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Abstract

The paper presents the results of a study on the accumulation of three different compounds of water-soluble asymmetric cationic porphyrins
by the bacteria S. aureus, S. epidermidis, S. haemolyticus and E. faecalis using flow cytofluorimetry and fluorescence microscopy. The studied
microorganisms were a sample (n=4) of isolates from biomaterial (wound discharge) from patients with wound infections (burn wound, trophic
ulcer, infection of the surgical area, etc.). The tested strains showed resistance to 1-7 antibiotics, two strains were carriers of the mecA gene. Porphyrins
containing heterocyclic fragments (benzoxazole, N-methyl benzimidazole, and benzothiazole residues) on the periphery of the porphyrin cycle
can accumulate in bacterial cells to varying degrees: porphyrin with N-methyl benzimidazole penetrates bacteria to a greater extent, and the
fluorescence signal is most intense for S. aureus and E. faecalis after incubation with this species. connections. There is some heterogeneity in the
bacterial cell population with respect to the ability to accumulate porphyrins, and the presence of bacterial lysis has been proven. S aureus after
incubation with S-porphyrin and subsequent photodynamic inactivation under the influence of light. The data obtained determine the prospects
for further study of compounds and determination of their bactericidal potential.

Keywords: antimicrobial photodynamic inactivation, photochemistry, porphyrin, antibiotic resistance, wound infection, accumulation.
Contacts: Kvashnina D.V., e-mail: daria_tsariova@mail.ru

For citations: Kvashnina D.V, Shirokova l.Yu., Belyanina N.A., Syrbu S.A., Lebedeva N.Sh., Boeva Zh.V,, Burashnikova A.A., Gorshkova E.N., Razzore-
nova E.A,, Kovalishena O.V,, Lazarev D.K. Study of accumulation of water-soluble asymmetric cationic porphyrins in gram-positive wound infection
pathogens during photodynamic inactivation, Biomedical Photonics, 2025, vol. 14, no. 2, pp. 4-11. doi: 10.24931/2413-9432-2025-14-2-4-11

U3YYHEHME HAKOIJEHUS BOOOPACTBOPUMbIX
HECUMMETPUYHbBIX KATUOHHbIX MOPDPHUPHUHOB

B TPAMIMOJIOXMUTESIbHbBIX BO3BYAUTENAX .
PAHEBbIX MHPEKUMN NMPU POTOONHAMMNYHECKOM
UHAKTUBALUU

A.B. Keawnuna', U.1O. Lupokoea', H.A. bensuuna', C.A. Ceipby?, H.LLI. Jlebepera?,

X.B. boeea', A.A. Bypawnukoea', E.H. lopwkoea?, E.A. Paz3zopeHosa?®, O.B. Kosanuwena',
A.K. Jlasapes'

'PepepanbHoOe rocynapcreeHHoe BloaxeTHoe 0OpPA30BATENBHOE YYPEXAEHUE BbICLLIErO
obpazosarus «[TPUBOXCKMI MCCNIENOBATENBCKMM MEAULMHCKMIA YHMBEPCUTETY MUHKUCTEPCTBA
snpasooxpaHenus Poceurckoin Penepaumnm, Huxnuit Hosropoa, Poccus

2MepepanbHoe rocyaapCTBEHHOE BIOMKETHOE yUpexaeHne Hayku MHCTUTYT XUMMM pacTBOPOB
um. [.A. Kpectoea Poccuiickon akagemmu Hayk, Msanoso, Poccus

S3PepepansbHoe rocyaapCcTBEHHOE ABTOHOMHOE OBPA30BATENLHOE YUPEXAEHNE BbICLLIETO
obpasosarus «<HaunoHanbHbIM MccneposaTensckuin Huxeropoackuit rocyaapCcTeeHHbIN
yHueepcuteT um. H.M. Jlobauesckoro», Huxnuit Hosropoga, Poccus

BIOMEDICAL PHOTONICS T. 14, Ne2/2025



Kvashnina D.V., Shirokova I.Yu., Belyanina N.A., Syrbu S.A., Lebedeva N.Sh., Boeva Zh.V.,
Burashnikova A.A., Gorshkova E.N., Razzorenova E.A., Kovalishena 0.V., Lazarev D.K.
Study of accumulation of water-soluble asymmetric cationic porphyrins

in gram-positive wound infection pathogens during photodynamic inactivation

Pesiome

B paboTe npepcTaBnieHbl pe3ynbTaTbl NCCIEA0BAHMA MO N3YYEHIIO HAKOMIEHNM TPEX PasHbIX COeANHEHMI BOAOPACTBOPUMbIX HECUMMETPUY-
HbIX KaTVOHHbIX NOPPUPUHOB GakTepuamu S. aureus, S. epidermidis, S. haemolyticus v E. faecalis ¢ nomoLbto NPOTOYHON LUTODIYOPUMETPIN
1 nyopecueHTHON MrUKpockonuu. Viccnepgyemble MUKpoopraHu3mMbl — Bblbopka (n=4) n3onatos 13 buomatepuana (paHeBoe otaensaemoe)
OT MaLMEHTOB C paHeBbIMU MHPEKLMAMY (0XKOroBas paHa, Tpodryeckas A3Ba, MHPEKLMA 061acTy XMPYPryeckoro BMeLLaTenbCTBa U Ap.).
TecTvipyemble LUTaMMbl MPOABJIANN YCTONUYMBOCTb K 1-7 aHTUOMOTVKaM, fiBa LWTamMMa Oblin HocuTtenamu reHa mecA. lMopdupuHbl, copepatyme
Ha nepudeprn NopGUPUHOBOIO LNKIIA reTepoLmKInYeckime dpparmeHTbl (ocTaTkin 6eH3okcazona, N-metun 6eH3nummgasona n 6eH30Ta3ona),
B Pa3HOW CTEMEHY CNOCcobHbI HakamIMBaTbCA B 6aKTepuanbHbIX KneTkax: nopdupuriH ¢ N-meTun 6eH3MmMmnga3onom B 6onblueit CTeNeHn Npo-
HVIKAET B KINETKN 6aKTepuid, U curHan GpayopecueHuny HanbonbLen MHTEHCMBHOCTM HabnopaeTcs ans S. aureus v E. faecalis nocne nHky6auumn
C flaHHbIM BUAOM coeanHeHnA. Habnogaetca HekoTopas reTeporeHHOCTb NonynAuumn 6akTepranbHbIX KNETOK B OTHOLUEHUW CMOCOBHOCTY
HakannvBaTb Nop$UPWHbI, AOKa3aHO Hanuyve nu3uca 6aktepuid S. aureus nocne NHKY6aLUM ¢ GOTOCEHCUOMIM3ATOPOM 1 MOCefytoLen
doToanHaMMYeCKON UHaAKTBaLMEN Nob AeiCTBUEM cBeTa. [onyyeHHble AaHHble onpefenaloT NepcrneKkTyBbl ANA AaNbHENLWEro N3y4yeHns
CoeAVHEHUIA 1 onpeaeneHna nx 6akTepuLnaHOro noTeHLUyana.
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Introduction

With the increasing resistance of microorganisms to
antibiotics [1,2], there is a growing interest worldwide in
alternativemethodsandbiocides capable of overcoming
the polyresistance of leading infectious agents.
One promising area is antimicrobial photodynamic
inactivation (PDI), based on photochemical reactions
in which the main role is played by reactive oxygen
species produced by molecules of a non-toxic dye or
photosensitizer in the presence of low-intensity visible
light to destroy microbial cells [3,4].

Antimicrobial photodynamic therapy, being a
particular option of photodynamic therapy (PDT), has
found its place in the fight against infectious diseases
in various areas of clinical medicine: dentistry [5,6],
dermatology [7-9], gynecology [10,11], urology [12],
otolaryngology [13,14], etc.

In addition, in recent years, clinical interest has
increased and serious scientific prerequisites for the
use of PDI for the treatment of infected wounds of the
skin and soft tissues have emerged. From a therapeutic
point of view, this is determined by a number of
advantages for the patient like high precision and
selectivity of local action, low invasiveness, atraumatic
nature, and additional effects in the form of stimulation
of regeneration processes with acceleration of healing.
From a microbiological point of view, it is important
that this type of therapy can be used repeatedly with
the same photosensitizer without any apparent risk
of developing resistance, since at the moment there
are no unambiguous reports that microorganisms
exhibit resistance, in a certain sense of the word, to PDI.
Moreover, although authors from different research
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teams [15-17] observed the effect of decreasing the
susceptibility of the population of archival and clinical
strains to sublethal doses of irradiation after several
cycles of photoinactivation [15-17], this cannot be
interpreted as the development of resistance to
PDI, since when using more stringent experimental
conditions (increasing the concentration of the
photosensitizer and/or increasing the number of light
doses), bacteria were destroyed [18].

Limitations in the active use of the antimicrobial
PDI method in medical practice are associated with
a shortage of non-toxic drugs with high bactericidal
efficacy against planktonic and biofilm forms of
microorganisms.

Studying the properties of experimental
photosensitizers to find compounds with optimal
antimicrobial activity that participate in the fight
against resistant pathogens is a priority task in clinical,
microbiological and epidemiological terms.

It is known that anionic, neutral and cationic
photosensitizers are active against gram-positive
bacteria, while only cationic ones have an effect on
gram-negative bacteria [19]. Thus, to expand the
spectrum of bactericidal action, it is more appropriate
to use cationic photoinactivators.

The potential of water-soluble asymmetric cationic
porphyrins is determined by the efficient production
of singlet oxygen and the advantage of the possibility
of chemical modification of peripheral substituents
for selective binding to biotargets of microbial cells
[19-21]. However, to understand the bactericidal
potential of these compounds in an in vitro experiment,
additional studies are needed, including studies of the
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accumulation of the photosensitizer in microbial cells
of clinical strains of microorganisms.

Studying the features of photochemical reactions
in a population of antibiotic-resistant clinical strains of
pathogens brings our experience closer to conducting
preclinical studies in vivo and clinical trials.

It is extremely important to note that the scientific
and practical task is not only to search for new
compounds or modify existing molecules to maximize
the quantum yield of singlet oxygen in in vitro tests,
but also to study the molecular bonds inside microbial
cells and the factors influencing differences in the
susceptibility of microbes to photoinactivation [22].
The search for mechanisms, phenotypic and genotypic
features underlying various microbial responses to
photodynamic inactivation is an important problem
of antimicrobial PDI, since even a population
of one bacterial agent existing in one infection
site is heterogeneous in its properties. Moreover
subpopulations of the pathogen can exhibit different
susceptibility to antimicrobial factors, including PDI,
which can be determined by a number of factors:
persistent cells are less susceptible to antimicrobial
PDI than fast-growing ones, have a higher potential for
producing antioxidant enzymes, etc. One of the main
conditions determining the antimicrobial effect of PDI
is the ability of cells to accumulate a photosensitizer.

The aim of the study is to study the features of
porphyrin accumulation in cells of gram-positive
antibiotic-resistant bacteria during PDl in vitro.

Materials and methods

This study is planned as an exploratory,
comprehensive and multi-stage one. In the first stages
of the work, a group of researchers from the G. A.
Krestov Institute of Solution Chemistry of the Russian
Academy of Sciences (Ilvanovo) synthesized asymmetric
water-soluble porphyrins containing heterocyclic
fragments (benzoxazole, N-methyl benzimidazole
and benzothiazole residues) [23] on the periphery
of the porphyrin cycle using the C—H activation
method. The experiments conducted on direct and
reverse spectrophotometric titration of the interaction
(binding) of albumin with monoheteryl-substituted
porphyrins [23] allowed us to assume that porphyrins,
when interacting with a bacterial cell, target surface
proteins and the genetic material of microorganisms.
These data served as the basis for further work.

This study presents the following research results:
data on the accumulation of porphyrins in vitro in
gram-positive bacteria using flow cytofluorometry and
fluorescence microscopy.

Experimental studies were carried out at three bases:
1. synthesis of chemical compounds: Federal State

Budgetary Scientific Institution G.A. Krestov Institute

of Solution Chemistry of the Russian Academy of

Sciences, lvanovo;

2. microbiological studies on the isolation,
identification and study of antibiotic resistance of
microorganisms: bacteriological laboratory of the
University Clinic of the Federal State Budgetary
Educational Institution of Higher Education “Priority
Medical University” of the Ministry of Health of the
Russian Federation, Nizhny Novgorod;

3. studies on the accumulation of a photosensitizer in
bacterial cells: Research Center of Molecular Biology
and Biomedicine of the Federal State Autonomous
Educational Institution of Higher Education“National
Research Nizhny Novgorod State University named
after N.I. Lobachevsky’, Nizhny Novgorod.

In a series of laboratory experiments, the main
objects of study were three different compounds of
monoheteryl-substituted porphyrins and strains of
gram-positive bacteria.

The porphyrins studied were:

1) 5-[4"-(17",3""-benzothiazol-2""-yl) phenyl]-10,15,20-
tris(N-methylpyridin-3"-yl)  porphyrin  triiodide
(S-por). PBS (phosphate buffered saline) (7.4)
M=1176.73 C=1*10-5 mol/I;

2) 5-[4’-(1"",3"-benzoxazol-2"-yl)  phenyl]-10,15,20-
tris(N-methylpyridin-3"-yl)  porphyrin  triiodide
(O-por). PBS (7.4) M=1160.67 C=1*10-5 mol/I;

3) 5-[4-(N-methyl-1"",3""-benzimidazole-2""-yl)
phenyl]-10,15,20-tris(N-methyl-pyridin-3"-yl)-
porphyrin triiodide (N-por). PBS (7.4) M=1173.74
C=1*10-5 mol/I.

The studied microorganisms are a sample (n=85)
of microorganism isolates from biomaterial (wound
discharge) of patients with wound infections. The
experiment included clinical material from patients of
the Burn Center and the Institute of Traumatology and
Orthopedics of the University Clinic of the Federal State
Budgetary Educational Institution of Higher Education
“Privolzhsky Research Medical University (PRMU)" of the
Ministry of Health of the Russian Federation with various
purulent-septic infections of the skin and soft tissues
(burn wound, trophic ulcer, surgical site infection, etc.).
Species composition of the collection:

To study the features of porphyrin accumulation
in bacterial cells, one strain of S. aureus, S. epidermidis,
S. haemolyticus, and E. faecalis. were selected from the
general population.

Species identification of microorganisms was
carried out by MALDI-TOF mass spectrometry on the
appropriate equipment (MALDI-TOF MS (Germany) and
MALDI-TOF AUTOF MS1000 (Autobio, China)). The study
of susceptibility to antibacterial drugs was carried out
on a Vitek 2 bacteriological analyzer (France), with
subsequent interpretation according to the adopted
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rules of EUCAST (European Committee on Antimicrobial
Susceptibility Testing) [24]. The prevalence of resistance
genes was determined using the AmpliSens MDR MBL-
FL and Litekh reagent kits (Russia) for the isolation
of resistance genes by PCR with hybridization-
fluorescence detection of amplification products in real
time.The mecA gene was detected in staphylococci. The
properties of the isolated strains (antibiotic resistance)
were described using the version 2023 of the WHONET
program.

To obtain data on the accumulation of porphyrins
in bacterial cells, the following steps were performed:

1.1 Preparation of bacterial cell culture. An overnight
culture of S. aureus, S. epidermidis, S.haemolyticus
and E. faecalis was grown in sterile liquid LB medium
(10 g of tryptone, 10 g of NaCl, 5 g of yeast extract
(all from Sigma-Aldrich, USA)) for 16-18 h at 37 °C.
The resulting suspension was centrifuged (10 min,
4000g) and diluted to a concentration of 1.5x102
cells/mlin sterile 0.9% NaCl solution.

1.2 Incubation of bacterial cells with porphyrins. S-, O-
and N-porphyrins were dissolved in sterile PBS (pH
7.4) (10 uM) and added to the bacterial suspension
(1.5x107 cells/ml). For photoinactivation, the
bacterial suspension was irradiated with LED lamps
(20 W power) for 15 min at room temperature.

1.3 Evaluation of absorption and accumulation of
porphyrins by bacteria. To assess the absorption of
the studied porphyrins by bacteria after incubation,
the bacteria were washed twice with sterile PBS
(10 min, 4000 g, 4 °C) and the resulting suspension
was analyzed using a Cytoflex S flow cytometer
(Beckman Coulter, USA) and CytExpert 1.2.10.0
software (Beckman Coulter, USA).

The accumulation of porphyrins was estimated based
on the average values of the fluorescence signal (mean
fluorescence intensity, MFI), measured in relative units
and recorded for S. aureus, S. epidermidis, S. haemolyticus
and E. faecalis bacteria after treatment with S-, O- and
N-porphyrins after 15 minutes of light irradiation. For
fluorescence analysis using microscopy, a bacterial
suspension (1.5x107 cells/ml) after incubation with 10 uM
solutions of S-, O-, and N-porphyrins was centrifuged (5
min, 4000 g, 4 °C). The pellet was resuspended in sterile
PBS (pH 7.4) and applied to glass slides.

A drop containing the bacterial suspension was
dried in air, fixed in a burner flame, then placed in
Faramount Mounting Medium (Agilent, USA) and
covered with a coverslip. The study was carried out
on an LSM 800 setup (Carl Zeiss, Germany) using
ZEISS Axio Vert.A1 software (Carl Zeiss, Germany).
The accumulation of porphyrins was assessed by the
presence of fluorescence (excited using a 488 nm laser,
the fluorescent signal was detected in the wavelength
range of 640-740 nm using appropriate optical filters).

Statistical data processing was performed in the R
environment (Rstudio 1.1.463), and GraphPad Prism
8.4.3 software (GraphPad Software, USA) was used for
data visualization. Two-way analysis of variance was
used to compare mean fluorescent signal (MFI) values.
The level of statistical significance of differences in
hypothesis testing was chosen at p < 0.05.

Results and discussion

The tested strains (n=4) showed resistance to 1-7
antibiotics. The resistance profiles of the selected
cultures are presented in Table 1. Two strains
(S.haemolyticus 525, S.epidermidis 7) were resistant to
cefoxitin, which is an alarming microbiological and
clinical sign, since, according to the EUCAST guidelines,
resistance to this antibiotic is a sign of resistance to
the entire group of penicillins. At the same time, these
strains were carriers of the mecA gene.

In an in vitro experiment to study the accumulation
of porphyrins by bacterial cells of clinical strains of S.
aureus, E. faecalis, S. epidermidis and S. haemolyticus using

Ta6nmua 1

Mpodunm aHTMGNOTUKOPE3UCTEHTHOCTU KIIMHUYECKUX
wTaMMoB

Table 1

Profiles of antibiotic resistance of clinical strains

MwukpoopraHusm n
NAEeHTUPUNKALMOHHbIN HOMep
no nabopaTopHomy KypHany /
pesynbratbi MLUP

Mpodunpb
pe3nCcTeHTHOCTIU

S.aureus 229 / 6eTa-nakTamasbl + B-- PL- H
S.epidermidis 7 / mecA+ -_--XGPLN-_Z H_-
S.haemolyticus 525 / mecA+ R G —

E. faecalis 2025 -~ -G-_NM_-_—-

B ctonbue «Mpodnnb pesncTeHTHOCTV» MCMOsb30BaHa 3HakoBas
cuctema: «OykBa» — PE3UCTEHTHOCTb WM  MPOMEXYTOYHanA
UYBCTBUTENIBHOCTb K  OMpefeneHHOMY aHTUOBUOTUKY; « » -
UYBCTBUTE/IBHOCTb; «-» — UyBCTBUTENbHOCTb He ornpefenanach.
PacwmndpoBka 6yKBeHHbIX KOAOB B MPOdUIAX Pe3UCTEHTHOCTM:
B - 6eH3unneHeumnnuH; R — pudamnuumH; C — uedTprakcoH;
F - uedotakcum; X - uedokcutnH; G - reHTamuuyuH; P -
umnpodnokcaunH; L — nesodpnokcaumH; N — KnuHgamuumH; M —
JIMHKOMUUUH; E — spuTpoMuumH; Z — nuHesonug; V — BaHKOMULH;
H — xnopamderunkon; T — TeTpauunknmH; Y — TUreUKInH. <mecA+» —
y WiTaMmmMa 06Hapy»KeH COOTBETCTBYIOLLUIA FEH.

The column “resistance profile” uses a sign system: “letter” - resist-
ance or intermediate sensitivity to a particular antibiotic;“_" - sensi-
tivity; “-" — sensitivity to a particular antibiotic. Interpretation of let-
ter codes in resistance profiles: B — benzylpenicillin; R - rifampicin;
¢ - ceftriaxone; F - cefotaxime; X — cefoxitin; G - gentamicin; P -
vrofloxacin; L - levofloxacin; N - clindamycin; M - lincomycin; e -
erythromycin; Z - linezolid; V — vancomycin; H — chloramphenicol;
T-tetracycline; Y - tigrecycline. XR - resistance to cefoxitin.“mecA+"
- the corresponding gene was found in the strain.
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cytofluorimetric analysis, it was found that N-porphyrin

wn Horrx Horrx : Horkx Horx accumulates in bacterial cells to a greater extent than S-
- | | s | and O-porphyrins, as evidenced by the increasing mean
O L5106 1 = M = fluorescence intensity (MFI) in the series S-porphyrin >
= Hoxkx * RRK ook =1 S-por O-porphyrin > N-porphyrin (Fig. 1).
o . EE O-por
< 1x10° N-por
2:' = Puc. 1. 3HauyeHus cpepHero ¢nyopecueHTHoro curHana (MFI),
= peructpupyemoro ans Gaktepui S. aureus, S. epidermidis, S.
Z 5%105 - haemolyticusu E. faecalisnocne o06pa6oTkuS-, 0-u N-nopdupmHamm
N § T yepe3 15 MUHYT 06/1y4EHUS CBETOM (CTaTUCTUKA: ABYX(DAKTOPHbIN
@ § OUCNEePCUOHHBbIM aHanua, *— p<0,05; ****- p<0,0001, gaHHblEe
& § 0TOGpaXkaloT cpefiHee U CTaHJapPTHOe OTKIIOHEeHHUe).
O 0- = Fig. 1. The values of the average fluorescent signal (MFI) recorded
for S. aureus, S. epidermidis, S. haemolyticus and E. faecalis
bacteria after treatment with S-, O-, and N-porphyrins after 15
< R minutes of light exposure (statistics: two-factor analysis of
%? variance, *— p<0.05; ****- p<0.0001, the data shows the mean
and standard deviation).
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s ] pecueHuun 6Gaktepuh S.
N ] aureus, S. epidermidis, S.
= 1 haemolyticus v E. faecalis
“ 1 nocne o6pa6oTku S-, O- n
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nocne o6paboTkM cBETOM
=R 8 8 15 mMuH.
] Fig. 2. Representative
| histograms of fluore-
£ & | x z scence of S. aureus, S.
S 3s sg dg epidermidis, S. haemo-
S ] Iyticus and E. faecalis
;} 1 bacteria after treatment
1 with S-, O- and N-por-
1 phyrins: Il —before light
tlr“:‘ 165 ”"Toe' ”“‘10? 0 104 10° 108 10° 0 104 10° 108 10° treatment, - aftgr light
PerCP-A PerCP-A PerCP-A treatment for 15 min.
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Moreover, for S. aureus and E. faecalis, the mean
fluorescenceintensities were higherthanfor S. epidermidis
and S. haemolyticus. Also, for S. epidermidis and S.
haemolyticus, the difference between S- and O-porphyrin
accumulation was not as significant (5% difference in
significance for S. epidermidis and no difference for S.
haemolyticus) than for S. aureus and E. faecalis.

Representative graphs obtained during cytofluoro-
metric analysis are shown in Fig. 2. The graphs demonstrate
that the fluorescence peak is shifted along the PerCP-A
axis to the right for N-porphyrin to a greater extent than
for S- and O-porphyrin. Moreover, in accordance with Fig.
1,in Fig. 2 it is observed that this shift is more pronounced
for S. aureus and E. faecalis, which is probably due to the
greater accumulation of N-porphyrin by these cells.

For S. aureus, S. epidermidis and S. haemolyticus,
the graphs demonstrate a decrease in the peak height

and/or the appearance of an additional peak, which
probably characterizes the presence of cells that do not
accumulate S- and O-porphyrins or accumulate them to
a lesser extent.

Using fluorescence microscopy, data were obtained
confirming the fact of accumulation of the porphyrins
used in the work by S. aureus, S. epidermidis, S.
haemolyticus and E. faecalis (Fig. 3).

We also observed that some cells accumulate
porphyrins to a lesser extent than the main population
(Fig. 4a), which confirms the data obtained using flow
cytofluorimetry on the presence of cells with lower
fluorescence intensity or its absence in the population.
In addition, it was shown that coincubation with
porphyrins followed by photoinactivation leads to
cell lysis (Fig. 4b), which determines the bactericidal
potential of the studied compounds.

S- por O- por

S.aureus

S.epidermidis

S.haemolyticus

E.faecalis

Axio

Zeiss, lepmanus), yBe-
nuyenue 40x).

Fig. 3. Representative

N- por

Puc. 3. PenpeseHTta-
TUBHble  MUKpodOTO-
rpadumn dnyopecuen-
uuun 6aKTepum S.
aureus, S. epidermidis,
S. haemolyticus v E.
faecalis nocne o6pa-
60TkM S-, O- u N-nop-
bupmHamu (aaHHbIE
NnoJly4eHbl C NOMOLbIO
MUKpOCKona ZEISS

Vert.A1 (Carl

micrographs of the
fluorescence of S.
aureus, S. epidermidis,
S. haemolyticus and E.
faecalis bacteria after
treatment with S-,
0- and N-porphyrins
(data obtained using
a ZEISS Axio Vert.
Al microscope (Carl
Zeiss, Germany), mag-
nification 40x).
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In  experimental conditions, evidence was
obtained that the population of antibiotic-resistant
microorganisms - causative agents of wound
infections, is heterogeneous in its ability to accumulate
porphyrin, which means that the bactericidal effect
can also vary. This is important for further research and
determining the basic parameters of antimicrobial PDI
using porphyrins in patients with infection. Namely, it is
necessary to more carefully approach the development
of exposure conditions (volume and concentration of
the photosensitizer, irradiation time), since it is possible
for some part (subpopulation) of microorganisms to
survive after irradiation.

Conclusion

Based on the results of the in vitro experiment, it was
determined that asymmetrical water-soluble porphyrins
containing  heterocyclic  fragments (benzoxazole,
N-methyl benzimidazole and benzothiazole residues)
on the periphery of the porphyrin cycle are able to
accumulatein bacterial cells to varying degrees. The study
assessed the accumulation of S-, O-, and N-porphyrins

Puc. 4. PenpeseHTaTMBHble MU-
KpodoTtorpadpum dnyopecueHUnn
6akTepun S. aureus nocne 06-
paboTku S-nopdUPUHOM, AEMOH-
cTpupylowme (a) pasnuvyus B WH-
TEHCUBHOCTU dniyopecueHunn ans
OoTAeNbHbIX 6aKTepui (yBennyeHue
100x), (6) Hannune nu3nca Gakre-
pui (yBennyeHue 40x).

Fig. 4. Representative micrographs
of S. aureus fluorescence after
S-porphyrin treatment, showing
(a) differences in fluorescence
intensity for individual bacteria
(magnification of 100x), (b)
the presence of bacterial lysis
(maghnification of 40x).

by S. aureus, S. epidermidis, S. haemolyticus, and E.
faecalis bacteria using flow cytometry and fluorescence
microscopy. It was confirmed that the porphyrins
used were able to accumulate in bacterial cells, and a
comparison of their accumulation efficiency in different
types of gram-positive bacteria was performed.

It was shown that N-porphyrin penetrates bacteria
to a greater extent, and the fluorescence signal of the
highest intensity is observed for S. aureus and E. faecalis
after incubation with this type of porphyrin. The data
obtained were confirmed by fluorescence microscopy.
It was also found that there is some heterogeneity
in the bacterial cell population with respect to the
ability to accumulate water-soluble asymmetric
cationic porphyrins, and the presence of lysis of S.
aureus bacteria after incubation with S-porphyrin and
subsequent photodynamic inactivation under the light
was demonstrated.

The study was supported by the Russian Science
Foundation grant No. 23-75-01087, https://rscf.ru/
project/23-75-01087/.
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