT improve
the results of cancer treatment. In many cases, loss
of potency, poor encapsulation efficiency, and
inadequate drug dosing hinder the success of this
technology. Therefore, the development of new and
reliable microencapsulated dosage forms that provide
high therapeutic efficacy is of paramount importance.
In the study of Ermakov A.V. et al. [24] a delivery
using biodegradable microcapsules assembled from
dextran sulfate (DS) and poly-1-arginine (PArg), a
choline derivative of zinc phthalocyanine (holosens),
a water-soluble cationic preparation for PDT was
carried out in vitro. The capsules were tested using
cervical adenocarcinoma (HelLa) cell lines, normal
human diploid fibroblasts (NHDF), and two bacterial
strains: Gram-positive Staphylococcus aureus and

Gram-negative Escherichia coli. The results of the
study provided strong evidence that the encapsulated
forms of holosens are effective as PDT preparations.
The authors believe that polymer multilayer capsules
obtained by sequential self-assembly on the surface of
additional naturally occurring biocompatible polyions
will outperform the vast majority of nanomaterials
in cancer treatment due to their stable structure and
safety.

A study of the effect of 5-aminolevulinic acid PDT
(5-ALA-PDT) on the endoplasmic reticulum and asso-
ciated mechanisms of infection with high-risk HPV
types showed that 5-ALA-PDT suppressed the viability
of Hela cells in vitro and induced autophagy in Hela
cells via the pathway Ca?-CamKKB-AMPK. At the same
time, 5-ALA-PDT induced apoptosis via activation of
caspase 12 [25].

The same authors investigated the effectiveness of
combined treatment of HPV infection with 5-ALA-PDT
and dihydroartemisinin (DHA). DHA is a derivative of
artemisinin, which has an inhibitory effect on cancer
cells. Hela cells were treated with 5-ALA and/or DHA
and PDT was performed. Cell viability, proliferation
duration, production of reactive oxygen species (ROS),
and apoptosis activity were assessed. It was found that
the use of DHA can enhance the effect of 5-ALA-PDT
on the duration of cell proliferation and viability, the
level of ROS production, and apoptosis in Hela cells.
According to the authors, the use of 5-ALA and DHA
during PDT is very promising, since DHA enhances the
effect of 5-ALA-PDT in the presence of HPV [26].

In the work of J.H. Ha and Y.J. Kim [27] the possi-
bility of using capsules with pheophorbide A (an epit-
opic analogue of oncoprotein E7, EAE7) as part of poly-
meric nanoparticles in the combined treatment of HPV
infection using PDT and cold plasma treatment of cer-
vical cancer cells was evaluated. The results of in vitro
analysis of PDT efficiency demonstrated that the use
of nanoparticles increases the activity of the method
in relation to CaSki cells, which is due to an increase in
the targeted effect of radiation. The combined effect,
causing increased intracellular formation of reactive
oxygen species and apoptotic death of tumor cells,
more effectively inhibited the growth of cervical can-
cer cells.

M. Pola et al. [28] studied the role of oxygen dur-
ing photodynamic treatment of CC cells of the Hela
line. The effect of PDT was evaluated by adding disul-
fonated zinc phthalocyanine (ZnPcS,) and tetrasulfo-
nated zinc tetraphenylporphyrin (ZnTPPS)) to the cell
culture. Analysis of phototoxicity at various levels of
oxygen partial pressure showed dose-dependent cel-
lular responses during PDT. The efficiency of using
ZnPcS, as a PS at the minimum level of oxygen in the
atmosphere was noted. It was found that hyperbaric
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oxygen therapy did not result in higher PDT efficacy
with any of the PSs used in the study. At the same time,
both PS can cause a significant decrease in the poten-
tial of the mitochondrial membrane, and ZnPcS, has a
more pronounced effect on mitochondrial respiration,
which is completely blocked after two short sessions
of PDT. In general, the results of the study showed that
PDT can be effective even under hypoxic conditions
with the selection of the appropriate PS, for example,
ZnPcs,.

Z. Li et al. studied the action mechanism of a new
PS (TBZPy) and the possibility of its potential use in
the treatment of HPV-associated diseases with a high
carcinogenic risk. Hela cells infected with HPV type 18
were subjected to PDT using TBZPy. PDT contributed
to the loss of the mitochondrial membrane potential,
led to suppression of the expression of anti-apoptotic
proteins, increased the expression of pro-apoptotic
proteins, stimulated the production of reactive oxy-
gen species, the release of lactate dehydrogenase and
apoptosis of Hela cells in vitro, and suppressed cell
viability. Photodynamic exposure also suppressed the
expression of HPV E6 and E7 proteins, which indicated
the possibility of using the new PS in the treatment of
diseases etiologically associated with human papillo-
mavirus infection [29].

Results of clinical studies of the effectiveness of PDT of
precancerous lesions of cervix and cervical cancer

In clinical trials, PDT has proven to be a promis-
ing organ-preserving highly selective treatment for
intraepithelial neoplasia of cervical cancer and early
invasive cervical cancer. According to the data given in
the work of Park Y.K. et al. [30], the frequency of com-
plete remission during PDT of cervical intraepithelial
neoplasia was noted in 95% of cases. The authors
showed that PDT can be recommended as a new
method for the treatment of patients with pre-malig-
nant lesions, as well as carcinoma in situ and early
invasive cervical cancer. In the case of more advanced
stages of invasive cervical cancer, combined chemo-
photodynamic therapy is necessary.

J. Xie et al. [31] assessed the HPV viral load
before and after PDT with 5-ALA during a dynamic
examination of 111 patients with genital warts. In
condyloma cells, induction of the expression of the
regulatory proteins LC3Il and p62 was observed along
with an increase in the regulatory activity of caspase-3.
This approach contributed to the inhibition of Hela
cell proliferation in a dose-dependent manner and
effectively reduced the HPV viral load by influencing
autophagy, apoptosis, Ras/Raf/MEK/ERK and PI3K/
AKT/mTOR signaling cascades.

The high clinical efficacy of the PDT method has
been demonstrated in the treatment of patients with

CIN and carriers of cervical HPV infection without
adverse effects on fertility [32].

The effectiveness of PDT with 5-ALAin the treatment
of foci of vaginal intraepithelial neoplasia has been
shown. H. Cai et al. [33] evaluated the effectiveness
of PDT in 6 women aged 49-54 years with a diagnosis
of HPV-induced vaginal intraepithelial neoplasia.
Treatment included 4 to 8 procedures. Irradiation was
carried out 3 h after the introduction of 5-ALA, the
power density was 80 mW/cm?. In 4 out of 6 women,
the result of testing for HPV was negative 3-4 months
after the end of PDT. There were no signs of relapse
during this follow-up period.

The efficacy and safety of PDT in the treatment of
cervix neoplasms have also been substantiated in a
number of other studies. Tissue selectivity and high
safety of the method compared to traditional methods
have contributed to the fact that PDT is increasingly
being used as an effective alternative approach to
the treatment of HPV-associated CIN and preinvasive
cancer, especially in young women planning
reproductive function [34, 35].

Several types of PS are currently in use, but it should
be noted that there are no clinical trial data comparing
the efficacy of these PS in the treatment of CIN or cer-
vical HPV infection.

The high efficiency of PDT with the use of PS based
on chlorin e6 in the treatment of women with severe
squamous intraepithelial damage to cervical cancer
(HSIL) [36, 37]. The advantages of these PS are the
selectivity of accumulation in tissues, which leads to
mild phototoxicity and a low incidence of side effects.
The high rate of distribution of water-soluble PS deriv-
atives of chlorin e6 in tumor tissues makes it possible
to shorten the interval between drug administration
and irradiation. The action mechanism of these PSs is
largely based on the accumulation of the drug in the
vascular network that feeds the neoplasm, which justi-
fies the effectiveness of PDT [38].

Resistant persistence of HPV is also due to the pres-
ence of the virus in the vaginal mucosa, as a result of
which re-infection with cervical cancer is possible [39].
Therefore, the actual problem remains the develop-
ment of treatment methods that allow to achieve the
elimination of the virus from all mucous membranes
of the genital tract, to which HPV is tropic. Based on
this, it is impossible to carry out the destruction and/
or ablation of relatively large areas on the surface of
the cervix, vagina and vulva at the same time, given
the possibility of infection of these anatomical areas.
The advantage of PDT is the possibility of influencing
all localizations in order to eradicate HPV.

A systematic review and meta-analysis of 168
randomized clinical trials by M.C. Choi et al. demon-
strated the effectiveness of PDT in patients with CIN
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grades |, Il, and 111 [40]. According to the pooled data,
82% (804 of 980) of patients achieved primary com-
plete remission at the end of the 3-month follow-up
period, which was confirmed by cytological and his-
tological data. None of the patients was pregnant at
the time of PDT, 6 women became pregnant within
3 months after the end of treatment and gave birth
to full-term healthy babies. These results indicate
the effectiveness of the method for the treatment
of patients with HPV-associated squamous intraepi-
thelial lesions of cervical cancer without any serious
adverse effect on fertility.

In another study [36], 15 patients with CIN were
able to become pregnant after PDT treatment. Of
these, 6 women gave birth to full-term children, 2
required delivery by caesarean section, 1 patient had
a dead fetus, 4 who became pregnant within 3 months
after PDT had inevitable miscarriage in the early stages
of gestation.

In the study of E.V. Grebenkina et al. [41] the experi-
ence of PDT treatment of 12 patients diagnosed with CIN
lI-1ll and cancer in situ was described. The chlorin PS pho-
tolon was administered intravenously at a dose of 0.75-
1.15 mg/kg of body weight, after 1.5-2 hours an irradia-
tion session was performed using a polypositional laser
exposure technique (the energy density of laser radiation
was 150 J/cm?, the power density — 400-500 mW/cm?). 30
days after treatment, cervical conization was performed
with endocervical curettage. According to the results
of the histological study of postoperative material, the
effect of treatment in 4 patients was assessed as com-
plete regression, 7 patients had small CIN I foci, and 1 had
CIN Il foci. In 8 out of 10 HPV-positive patients, complete
eradication of HPV was obtained after treatment. No seri-
ous adverse events were reported during the irradiation
procedure. The authors concluded that the pronounced
therapeutic effect, high antiviral activity, and good toler-
ability make it possible to consider PDT as an alternative
organ-preserving treatment for early cervical cancer and
precancer.

In the study [42], the purpose of which was to opti-
mize the parameters of PDT with the PS photoditazine
in patients with tumor and precancerous pathology of
cervical cancer, 52 patients were included, of which 34
were diagnosed with precancerous cervical disease,
11 with cervical cancer, and 7 with chronic cervicitis.
PS in the form of a 0.5% gel was applied to the CM
in a volume of 1 ml. The results of the study showed
that photoditazine accumulates well in pathologi-
cal tissues. The maximum accumulation of the drug
was noted after 30 min, persisted for about 15 min,
then the PS level gradually decreased. It was found
that the minimum light dose required to activate
photochemical reactions is 100 J/cm?, while the opti-
mal dose that destroys all atypical cells is 250 J/cm?.

E. V. Filonenko et al. [43] presented the results of
a clinical study of the effectiveness of PDT with rada-
chlorin in 30 patients with precancerous and neo-
plastic cervical pathology. PS was administered once
intravenously by means of a 30-minute infusion at a
dose of 1.0 mg/kg of body weight 3 hours before irra-
diation at a power density of 300-350 J/cm? The result
of treatment in 26 (86.7%) patients was qualified as a
complete regression of the tumor, in 4 (13.3%) — as a
partial regression. In groups with a clinical diagnosis
of cervical erosion, Il st. dysplasia and carcinoma in situ
complete regression was observed in all cases. After
the first course of PDT in the group of patients with
stage lll dysplasia, complete regression was achieved
in 77%, with a diagnosis of cervical cancer la. stage - in
75% of observations. Patients with partial regression
of the pathological process 3-6 months after the end
of the first course of treatment underwent a second
course of PDT, which resulted in complete regression.
During treatment and during follow-up, no adverse
reactions associated with the use of radachlorin or
PDT were recorded. The PDT method using radachlo-
rin showed high efficiency in the treatment of cervical
cancer pathology.

M.C. Choi et al. [44] reported the frequency of
adverse events during PDT at the level of only 13.6%.
Adverse reactions were manifested only by a burning
sensation and vaginal discharge from mild to moder-
ate severity.

T.G. Ahn and S.J. Han [45] in cervical cancer 1B1 and
1B2 st. in women of childbearing age who wished to
preserve fertility, simultaneous chemo-photodynamic
therapy (CPDT) was used. 16 months after the cessa-
tion of CPDT, 2 out of 3 patients gave birth to full-term
babies by caesarean section. 45 months after 1 patient
gave birth to twins by caesarean section. Observation
for 60 months revealed no cases of recurrence of the
disease.

In general, the currently available information on
the effectiveness and safety of PDT, as well as the con-
venience and ease of use of the method, allow us to
consider this medical technology as the most prom-
ising direction in the treatment of varying degrees of
severity of intraepithelial lesions of the cervix, vulva,
and vagina [46].

The effectiveness of PDT in the treatment of
patients with CIN depends on the PS chemical struc-
ture and the method of its administration. At the
same time, the maximum efficiency is achieved with
systemic (intravenous) administration of PS, while
the use of 5-ALA application forms (solutions, gels
and ointments) does not lead to high efficiency in
the treatment of CIN. The results of studies by vari-
ous authors confirm the wide possibilities of using
PDT in the treatment of patients with CIN, which is
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possible due to the presence of a number of advan-
tages of this method compared to existing standard
methods of treatment. The main advantages of PDT
include minimal toxicity to surrounding normal
tissues due to the selective accumulation of PS in
pathological tissues, a low risk of a pronounced pain
syndrome, minor systemic effects, the absence of
mechanisms of primary and acquired resistance, the
possibility of an outpatient treatment session, the
possibility of combination with other methods of
therapeutic exposure, the absence of limiting cumu-
lative doses of PS and light exposure, the possibil-
ity of repeating the procedure many times, good
cosmetic results, the possibility of implementing an
organ-preserving approach [9, 15, 47].

Conclusion

Due to the fact that CC occupies a leading posi-
tion among malignant tumors in women aged 15 to 39
years, there is a need for adequate timely treatment of
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precancerous CC and early invasive CC while maintain-
ing the reproductive capabilities of patients. CC is one
of the most successfully treatable forms of cancer when
the disease is detected at an early stage. Therefore, the
development of effective alternative methods for the
treatment of HPV-associated squamous intraepithelial
lesions of cervical cancer and preinvasive cervical can-
cer without compromising the patient's fertility is of
high relevance.

An analysis of literature data indicates that the
use of PDT contributes to the successful treatment of
pathological foci on the cervical mucosa. The effec-
tiveness of the method is ensured by the selectivity of
the effect of light radiation on pathologically altered
tissue areas in this area. When implementing the
method, an impact is carried out that does not cause
damage to normal surrounding tissues, rough scarring
and stenosis of the cervical canal, thereby PDT allows
to save the normal anatomical and functional charac-
teristics of the cervix.
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Photodynamic therapy of a patient with basal cell skin cancer of the ear stage t3n0m0 (clinical case)

PHOTODYNAMIC THERAPY OF A PATIENT WITH BASAL CELL
SKIN CANCER OF THE EAR STAGE T3NOMO
(CLINICAL CASE)

Filonenko E.V.!, Grigoryevykh N.1.!, Ivanova-Radkevich V.1.2

'P.A. Herzen Moscow Oncology Research Center — branch of FSBI NMRRC of the Ministry
of Health of the Russian Federation, Moscow, Russia

2Peoples’ Friendship University of Russia (RUDN University), Moscow, Russia

Abstract

The article presents a clinical observation. The patient, 72 years old, applied to the MNII them. PA. Herzen with complaints about the presence of an
ulcerated tumor of the left ear. After further examination, a diagnosis was made - basal cell carcinoma of the ear skin with spread to the skin of the
parotid region T3NOMO. On July 9, 2021, the patient underwent a course of photodynamic therapy (PDT) using a photosensitizer based on chlorin
e6 and a diode laser with a wavelength of 662 nm. After one course of PDT, complete regression of the tumor was recorded.

Key words: basal cell skin cancer, photodynamic therapy, photosensitizer, chlorin e6.
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OOTOANHAMUYECKAA TEPAMNNA BOJIBHOTO  _
BA3AJIbHOKJIETOYHbIM PAKOM KOXH YLLHOU
PAKOBMHbI CTAOUM TSNOMO (KJTMHHNYECKOE
HABJIFOOEHME)

E.B. ®unonenko', H.U. Tpuropseesix', B.1. MsaHosa-Papkesuy?

'«MocKOBCKMI HOYYHO-UCCNEAOBATENBCKMIA OHKONOTMYECKUiA MHCTUTYT um. [1.A. TepueHa —
dunman PIBY «HaumoHanbHbIA MEAMUMHCKMA MCCNEA0BATENLCKMM LEHTP PAAMOIIOTUMY
Munmcrepcrea sppasooxpaHenus Poccuitckon @enepaummn, Mocksa, Poccus
2Poceumckuin Yuusepcutet apyx6el Hapoaos, Mocksa, Poccus

Pesiome
B cTaTbe npeacTaBneHo KnmHuyeckoe HabnogeHue. bonbHon, 72 net, obpatunca 8 MHUAOW vm. MN.A. TepueHa ¢ )anobamu Ha Hannume n3b-
A3BJIEHHOW OMyXOnu NIeBOro yxa. Mocne goobcnefoBaHyA NOCTaBNeH AMarHo3 — 6a3anbHOKIETOUHbIN PaK KOXM yXa C pacnpoCcTpaHeHVEM
Ha KoXy okosoyluHoii obnact T3ANOMO. bonbHomy 09.07.2021 6bin BbiNosiHeH Kypc doToguHammyeckon Tepanuu (OAT) c ncnonb3oBaHnem
doToceHcnbrn3aTopa Ha OCHOBE XNIOPVHA €6 U ANOAHOTO Nla3epa C ASIMHON BOMHbI 662 HM. MNocne npoBeaeHus ogHoro Kypca OAT 6bina
3aperncTpupoBaHa NoJsiHasa perpeccus onyxonu.

KnioueBble cnoBa: 6a3abHOKNETOUHbIN PaK KOXW, poTogMHAMUYECKasn Tepanms, GOTOCEHCMBUNN3ATOP, XTOPVIH eb.
Ana untnposanusa: OunoxeHko E.B., Mpuropbesbix H.W, iBaHoBa-Pagkesuy B.M. ®otoanHamnyeckas Tepanuna 6onbHOro 6asanbHOKNETou-
HbIM PaKOM KOXW YLWIHOWN pakoBUHbI cTaguy T3NOMO (knuHuyeckoe Habntogerme) // Biomedical Photonics. — 2021. - T. 10, N 4. — C. 68-70.

doi: 10.24931/2413-9432-2021-10-4-68-70
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Photodynamic therapy (PDT) in patients with basal
cell skin cancer has been successfully used in clinical
practice in Russia for several decades [1-4]. In some
works, there is still a statement that this method can be
effective only in superficial forms of this disease. Many
years of experience in the treatment of patients in this
category indicates that, with the use of appropriate
techniques, PDT is effective not only in superficial forms
of basal cell skin cancer, but also in locally advanced
tumors. At the P. A. Hertsen Moscow Scientific and
Research Oncological Institute effective methods of PDT
have been developed that make it possible to remove
foci of basal cell skin cancer even with invasive tumor
growth into the subcutaneous fat or in the presence

of a pronounced exophytic component. We carry out a
clinical observation.

PatientP., bornin 1949, turned toP.A.Hertsen Moscow
Scientific and Research Oncological Institute with
complaints of a bleeding ulcer in the region of the left
ear. The patient about 10 years ago noted for the first
time the appearance of a formation in the form of a
“small superficial”wound in the region of the left auricle,
he did not go to the doctors, was not treated. Since
2020, the formation began to rapidly increase in size,
began to bleed. In May 2021, the patient independently
applied to P. A. Hertsen Moscow Scientific and Research
Oncological Institute When examined on the skin
of the left auricle, there is a tumor infiltration in the

Puc. bazanbHOKNETOYHbIN paK KOXU neBoro yxa: a, b — onyxonb Ao neyeHus; ¢, d — NoNHasa perpeccus Onyxoaun, KOHTPONbHbIN

ocmoTp Yepes 6 mec nocne OAT.

Fig. Basal cell skin cancer of the left ear: a, b — tumor before treatment; ¢, d — complete regression of the tumor, follow-up examination

6 months after PDT.

CASE REPORTS

BIOMEDICAL PHOTONICS T.10, N24/2021

69



9p)
'_
%
O
o
L
o
L
n
<
@)

Filonenko E.V., Grigoryevykh N.I., Ivanova-Radkevich V.I.

Photodynamic therapy of a patient with basal cell skin cancer of the ear stage t3n0m0 (clinical case)

region of the lower third of the tragus, intertragus
notch, antitragus, earlobe with its partial destruction in
the lower part and posterior surface of the ear in the
projection of the shell. Tumor infiltration extends to the
skin of the parotid region anteriorly (3.1x2.5 cm in size)
and posteriorly (4.5x1.5 cm in size). There is ulceration
in the area of the tumor. A cytological study was
performed, according to which (No. 2717/2021) basal
cell carcinoma was diagnosed.

Additional examination is carried out. According to
CT scan of the facial area with intravenous contrast: in
the parotid region on the left, a zone of skin ulceration
is determined, with signs of thickening of the fiber, up
to 7 mm deep, anterior-posterior size up to 25 mm,
without convincing signs of infiltration into the sur-
rounding structures, the distance to the parotid salivary
gland is 3 mm. According to the ultrasound of the left
parotid region and regional zones: in the soft tissues of
the parotid region on the left, an ulcerous defect with
dimensions of 24x32 mm is detected with complete
destruction of the dermis and tumor spread into the
subcutaneous fat to a depth of 6.4 mm. The edges of
the ulcer are undermined. It does not grow into the
parotid salivary gland. Along the vessels of the neck,
moderately hyperplastic lymph nodes are determined
on both sides, in the submandibular region and in the
supraclavicular regions - no altered lymph nodes were
detected. There are no focal formations and free fluid in
the abdominal cavity.
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The clinical situation was discussed at an extended
consultation. Given the prevalence of the tumor pro-
cess, the stage of the disease - T3NOMO, the patient was
recommended to undergo surgical treatment, which
the patient categorically refused, given its volume. As
an alternative treatment option, it was decided to per-
form PDT.

OnJuly 9, 2021, a course of PDT was performed with
a photosensitizer based on chlorin e6.

After PDT, the patient came for follow-up exami-
nations in accordance with the terms of observation.
3 months and 6 months after treatment, complete
regression of the tumor was registered (Fig.), mod-
erately pronounced cicatricial deformity in the PDT
area. The patient remains under strict dynamic super-
vision.

Conclusion

The above clinical observation demonstrates the
effectiveness of the developed original PDT tech-
nique even in the case of local prevalence of basal cell
skin carcinoma corresponding to T3NOMO. Achieving
complete regression in such clinical situations is pos-
sible only with strict adherence to the recommended
standardized PDT technology. Under these condi-
tions, a high oncological result was obtained with the
achievement of complete regression of the tumor, the
absence of significant complications and a good cos-
metic effect.
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