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Abstract

Multiple drug resistance is a major global health security risk. Increasing resistance of bacteria to existing drugs puts on the agenda the search for
alternative ways to combat antibiotic-resistant pathogens. One of these innovative methods is antimicrobial photodynamic therapy (APDT), which
is equally effective against antibiotic-sensitive and antibiotic-resistant pathogens. The most effective photosensitizers (PS) for APDT are molecules
containing positively charged groups in their composition. In this work, we have obtained a new cationic derivative of natural chlorin containing a
pyridazine group in its composition, the introduction of which occurs using click chemistry approaches. The antimicrobial photoinduced cytotoxic-
ity of the proposed cationic PS, as well as its uncharged precursor, was assessed against a number of gram-positive and gram-negative bacteria:
S. aureus, K. pneumoniae, E. faecalis, P. aeruginosa. It has been shown that cationic chlorin exhibits an increased bactericidal effect when irradiated
with light (A = 660 nm, P_=70.73 mW/cm?) compared to its base form. When microbial suspensions were incubated with 24 uM cationic PS and
subsequently irradiated, a significant bactericidal effect was observed against all of the aforementioned bacteria. As a result of microbiological
studies, it was demonstrated that the proposed cationic PS exhibits high photoinduced antimicrobial activity.
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ABNIAETCA aHTUMUKPOOHas doTogmHamuueckas tepanus (AOAT) oanHakoBo 3G deKTBHas NPOTUB aHTUONOTUKOUYBCTBUTENBbHBIX 1 aHTUOMO-
TUKOPE3NCTEHTHbIX BO3byauTenein. Hanbonee apdekTmBHbIMU dpoToceHcnbmunmsatopamu (OC) ana AQOT ABnATCA MONEKy bl, cofepKalyue
MOJIOXKUTENBHO-3aPAXKXEHHbIE FPYMMbl B CBOEM COCTaBe. B HacToALel paboTe Hamu 6bINI0 NOTyYeHO HOBOE KaTVOHHOE MPOM3BOAHOE NMPUPOA-
HOTO XJIOPVIHa, COAepKallee NMPrAA3MHOBYIO FPYMMy B CBOEM COCTaBe, BBeEeHNe KOTOPOW MPOVCXOANT C NCMosib3oBaHMeM noaxonos click-
XMuK. NPOTUBOMUKPOGHYIO GOTOMHAYLIMPOBAHHYIO LIMTOTOKCUYHOCTb Npeasiaraemoro KatmoHHoro AOC, a TakxKe ero Heaps»KeHHOro npep-
LeCTBeHHMKA, OLEHNBAN B OTHOLLEHN PAAA FPaMMoIOKMTENIbHBIX 1 TPaMoTpULaTeNbHbIX 6akTepuii: S. aureus, K. pneumoniae, E. faecalis,
P. aeruginosa. loka3aHo, YTO KaTMOHHBIV XJIOPUH 061aaaeT NoBbIWEHHbIM 6aKTePULMAHBIM Ae/CTBMEM Npy 065yyeHun cBeTom (A =660 HM,
P.=70,73 MB/cM?) o cpaBHeHMIO CO CBOe OCHOBHOI GpopMmo. Mpy HKY6rpOBaHMI MKPOBHbIX CyCrieH3unii C pacTBOpomM KaTuoHHoro ®C B
KOHLEeHTpaLmmn 24 MkM 1 nocneayoLym obnyyeHneM Habnoganca 3aMmeTHbI 6GaKTEPULIMAHDIA 3POEKT B OTHOLIEHMMN BCEX BbiLEHA3BaHHbIX
6aKTepuii. B pesynbrate npoBefeHHbIX MKPOOMONOrMYecKrx MCCefoBaHUN Moka3aHo, YTo Npeasiaraembli KatnoHHbli OC obnagaeT Bbico-
Kol GOTOUHAYLIMPOBAHHOW aHTUMUKPOOHOW aKTUBHOCTbIO.

KnioueBble cnoBa: aHTI/IMI/IKp06Haﬂ @D,T, aHTI/I6I/IOTI/IKOpe3I/ICTeHTHOCTb, I'IpOTI/IBOMI/IKpO6HaFI AKTUBHOCTb, XﬂOpOd)I/IJ'IJ'I, XNOPUH e6.

Ana untnposaHua: Cysopos H.B., LllenkoBa B.B., PycaHoBa E.B. baratenua 3.T., [baueHko [.A., AdaHniotuH A.l., Bacunbes t0.J1.,, Obau-
koBa E.l0., CaHtaHa CaHtoc W.K,, puH M.A. HOBbI KaTUOHHbIN XMOPUH Kak NMOTEHLMANbHbIN areHT A1 aHTUMUKPOOHOI GOTOANHAMUYECKON

ORIGINAL ARTICLES

Tepanuu // Biomedical Photonics. - 2024. - T. 13, N¢ 3. — C. 14-19. doi: 10.24931/2413-9432-2024-13-3-14-19

KonTakTbi: CyBopos H.B., e-mail: suvorov.nv@gmail.com

Introduction

Multiple antibiotic resistance is a major global health
security risk. According to the WHO, already in 2019, 1.27
million deaths worldwide were directly related to drug-
resistant infections. If this problem is not addressed, it
is predicted that by 2050 the number of such deaths
will increase to 10 million annually [1, 2]. According
to the Central Research Institute of Epidemiology of
Rospotrebnadzor, the number of nosocomial infections
in Russia annually affects 2-2.5 million (1.5% of the
population). The increasing bacterial resistance to
existing drugs, coupled with poor bioavailability and
lack of structures that could potentially form the basis
of new antibiotics, have put the search for alternative
ways to combat antibiotic-resistant pathogens on the
agenda.

One such innovative method is antimicrobial
photodynamic therapy (APDT) for localized infections
[3-6], equally effective against antibiotic-sensitive
and antibiotic-resistant  pathogens.  Antimicrobial
photodynamic therapy (APDT) is based on the use of
a photosensitizer (PS) drug and harmless visible light.
Photosensitizers are capable, when exposed to light of
a certain wavelength corresponding to their maximum
absorption, to cause the formation of cytotoxic agents,
in particular singlet oxygen, stimulating oxidative
destruction of the main components (unsaturated lipids,
protein channels and enzymes) of cell membranes - the
life-supporting structures of microbial cells [7]. Photo-
oxidative processes in the lipid bilayer of cell membranes
lead to the formation of pores and disruption of cellular
permeability barriers. The death of a microbial cell occurs
as a result of the leakage of cellular metabolites, primarily
potassium ions and protons, and dissipation of the
membrane potential.

One of the main advantages of antimicrobial
photodynamic therapy is the multiple nature of the
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oxidative destruction of microbial target cells, which
prevents the development of resistance to subsequent
cycles of photodynamic effects. In addition, since the
bactericidal effect of APDT is local in nature, it does not
have a systemic detrimental effect on the saprophytic
flora of the body. The use of APDT thus solves two main
problems of modern antibiotic therapy: high resistance of
pathogenic microorganisms to antibiotics and systemic
toxicity [8-10].

To date, many PS have been synthesized for
antimicrobial PDT, both based on tetrapyrrole compounds
and using other dyes. Unlike synthetic dyes, derivatives
of natural chlorins have a number of advantages. The
main sources of such compounds are plants and algae
containing chlorophyll. Such raw materials are easily
accessible and cheap, and methods for extracting pigment
from them are not labor-intensive. Thanks to the reduced
pyrrole ring, chlorophyll A derivatives exhibit absorption
in the near-IR region with high extinction values, which
allows PDT of deep-lying zones [5].

The most effective photosensitizers for APDT are
molecules containing positively charged groups in
their composition. In the 90s, it was shown that there is
a difference in susceptibility to APDT between gram-
positive and gram-negative bacteria, which is associated
with their structure: gram-positive bacteria have a
cytoplasmic membrane surrounded by a porous cell
wall consisting of peptidoglycan and lipoteichoic acid,
which allows the photosensitizer to easily bind with it,
and the membrane of gram-negative bacteria consists
of outer and inner cytoplasmic membranes separated
by a layer of peptidoglycan [11-13]. Neutral, anionic and
cationic photosensitizer molecules bind equally well to
gram-positive bacteria, while only cationic or neutral
photosensitizers can bind to gram-negative bacteria. At
the moment, a large number of cationic derivatives of
natural chlorins containing both alkylammonium groups
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and quaternized heteroaromatic fragments have been
synthesized [14-18].

Previously, our research group obtained a derivative of
natural chlorin, into which a residue of nicotinic acid was
introduced with its subsequent quaternization [19]. This
compound had both high photoinduced toxicity towards
bacterial cells, as well as biofilms based on them. However,
the complexity of the synthesis of this compound
complicates its further implementation in practice. In
this work, we have proposed an approach that makes it
possible to introduce a heterocyclic fragment into the
chlorin molecule using one stage inverse electron demand
Diels-Alder reaction click-reaction, and also studied the
photoinduced toxicity of the resulting compound and
its cationic derivative against gram-positive and gram-
negative bacteria.

Materials and Methods

Chemistry

Solvents were purified and prepared according to
standard procedures. Silica gel 40/60 (Merck, Germany)
was used for column chromatography. Absorption spectra
were obtained on a Shimadzu spectrophotometer UV 1800
UVNVIS in 10 mm thick quartz cuvettes in chloroform and
water. The NMR spectrum was recorded on Bruker DPX 300
spectrometer in CDCI,. The synthesis of photosensitizers 1
and 2 was carried out according to a previously described
method [20]. Cationic derivative 3 was obtained by reacting
compound 2 (25 mg; 0.033 mmol) with methyliodide (145.5
mg; 1.025 mmol) in acetonitrile (1 ml) at 60°C for 2 hours.The
solvent was evaporated under reduced pressure. The target
product was isolated using column chromatography (DCM/
MeOH/AcOH, 450/10/1, v/v/v). The yield of compound
3 was 63.3% (19 mg). 'HNMR (300 MHz, CDCI3 , 6, ppm):
9.77 (H, s, 10-H) 9.60 (H, d, J= 4.7 Hz, 5’-H), 9.20 (H, s, 5-H),
8.71+8.72 (H, s, 20- H), 8.07 (H, d, J = 4.7 Hz, 6"-H), 7.62 (2H,
m, o-Phe), 7.12 (H, m, p-Phe), 7.02 (H, m, o-Phe), 5.42 (H,
d,J=188 Hz, 151- CH,?), 446 2H, m, 18-H, 17-H ), 4.30
(3H,s 13*-CH,), 3.81 3H, s, 15°-CH,), 3.80 (2 H , k, J=7.7 Hz,
8'-CH,), 3.71 (3H, s, 17*-CH,), 3.62 (3H, 5, 12-CH,), 3.53 (3H,
s, N-CH,), 3.20 (3H, s, 7-CH,), 2.95 (3H, 5, 2- CH,), 2.60 (H, m,
172-CH;), 228 2H,m, 17'-CH?, 17'-CH_"), 1.84 (H, m, 17"
-CH,?), 1.75(3H,d,J=18.1Hz, 18-CH,), 1.74 (3H,t,J=7.7 Hz,
8-CH,),-1.33 (H, s, I = NH), -1.72 (H, s, lll - NH). ESI-MS: m/z
calc.for C sH N0, 781.37, found: [M+H]*, 782.38, [M+2H]**
391.69. UVNVIS (CHCL), \__, nm (g, M " cm '): 395 (180000),
497 (17500), 686 (44000). To prepare a water-soluble form of
compounds 2 and 3, 4% Kolliphor ELP solution in water was
used. A weighed portion of the corresponding chlorin (1
mg) was dissolved in dichloromethane (2 ml) and added to
4% Kolliphor solution in water (3 ml). The resulting mixture
was stirred in a flow of argon at a temperature of 41°C until
the organic phase was completely removed. The resulting
emulsion was passed through a syringe filter with a pore
diameter of 200 nm.

Microbiology

The source of non-monochromatic LED red radiation
was a single-band laser (A =660 nm, P =7073 mW/cm?).
Exposure of the PS in the microbial suspension before
irradiation is 30 min. The dose of light during irradiation
is 20 J/cm?2,

To assess the antibacterial activity of PS, we used
suspensions of daily microbial cultures of S. aureus
ATCC 25923 (n = 15), K. pneumoniae ATCC 13883
(n=15), E. faecalis ATCC 29212 (n = 15), P. aeruginosa ATCC
27853 (n =15), which are common causative agents of
inflammatory processes in the ear and upper respiratory
tract. The concentration of the microbial suspension in the
experiment was 3 x 10* CFU/ml. Control - test strains that
were under equal conditions, but were not exposed to PS
and irradiation. 200 pl of a suspension of microorganisms
was added to the wells of a microplate and 2,8 and 12 pl of
0.4 mM solution of PS 2 and 3 were injected, respectively.
After exposure and irradiation, the microplates were
incubated for 24 hours at T = 37°C. To determine the
survival rate of microorganisms, the method of surface
inoculation using a spatula on solid nutrient media (Koch
plate method) was used. After thermostating the control
crops, we calculated and expressed the results obtained
on solid media.

Formulas for calculating the number of viable
microorganisms:

1. If the number of colonies exceeds 10:

M=a*10n/V,
where a is the average number of colonies grown after
sowing from a given dilution; 70 - dilution factor; n
is the serial number of the dilution from which the
sowing was made; V - volume of suspension taken for
sowing, cm3.'

2. Ifthe number of colonies is less than 10, but more
than 4:

M=c/V*n,
where ¢ is the number of colonies counted in the dish,
V is the volume of the suspension taken for inoculation,
cm?, n is the serial number of the dilution from which the
inoculation was made.

3. If there are from 1 to 3 colonies, then we accept
as — “microorganisms are present in quantities less than
1 x V per cm®' (Vs the dilution factor).

The calculation data is included in Table 1. Statistical
analysis of the obtained data was carried out using the
SPSS application package Statistics 21.0 and Rstudio
4.2.2. Mean values, standard deviations, and medians
were determined. When comparing groups, parametric
(ANOVA) and nonparametric methods (Kruskal-Wallis,
Mann-Whitney, Wilcoxon) estimates were used depending
on the normality of the sample distribution, which was
determined using the Shapiro-Wilk test. The results were
considered statistically significant at a confidence level of
at least 95%.
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Results and discussion

Previously, we carried out a one-step functionalization
of the chlorin e6 trimethyl ester molecule, which allowed
us to introduce a pyridazine group into pyrrole A using the
inverse electron demand Diels-Alder reaction (Fig. 1) [20]. It
was shown that this reaction occurs in high yields without
changing the properties of the original PS. In this work,
the reaction of chlorin e6 trimethyl ester with 3-phenyl-
1,2,4,5-tetrazine was carried out to obtain pyridazine-
substituted derivative 2. The resulting PS was reacted with
methyl iodide to obtain quaternized derivative 3. Thus, we

Ta6nuua 1
Ta6nuua noacyeTa KOJIOHUIM

Table 1
Colony count table

CpepgHee Konu-
4ecTBO MUKPO-
opraHusmoB

baktepusa | ®C (mkM)

obtained chlorins containing heterocyclic fragments at the
periphery of the macrocycle, in neutral and cationic form.

The resulting PS 2 and 3 are insoluble in water, so
their water-soluble forms were prepared in the form of an
emulsion in 4% Kolliphor ELP, which is a clinically approved
solubilizer.

The antimicrobial effect of the obtained PS was assessed
in vitro against bacteria S. aureus, K. pneumoniae, E. faecalis
and P. geruginosa. By counting the number of colonies, the
probability of the effect of cationic and anionic PS on Gram
“-"and “+" microorganisms were determined (Table 1).

CpefHee Konnye-
CTBO MUKpoopra-

HU3MOB KoHTponb

KOE/mn

KOE/mn

4 77.5£16.9 7.6%10° 18.3+14.6 1.8%10°
16 16.9+8.6 1.7%10° 3.744.4 4*102
24 2.6+2.9 MUKPOOPraHM3Mbl 0.8+1.4 MUKPOOPTraHM3Mbl C”&"BHF]W' poct
S. aureus NPUCYTCTBYIOT NPUCYTCTBYIOT on uer:\t
B KONMuecTBe B KONMuecTBe 952%2
MeHee 1 Ha cv® MeHee 1 Ha cm®
microorganisms are microorganisms are
presentin less than presentin less than
1 percm?® 1 percm?®
4 153.1+4.3 1.5%10* 114.4+£17.8 1.1*10*
16 20.1£2.5 2*10° 53.6+9.6 5.4%103
24 0.4+1 MUKPOOPraH/3Mbl 1.842.7 MUKpOOpraHuampl ~ C/MBHOM pocT
K. pneumo- . Confluent
. pUCyTCTBYIOT MPUCYTCTBYIOT h
hiae B KOMMYeCTBe B KOMYEeCTBE 9é§3%‘;
MeHee 1 Ha cm? MeHee 1 Ha cm?
microorganisms are microorganisms are
present in less than present in less than
1 percm? 1 percm?
4 149.3+4.2 1.5%10* 43.8+4.3 4.4*103
16 41.243.2 4.1%10° 9.1£1.6 9*10%
24 5.5+6.8 6*102 0.5+1 MUKPOOPraHMU3Mbl C“&"BH;]W' poct
E. faecalis npUCyTCTBYIOT on ue}:\t
B KONMYecTBe 922}"62
MeHee 1 Ha cv?
microorganisms are
presentin less than
1 percm?
4 162.1+£2.8 1.6%10* 114.4+7.81 1.4%10*
16 17.6+4.8 1.8%10° 13.3+4.9 1.3*10°
o 24 1.842.5 MUKPOOPTraH/3Mbl 14425 MUKPOOPFraH/3Mbl C”&"BH;])V' (e
g npUCyTCTBYIOT NpYCYTCTBYIOT S uek:\t
aeruginosa B KOMYeCTBe B KOMMYeCTBe 9;3%‘;
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MeHee 1 Ha cv®
microorganisms are
present in less than

1 percm?

MeHee 1 Ha cv®
microorganisms are
present in less than

1 percm?
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Puc. 1. CuHTEe3 nMpraasunH-3aMeLLeHHbIX MPOM3BOAHBIX XJIOPUHA.

Fig. 1. Synthesis of pyridazine-substituted chlorin derivatives.

Analysis of the data obtained showed that all PS have
inhibitory properties towards the tested microorganisms.
When a microbial suspension was incubated with 4 uM
and 16 pM PS 2 and 3 followed by irradiation, a rather
bacteriostatic effect was detected or a slight increase
in microbial numbers from the initial concentration
of microorganisms was observed, while in the control
a stable confluent growth was observed. When using
24 uM PS, a noticeable bactericidal effect is observed.
Negative dynamics of microorganisms is observed
depending on the concentration of PS in the suspension
of microorganisms. When comparing the difference
between the use of PS 2 and 3, a significant decrease
in the number of colonies can be traced when exposed
to cationic PS 3 compared to PS 2 in the case of gram-
positive bacteria. When comparing the effectiveness
against gram-negative bacteria, the cationic derivative
3 was more effective compared to the pyridazine-
substituted derivative 2, but the same significant
difference in biological activity as in the case of gram-
positive bacteria was not detected. The results obtained
from the study of photoinduced cytotoxicity suggest the

\@e
N

high efficiency of PS 3 compared to similar chlorophyll A
derivatives [21, 22].

Conclusions

Studies have shown that the proposed cationic
photosensitizer, obtained using the tetrazine-alkene
addition reaction starting from trimethyl ester of
chlorin e6, has high photoinduced antimicrobial
activity against both gram-positive and gram-negative
bacteria. An additional advantage of the proposed PS
is the ease of its preparation, and the raw materials
for its synthesis are readily available. We are currently
planning to conduct a study of the effectiveness of
the resulting PS on bacteria in biofilms, as well as to
carry out in vivo experiments on models of wound
infections.
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