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The synthesis methods as well as the data of spectral-fluorescent properties of novel supramolecular systems based
on chlorin e (Ce,) are presented. The effect of various biocompatible excipients such as hydrolyzed polyvinyl alcohol
(PVA), poly-N-vinylpyrrolidone (PVP), sodium salt of carboxymethyl cellulose (Na-KMC), dimethylsulfoxide (DMSO),
Cremophor® PEG-40 (PEG) on the optical absorption and fluorescence of chlorin e, is demonstrated. A red shift
of the chlorin e absorption spectrum when using all presented here excipients is a good prerequisite for increasing tissue
permeability for visible light. The fluorescence quantum yield ¢, of chlorin e in systems with all excipients has been
calculated. It has been proven, that in all obtained biocompatible systems, except DMSO — Ce, system, Ce, molecules
disaggregate and charge transfer complexes “excipient—Ce,” are formed. The high efficiency of such systems as
PEG — Ce,, PVP— Ce and Na-KMC — Ce, for fluorescent diagnosis and photodynamic therapy is noted. The conclusions
made in the work can be useful during the new photosensitizer controlled aggregation method development.

Keywords: Chlorin e , supramolecular systems, spectral characteristics, optical absorption, fluorescence, photodynamic
therapy.
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B pabome onucanvl memoow cunmesa, a makdice npedCcmasienvl OanHuble U3VHeHUs. CHeKMPALbHO-QIYOPECyeHMHbIX
CEOUICME  HOBbIX CYNPAMONEKYIAPHbIX cucmem Hna ocnoee xaopuna e, (Xn). Ilokasano enusnue pasiuunvlx
OUOCOBMECUMBIX BCLOMOSAMENbHBIX 8eWeC8, MAKUX KAK NOIUSUHULO8bI cnupm eudponusosannsiil (IIBC), nonu-
N-eununnupponudon (IIBI1), nampuesas conv kapooxcumemunyennonoszvl (Na-KMIL]), oumemuncynvgporcuo (AMCO),
kpemoghop® 12140 (II19I') na onmuueckoe noanowenue u gayopecyenyuio xiopuna e. Cosue 6 kpacuyio obracme
cnekmpa Onmuuecko20 No2nowjeHus X10pund e, npu UCHONb306AHUL 6CeX NPeOCMABIEHHbIX 30€Chb 6CNOMO2AMETbHBIX
8eUeCma A6JI51eMCsl Xopoudeti nPeOnoCuLIKOU OJis ROGbIUEHUS NPOHUYAEMOCIU MKAHU /i 8UOUMO20 céema. Paccuuman
K6aHMOoeblll 6b1X00 (hrioopecyenyuu O, XI10pUna e 6 CUCIEMaxX o 6CeMu 6COMO2amelbHbIMU 6eujecmeamu. JJokasano,
Umo 80 6cex NONVUEHHLIX OUOCOBMECMUMBIX cucmemax, 3a uckaovenuem cucmemvt JMCO — X, monexynvr X
odezazpecupyiom u 06pazyIOmMcs KOMRLEKChl ¢ NePeHOCOM 3apsaoa «8cnomozamenvhoe seujecmeo — Xy, Ommeyena
evicokas sgppexmuenocmey makux cucmem, xax IIDI—Xn, TIBII—Xn u Na-KMI]—Xn ons gryopecyenmuou
ouazHocmuKu u pomoounamuueckou mepanuu. Bvleoovl, coenannvle 6 pabome, mo2ym Oblms NoLE3HbL NPU PA3PAOOMKe
HOB020 Memooa YnpasisaemMou azpe2ayu homocencuburu3amopa 6 COcmase CynpamoirekyIsipHoc0 KOMNIeKcd.

KaioueBble ciioBa: XJ'IOpI/IH € CYIPaMOJICKYJISIPHBIC CHUCTEMbI, CIICKTPAJIbHBIC XapaKTCPUCTUKH, OITHYCCKOC
TIOTJIOICHHC, (bnyopecueﬂunﬂ, (bOTO,HI/IHaMI/I‘IeCKaH TCpamnus.
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Introduction

Photodynamic therapy (PDT) is now one of the most
important treatments for cancer. This method is used in con-
servative treatment and based on the photosensitizers (PSs,
natural or artificially synthesized substances capable of bio-
logical tissues photosensitizing) capability to accumulate
selectively in tumour or other target tissues and generate
singlet oxygen or oxygen-containing free radicals at local
exposure of radiation of a certain wavelength corresponding
to maximum absorption of PS.['-6 These active oxygen forms
are extremely cytotoxic and play a defining role in malignant
cell death. Both in the Russian Federation and in other coun-
tries there are a number of drugs of the first to third genera-
tions with high antitumor activity for use in clinical practice,
which can be conditionally combined into three groups: 1)
based on porphyrin: a) derivatives of d-aminolevulinic acid
— precursor of endogenous photosensitizer protoporphyrin
(“Alasens”); b) benzoporphyrin derivatives (“Visudine”);
¢) hematoporphyrin derivatives (“Photophrin”, Photogem”);
2) chlorophyll-based PS (chlorins and purpurines (“Photo-
lon”, “Photoditazin”, “Radachlorin”, “Foscan”), as well as
bacteriochlorins (“Tookad”); 3) dyes (phthalocyanine, naph-
thalocyanine (“Photosens”, “Thiosens”, “Octasens”).

But since most marketed PS and drugs do not exhibit
the necessary combination of physical, chemical and biolog-
ical properties for PDT,"”! the evolution of the PDT method
is also towards the creation of the so-called “ideal PS” with
high selectivity, low phototoxicity and rapid pharmacody-
namics. Synthesis of new PS and search for new antitumor
drugs are constantly in progress.’2" Among the promising
ones are chlorin-based compounds, including chlorin e,
(Ce,),? as they meet the core requirements for the “ideal
PS”,"9221 namely, the existence of the intense absorption
band in the long-wave part of the spectrum (600—-800 nm),
in which biological tissues are more optically transparent
(so-called “therapeutic window”'™); the high capacity
to accumulate in the target tissue; the existence of intense
fluorescence, which actually provides photodynamic
effect, as well as allows to carry out fluorescence diag-
nostics; the storage stability and virtually no toxicity.”? At
the same time due to the characteristics (A, =660 = 5 nm,
€ = 41000 mol'-cm™) chlorin-based compounds show
higher depth of light penetration into tissues compared
to porphyrins,™!1? and the excitation coefficient of chlorins
is 10 times larger than that of the porphyrins.”*

The availability of raw materials plays a major role
in the development of chlorin-based compounds, as chlorins
precursor chlorophyll @ is produced, for example, from Spir-
ulina platensis microalgae or nettle leaves.!''2 Chlorophyll,
as an element of the usual nutrient media, is not a poison for
the humans. Chlorin e, is synthesized by the anaerobic alka-
line hydrolysis of pheophorbide @, formed in turn by treat-
ing chlorophyll a with concentrated acids.'*Y The energy
potential of Ce,, as a chlorophyll derivative, is identical
to the organism’s civilized cells, and the selective accumula-
tion of it in the tumor tissues is due to the capture of Ce, as
a “nutrient medium” for them.

The absence of PS aggregation in solutions, which,
in turn, leads to a drop in a quantum yield of singlet oxy-
gen generation, is essential when developing medicines for
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PDT. It is known, however, Ce, molecules form aggregates
in water solutions, that considerably reduces their photo-
dynamic activity. The high application potential of Ce,
in supramolecular systems with various excipients was con-
firmed in our previous works.'"'? Studies of the spectral
luminescent properties of Ce, based supramolecular systems
with various excipients such as poly-N-vinylpyrrolidone,
polyethyleneglycol PEG-200, bovine serum albumin, chito-
san, Triton X-100, sodium hexametaphosphate, polydimeth-
yldiallylammonium chloride were conducted. Some recom-
mendations were made for the future use of poly-N-vinylpyr-
rolidone — Ce,, polyethyleneglycol PEG-200 — Ce,, bovine
serum albumin — Ce, and Triton X-100 — Ce, systems for
diagnostics and therapy. However, a search of more effective
chlorin-based dosage forms is still under way. Therefore, we
have synthesized new supramolecular compounds based on
Ce, and investigated their photophysical properties.

Experimental

In the present work optical absorption and fluorescence
of supramolecular systems based on Ce, with various excipients,
such as polyvinyl alcohol hydrolyzed (PVA), poly-N-vinylpyrrol-
idone (PVP), sodium salt of carboxymethylcellulose (Na-KMC),
dimethyl sulfoxide (DMSO), Cremophor® PEG-40 (polyethylene-
glycol, PEG) have been investigated.

Ce, kindly provided by the colleagues from Moscow
Technological University (Preobrazhensky Department of chem-
istry and technology of biologically active compounds), PVA
([-CH,CH(OH)-] , Aldrich, 130 kDa), Na-KMC (food supplement
E466, [C;H,0,(OH) (CH,COONa) ] Acros, 250 kDa), DMSO
(M =78.13 g/mol, p=1.1004 g/cm?®), PVP (Sigma, 10 kDa),
Cremophor® (hydrogenated castor oil solubilizer, polyethylene-
glycol, PEG-40) were used (Figure 1). Purity and identity of Ce,
were confirmed with the MALDI-mass spectrometry method
on the Thermo Scientific DSQ II single quadrupole mass spec-
trometer (Thermo Scientific, USA). The choice of water-soluble
excipients (Figure 1) is explained by the fact that they are the most
widespread biologically-compatible substances which are the part
of pharmacological drugs and cosmetic products. Stock Ce, solu-
tions with the concentration of 5.0-1073 mol/L were prepared by dis-
solution of Ce, dry sample weight in 20 mL of dimethylformamide
(DMF) double-distilled. The received concentration was specified
on electron absorption spectrum. For spectral measurements 2 mL
of the aqueous solution of one of the excipients and 10 + 30 pL
of aqua-diluted by 10 times stock Ce, solution were poured into
a quartz 1 cm thick cuvette under stirring. The DMSO, PVP, PVA,
PEG, Na-KMC aqueous solutions with the weight concentra-
tion of 0.1+1 % were prepared separately. Solutions were stored
in the dark at +4 °C.

Absorption spectra (200-900 nm) were recorded with
TU-1901 UV-Vis spectrophotometer from Beijing Purkinje Gen-
eral Instruments Co Ltd. Poorly resolved spectra were analyzed
by decomposing the spectra into their Gaussian constituents. The
fluorescence spectra in the range of 550—800 nm were recorded
with Fluorat-02-Panorama spectrofluorimeter (Lumex, Russia).
The excitation wavelength was 410 nm. All measurements were
conducted at 20 °C. The quantum yield of fluorescence of Ce,
in complexes with excipients was calculated by the relative method
using the formula ¢, = (4, (A F),>" where 4 and A4 are
the optical densities of solutions of Ce, complexed with excipi-
ents and of Ce, aqueous solution, respectively, at a wavelength
of 410 nm; I and / are the integrated fluorescence intensities
(area under the fluorescence spectrum curve) of Ce, complexed
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Figure 1. Structures of chlorin e, sodium salt of carboxymethylcellulose (Na-KMC), Cremophor® PEG-40, poly-N-vinylpyrrolidone
(PVP), dimethyl sulfoxide (DMSO), polyvinyl alcohol hydrolyzed (PVA).

with excipients and in aqueous solution, respectively. The stan-
dard was the free form of Ce,in an aqueous solution, for which
1, = 0.157%1 (Table 1). The relative error in @, determining did not
exceed 7 %.

Results and Discussion

The absorption spectrum of chlorin e, (Figure 2) con-
tains a specific Soret band (B-band) with the maximum
at ~ 404 nm, three peaks of low intensity in the region
of 500-600 nm, and, due to the partially hydrated por-
phyrin rings, a strongly marked peak at A = 653 nm corre-
sponding to the O-band maximum. Analysis of the spectra
in the region of Soret peak shows the same hydrophobicity
of all presented systems.I'! We have already said that usu-
ally “a blue shift” is formed as a result of strengthening
of Ce, interaction with polar molecules and is connected
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0.25—-
0.20—-
0.15—-
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0.05+

0.00

300 400 500 600 700 800

Figure 2. Absorption spectra of supramolecular systems based on
Ce,: 1. PEG - Ce, 2. PVP - Ce,, 3. Na-KMC - Ce,, 4. PVA - Ce,,
5. DMSO - Ce,, 6. Ce, in aqueous solution.
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with chromophore transition to more polar environment,
and, in our case, to aqua as a polar solvent.''! Therefore,
the absence of “a blue shift” suggests the identical in size
interaction of chlorin e, molecules with polar aqua mol-
ecules, both in the presence of all the excipients used,
and simply in the aqueous solution. The spectra of Ce,
solutions with such excipients as PVP, PEG and Na-KMC
in the region of Soret band have exhibited the decrease
in absorption intensity, and in the case of PEG and Na-KMC
a drop of intensity is significant (Table 1). There is also
a broadening of the half-width of the absorption maximum
by ~ 1-2 nm for the systems with PVP, PEG and Na-KMC,
and for the system with PEG there is also a bathochro-
mic shift of the absorption maximum by ~ 3 nm. These
spectral hypochromic changes in the region of Cope band,
most likely, can be explained by the occurring PVP - Ce,,
PEG — Ce,and Na-KMC — Ce complexes in solution. Possi-
bly, a chromophore in them is in more ordered form in com-
parison with its free state in the aqueous solution of Ce,.
A shift of the chlorin e, absorption spectrum to a long-wave
region when using all presented here excipients is a good
prerequisite for increasing tissue permeability for visible
light and reducing the absorption of light by blood hemo-
globin in the 500—600 nm region, which plays a significant
role in increasing of the PDT efficiency.>!*"! The batho-
chromic shift of a O-band maximum is observed for all
presented here supramolecular biocompatible systems.
Herewith, the highest shift to the region of long waves
is observed for PVP —Ce and PEG — Ce, systems by 12
and 13 nm, respectively. These changes in the absorption
spectrum in the presence of excipients are likely related
to the solvatochromic effect caused by the presence of a less
polar, as compared to an aqueous solution only, environ-
ment of a chlorin e,. That is not to deny a monomerization
of the Ce, aggregated molecules in the presence of excipi-
ents. Similar changes in the absorption spectra of the PVP —
Ce, system were also observed in.**?! The authors
of the work™" speak about the appearance of the second
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Table 1. Spectral-fluorecsent properties of supramolecular Ce, based systems.

System Ay, NM XQ, nm A)*, nm AXQ'/I, nm Ay kﬂ’ nm ALY nm r ¢,
PVP - Ce, 404 665 24.4 21.36 0.26 668 21.6 33.2 0.19
PEG - Ce, 407 666 23.8 16.99 0.20 670 19.6 60.2 0.47
Na-KMC - Ce, 404 655 23.2 31.74 0.16 659 25.0 32.6 0.32
PVA - Ce, 404 654 22.7 21.36 0.27 658 26.2 28.2 0.16
DMSO - Ce, 404 655 22.7 35.39 0.27 655 30.4 26.5 0.15
Ce, — water 404 653 22.7 36.14 0.27 657 31.5 26.0 0.15"

peak of low intensity in the region of a Q-band (~ 672 nm)
and assign its appearing to the influence of PVP on a mono-
merization of Ce, aggregates. Moreover, with the increas-
ing of PVP concentration in solution the intensity of this
peak increases. In our case, there is also a slight multiplicity
of the spectrum line of supramolecular systems in the long
wave region in the form of low intensity peaks. At the same
time the authors of the works?*3% attribute the hypochro-
mic changes of the PVP — Ce, systems spectra in the region
of a O-band to the appearance of a complex due to the bind-
ing effect from PVP, explaining their point of view by small
concentration of chlorin in a system. We believe that in our
supramolecular systems both the disaggregation of chlorin
e, molecules and its interaction with excipients with the for-
mation of the charge transfer complexes take place. The
appearance of the lines of a porphyrin molecular complex
with excipients in the region of the spectra at ~ 600—640 nm
is the confirmation of this assumption.

The analysis of the luminescent properties of the pre-
sented here systems (Figure 3) has shown that the addition
of all excipients leads to the increase in intensity of Ce,
luminescence. The maximum increase in luminescent inten-
sity is specifically attributed to PEG —Ce,, PVP -Ce,,
Na-KMC — Ce, and PVA — Ce, systems.

It should be noted that the luminescence intensity
of the systems is markedly higher when excited with the light

3.04
251
201
1.5—- 2
10-
051

0.0+

55 600 650 700 750 800
A, nm
Figure 3. Fluorescence spectra of supramolecular systems based

on Ce.: 1. PEG - Ce,, 2.PVP - Ce,, 3. Na-KMC - Ce, 4. PVA -
Ce,, 5. DMSO - Ce,, 6. Ce, in aqueous solution.
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of the wavelength at A = 410 nm than when excited with
the light of the wavelength at A = 620 nm. It is an indirect
indicator of intracomplex energy transfer from excipi-
ents to Ce,. The observed strong bathochromic shift
of the luminescence maximum, especially in the presence
of biocompatible excipients such as Cremophor® PEG-40
and poly-N-vinylpyrrolidone, also indicates the appearance
of the excipient — Ce, complex. It is worth pointing out
that chlorins are tetrapyrrole macrocyclic compounds with
large areas of z-conjugation, which are also responsible for
the hydrophobicity of the compound. On the other hand,
strong intermolecular z-7 interactions are responsible for
the aggregation of chlorin e, in aqueous solutions. The
excipients presented here, due to the presence of hydrogen
bonds, are highly soluble in water. At their addition into
a system based on Ce, there is an increase in its solubility
both due to own hydrophobicity, and due to intermolecular
interactions between heterocyclic aromatic rings of Ce,
and hydrogen bonds of excipients.

The analysis of the spectral-fluorescent data (Table 1)
has shown the increase in the quantum yield of fluores-
cence value ¢, for PVP — Ce, , PEG — Ce,, Na-KMC — Ce()’
and PVA — Ce, systems, which is one more confirma-
tion of consecutive destruction of chlorin e, aggregates
and excipient — Ce, complex formation. Moreover, the rate
of Ce, aggregates destruction in the aqueous medium is dif-
ferent in the presence of different excipients. It should be
noted that spectral-fluorescent parameters of DMSO — Ce,
system remains almost invariable in comparison with simi-
lar characteristics of a Ce, — water system.

Conclusions

Based on all submittes data it is safe to say that
application of such biocompatible supramolecular systems
as Cremophor® PEG-40 — Ce, Na-KMC — Ce, and PVP —
Ce, for PDT and diagnostics is obvious. At the same time
solubilization in all solutions of presented excipients except
for DMSO prevents aggregation of chlorin e, ensures its
effective stabilization either in monomer fluorescent-active
form or in the form of complex with charge transfer.

Acknowledgements. This work was carried out within
the state task IBCP (No 01201253304) and the state task
of Ministry of science and higher education of Russia (theme
0082-2018-0006, No AAAA-A18-118020890097-1).

145



Biocompatible Supramolecular Systems Based on Chlorin e,

References

1.

10.

11.

12.

13.

14.

15.

146

Uzdensky A.B. Cellular and Molecular Mechanisms of Pho-
todynamic Therapy. SPb: Nauka, 2010. 321 p. (in Russ.)
[V3menckuit A.B. Knemouno-monexynsapHvle MmexaHuzmul
gdomoounamuuecxoii mepanuu. CI16: Hayxka, 2010. 321 c.].
Berezin D.B., Karimov D.R., Venediktov E.A., et al. Macro-
heterocycles 20185, 8, 384-388.

Sul’timova N.B., Levin P.P., Lobanov A.V., et al. High Energ.
Chem. 2013, 47(3), 98—-102.

Son J.,, Yi G., Kwak M.-H. J. Nanobiotechnology 2019, 17, 50.
Lobanov AV, Nevrova O.V., llatovskii V.A., et al. Macrohet-
erocycles 2011, 4, 132—134.

Solov’eva A.B., Aksenova N.A., Glagolev N.N., et al. Russ. J.
Phys. Chem. B 2012, 6, 433—440.

Szurko A., Rams M., Sochanik A., et al. Bioorg. Med. Chem.
2009, 17, 8197-8205.

Kudinova N.V., Berezov T.T. Biochem. (Moscow) Suppl.
Series B: Biomed. Chem. 2010, 4(1), 95-103.

Lukiyanets E.A. Photodynamic Therapy and Photodiagnos-
tics 2013, 2(3), 3—16 (in Russ.).

Donghong L., Pengxi L., Huiyun L., et al. J. Photochem.
Photobiol. B 2013, 127, 28-37.

Klimenko 1.V., Lobanov A.V. Russ. J. Phys. Chem. B 2018,
12(1), 10-16.

Klimenko L.V., Lobanov A.V. J. Biomed. Photonics Eng. 2016,
2(4), 040310-1-5.

Dabrowski J.M., Arnaut L.G. Photochem. Photobiol. Sci.
2015, 74(10), 1-14.

Gjuroski 1., Furrer J., Vermathen M. ChemPhysChem 2018,
19, 1089-1102.

Abrahamse H., Hamblin M.R. Biochem. J. 2016, 473,
347-364.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Zhang J., Jiang C., Longo J.P.F., et al. Acta Pharmaceutica
Sinica B 2018, 8, 137-146.

Tim M. J. Photochem. Photobiol. B 2015, 150, 2—10.

Kustov AV, Belykh D.V., Smirnova N.L., et al. Dyes Pigm.
2018, 749, 553-559.

Yano S., Hirohara S., Obata M., et al. J. Photochem. Photo-
biol. C: Photochem. Rev. 2011, 12, 46—67.

Berezin D.B., Kustov A.V,, Krest’yaninov M.A., et. al. J. Mol.
Lig. 2019, 283, 532-536.

Juzeniene A. Photodiagnosis and Photodynamic Therapy
2009, 6(2), 94-96.

Akopov A.L., Kazakov N.V., Rusanov A.A., Karlson A. Pho-
todynamic Therapy and Photodiagnostics 2015, 4(2), 9-16 (in
Russ.).

Montforts F.-P., Gerlach B., Haake G., et al. Proc. SPIE 1994,
2325, 29.

Shlyakhtin S.V., Trukhacheva TV. Vestn. Farmats. 2010,
2(48), 87-106 (in Russ.).

Plavskii V.Yu., Mostovnikov V.A., Mostovnikova G.R., ef al.
J. Appl. Spectrosc. 2004, 71, 818—828.

Zen’kevich E.I., Kochubeev G., Salokhiddinov A.K.I. Zh.
Prikl. Spektrosk. 1978, 29, 639—645 (in Russ.).

Genina E.A. Biophotonics Methods: Phototherapy. Saratov.
2012. 119 p. (in Russ.) [I'enuna 3.A. Memoowt 6uogomonuxu:
¢omomepanus. Caparos: Hossrii BeTep, 2012. 119 c .

Paul S., Selvam S., Heng PW.S., et al. J. Fluoresc. 2013, 23,
1065-1076.

Zhiyentayev T.M., Boltaev U.T., Solov’eva A.B., et al. Photo-
chem. Photobiol. 2014, 90, 171—-182.

Hadener M., Gjuroski L., Furrer J. J. Phys. Chem. B 2015, 119,
12117-12128.

Parkhats M.V., Knyukshto V.N., Isakau H.A., et. al. Proc.
SPIE 2007, 6727, 672721L1-6.

Received 12.03.2020
Accepted 06.07.2020

Maxkpozemepoyuxnvt / Macroheterocycles 2020 13(2) 142-146



