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The problem of oncological diseases has acquired a social and medical
character. In this regard, the rapid development of new drugs and methods, as
well as modification of existing methods in order to increase their effectiveness, is
currently required. The paper aims to develop and study two promising agents for
photodynamic therapy. We discussed a new binary complex based on the widely
used photosensitizer chlorin E6 with europium, which can solve one of the main
disadvantages of drugs for photodynamic therapy: it can be used to treat deeper
tumors and act more effectively by transferring luminescence energy between
europium and chlorin E6. Our other agent was copper-containing chlorophyllin.
Chlorophyllin is a natural component, which is always promising in the development
of new drugs. The optical and fluorescent parameters of the agents were determined
using physicochemical methods; their ability to generate reactive oxygen species in
the presence of two fluorescent probes was studied: 2', 7'-dichlorodihydrofluorescein
and dihydrofluorescein. Thus, we showed the effectiveness of chlorophyllin
in comparison with chlorin E6 by 1.92 times at 50 ug / ml E6 and showed the
effectiveness of the binary complex even at the minimum concentration of 10 ug /
ml. Further research in cell cultures will develop the ways of the possible use of
new substances as photosensitizers.

Keywords: chlorin E6, chlorophyllin; binary complex; Europium; red spectrum,
reactive oxygen species, photodynamic therapy,; oncology

For citation. Shevchenko O.V., Plekhova N.G., Korshunova O.V., Tananaev
1.G., Apanasevich V.I. New Promising Agents for Photodynamic Therapy. Siberian
Journal of Life Sciences and Agriculture, 2022, vol. 14, no. 4, pp. 11-22. DOI:
10.12731/2658-6649-2022-14-4-11-22



12 Siberian Journal of Life Sciences and Agriculture, Vol. 14, Ned4, 2022

HOBBIE IEPCIHHEKTUBHBIE ATEHTbBI
JJI ®OTOAUHAMUYECKOW TEPAITUA

O.B. Ille¢uenxo, H.I'. Ilnexosa,
O.B. Kopwiynosa, U.I. Tananaes, B.U. Ananaceéuu

IIpobnema onxonocuyeckux 3a001esanuii NpUOOPena COYUAnbHbIL U MEOUYUHCKUL
xapaxmep. B ceszu ¢ smum 6 nacmosiwee epems mpedyemcesi ovicmpas paspadomra
HOGbIX NPENApamos u Menooos, a Mmakice MoOUGUKAYUs CyuecmeyIouux Memooos
€ Yenvio nosviuenus ux sg@exmusHocmu. JJannas paboma Hanpasiena Ha paspa-
OOMKY U uzyueHue 08yX NepCneKmMuUEHbIX a2eHmog OJis (POMOOUHAMULECKOL MEPANUU.
Mul paccmompenu Hogulti OUHAPHBILL KOMNIIEKC HA OCHOGE WUPOKO UCHONb3YEMO20
gomocencubunuzamopa xnopuna E6 ¢ esponuem, komopulti Modicem peuiums 00UH
U3 OCHOBHBIX HEOOCHAMKO8 NPEnapamos 0as PomoOUHAMUHECKOL mepanuu: e2o
MOJHCHO UCNONL3068AMb OJIsL JledeHlsl OoTee 21yOOKUX Onyxoael i 0elcmeosams boinee
apdexmusHo 3a cuem nepeoauu IOMUHECYEHYUU MeACOy esponuem u xaopurom E6.
Jlpyeum Hawum azenmom Obii Medbcodepacauuti Xaopopuinun. Xnopoguiiun — 3mo
NPUPOOHDLIL KOMINOHEHN, KOMOPbILL 8ce20a A8IACMCsl NEPCNeKMUGHbIM NpU paspa-
bomxke HosbIX Nekapcme. Onmuueckue u @ryopecyeHmmvlie napamempsl a2eHmog
OvLIU Onpedenenvl ¢ UCHOTb308AHUEM PUIUKO-XUMUYECKUX MemO0008; ObLId U3yUeHd
UX CHOCOOHOCTIb 2EHEPUPOBATIL AKMUBHBIE POPMBL KUCIOPOOd 8 NPUCYIMCINGUU O8YX
nyopecyenmuvix 301H008: 2', 7"-0uxnopoucudpodiyopecyeuna u oueuopodyopec-
yeuna. Takum o6pazom, mvl nokasanu s¢ghexmusrocms (1) xropoguiiura no cpas-
Henuto ¢ xnopurom E6 6 1,92 pasza npu 50 mxe/mn E6 u (2) 6unaprozo komniexca
dadice npu MuHuManbHou konyenmpayuu 10 mxe/mn. [Janvretuiue uccnedosanus Ha
KIEMOUHbIX KYILIMYPAX NO360AM paspadomams nymit 603MONCHO20 UCHONb308AHUS
HOBbIX 6EUjeCTB 8 Kauecmae PomoceHCUOUIU3amopos.

Kntouesvie cnosa: xnopun E6; xnopogpunnum; 6unapruiii komniexc,; Eeponuii; kpac-
Hblll CNeKmp; akmugHbvle opmbvl KUCI0poOd; POMOOUHAMULECKAS MEPANUs; OHKONO2USA

Jna yumuposanus. [llesuenxo O.B., I[lnexoea H.I', Kopuwiynosa O.B., Tananaes
H.I, Ananacesuu B.1. Hosvie nepcnekmuenvle azeHmol OJisk (hoMOOUHAMULECKOU
mepanuu // Siberian Journal of Life Sciences and Agriculture. 2022. T. 14, No4.
C. 11-22. DOI: 10.12731/2658-6649-2022-14-4-11-22

Introduction

Scientists predict that by 2040, the number of newly diagnosed cancers will
increase by 1.5 times compared to 2020 and will amount to 26 million people
[12]. The method of photodynamic therapy [PDT] is currently being widely
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developed due to the expansion of scientific knowledge, the capabilities of the
instrumental base, as well as the rapidly increasing statistics of cancer.

Medicinal products of natural origin are beginning to occupy a leading
position in many countries. Historically, the first photodynamic agents were
natural ingredients [8]. The photosensitizer [PS] chlorophyllin is a derivative
of the known chlorophyll compound. The main structure of chlorophyll is the
porphyrin ring, which is analogous to the structure of heme in hemoglobin.
The phytol tail of the porphyrin ring makes it fat-soluble and insoluble in wa-
ter. Chlorophyllin is a semi-synthetic mixture of sodium-copper salts derived
from chlorophyll [6]. During chlorophyllin synthesis, the magnesium atom in
the center of the ring is replaced with copper, and the phytol tail is lost. Unlike
natural chlorophyll, chlorophyllin is soluble in water, which is one of the essen-
tial requirements for a photosensitizer [ 7]. Currently, the chlorin E6 preparation
synthesized in the early 90s in the Russian Federation from cyanobacteria is
known [3]; it is widely used in many countries, as well as modified in different
ways to enhance the effectiveness of photodynamic therapy [1].

In our work, we study the prospect of using the synthesized binary complex
of chlorin E6 with europium not only for photodynamics but also for radiother-
apy due to the introduction of a heavy element into the structure. Europium is
capable of luminescence when exposed to coarse radiation (gamma or brems-
strahlung), as well as the transfer of this energy to the photosensitizer chlorin
E6. We assume that in this way, it is possible to implement more effective ther-
apy, for example, the treatment of deep tumors.

Materials and Methods
Thus, the paper aims to study the possibility of a new generation of photo-
sensitizers (chlorophyllin and a binary complex based on chlorin E6) to act as
promising agents for photodynamic therapy.
At this research stage, the objectives are as follows:
» Synthesize a stable binary complex based on chlorin E6 with europium
and select the optimal conditions for its further preparation.
* Investigate the optical and fluorescent parameters of the binary complex and
copper-containing chlorophyllin using physicochemical research methods.
* Investigate the possibility of generating reactive oxygen species by two
possible photodynamic agents in the presence of fluorescent probes.
To fulfill the set goal and objectives, several conditions were used.
The binary complex of chlorin E6 with europium was obtained at pH 6.5 by
mixing a solution of chlorin E6 (OOO Veta-Grand, Russia, concentrate 5 mg
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/ ml) and EuCl3 (Sigma-Aldrich, USA, 100 mg / ml) in a molar ratio of 11.7
mmol / 2, 93 mmol, respectively. The synthesis was carried out in the absence
of light with stirring on a magnetic stirrer for 6 hours. The resulting solutions
were dialyzed to remove low molecular weight compounds and excess euro-
pium against distilled water for 3 days and freeze-dried. Chlorophyllin from
alfalfa was obtained from a company (Sigma-Aldrich, USA).

Absorption spectra were obtained in the range of 300-700 nm on spectro-
fluorimeters Synergy H1 (BioTek, USA) and RF-5301 PC (Shimadzu, Japan)
in phosphate-buffered saline (PBS) at pH 7.4.

Irradiation with a red spectrum was carried out through a semiconductor la-
ser (Light and Life, Tomsk, Russia) with an output power of 32 mW at a light
wavelength of 645 nm, giving an irradiation dose of 6 J/cm?.

The generation of reactive oxygen species [ROS] was noted in the presence
of fluorescent probes 2',7'-dichlorodihydrofluorescein (Sigma-Aldrich, USA)
or dihydrofluorescein (Sigma-Aldrich, USA) on Synergy H1 (BioTek, USA)
under optimal conditions ex / em 485/530.

Results

The obtained absorption spectra demonstrate the presence of characteristic
absorption maxima, analogous to chlorin E6, which is part of the structures of
chlorophyllin and the binary complex (Fig. 1). This fact is fully consistent with
the data presented in the literature [2].
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Fig. 1. Absorption spectra of E6-Eu, chlorin E6 and chlorophyllin
at 50 pg/ml E6; p<0,05.
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The E6 content was calculated at a characteristic absorption maximum of
400 nm since this wavelength is functionally significant during therapy [4].
This fact is important since modern LEDs with selective wavelength are used
for photodynamic therapy.

In addition to optical fibers, dye lasers (600—700 nm), quantum scopes,
semiconductor lasers (400—1270 nm), and various non-laser light sources are
widely used [5].

Irradiation with the red spectrum of 645 nm was carried out for 30 min
with an interval of 5 min in the presence of 4 pg/ml fluorescent probe 2,
7'-dichlorodihydrofluorescein (Fig. 2). A significant increase in fluorescence
has been shown for chlorophyllin compared to chlorin E6. In addition, the
increase in fluorescence for a binary complex in 5 min is 1.5-2 times more
intense.

Fig. 3 shows the generation of reactive oxygen species for chlorophyllin and
chlorin E6 at an E6 content of 50 pg/ml. At this concentration, the effectiveness
of chlorophyllin at 30-min irradiation is 1.92 times.

Similar studies were conducted for the synthesized of binary conjugate un-
der irradiation for 60 minutes. In this case, dihydrofluorescein was used as a
fluorescent probe. Fig. 4 shows the experimental data at an E6 content of 10
pg/ml for both photosensitizers.
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Fig. 2. An increase in fluorescence upon irradiation with red light in chlorin E6
and chlorophyllin at 80 pg/ml E6 for 30 minutes; p<0,05.
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Fig. 3. Generation of reactive oxygen species by the test substances at 50 pg/ml E6
in the presence of a fluorescent probe; p<0,05.
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Fig. 4. Increase in fluorescence upon irradiation with a red light in chlorin E6
and E6-Eu for 60 min.

Discussion

As mentioned earlier, one of the limitations of the photodynamic therapy
method is the penetration depth of laser radiation into biological tissue. The
drugs used in clinical practice are excited by light in the 620—-690 nm region
[11]. The permeability of biological tissues in this range is insignificant: only
a few millimeters. The maximum tissue permeability is in the far red and near
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infrared regions of the spectrum (750—-1500 nm). That is, the absorption maxi-
ma of the main PS go beyond the tissue optical window (700—-1100 nm), where
most tissue chromophores, including hydroxy and deoxyhemoglobin, melanin,
and fat have only weak absorption. The scholars [9] obtained hypericin deriva-
tives. Hypericin has excellent photosensitizing properties and exhibits anti-tu-
mor activity as well as minimal toxicity in the dark [10]. Potentially derived
structures have an advantage over the parent compound due to photoactivation
by red light, which penetrates deeper into the tumor tissue. The results show
that three compounds (dibenzoxazole, pyridazinone and especially the dibenz-
thiazole derivative hypericin), capable of a bathochromic shift in the absorp-
tion spectrum, demonstrated efficient intracellular absorption and generation
of singlet oxygen. In addition, they have a potent photocytotoxic effect under
white light conditions.

However, the data also show that the present derivatives are unproductive
photosensitizers when used under red light conditions, showing little generation
of reactive oxygen species.

A binary complex synthesized by us as a PDT agent was also considered;
it is worth noting its effectiveness in relation to the generation of ROS even at
minimal concentrations. The copper-containing chlorophyllin and binary com-
plex studied by us manifest themselves at the initial stages of the study as
promising agents for PDT, the effectiveness of which exceeds the widely used
chlorin E6.

Conclusion

The heavy element europium introduced into the structures of the complex
makes it possible to develop a combined method of radiophotodynamic therapy
of deep malignant neoplasms. The data obtained confirm the relevance and per-
spective of further photodynamic studies of chlorophyllin and the binary complex.
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for Basic Research, project No. 20-33-90185.
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