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/lannbvie 6cemupnoit opzanusayuu 30pagooxXpanHenus ceuoemeabCmayom, Ymo Ipa aHmu-
OUOmMUK08 noCmeneHHo ROOX00Um K KOHUY, U 6EPOAMHOCHb OMKPLIMUA HOBbIX K1ACCO8 AHMU-
MUKDOOHBIX NPEnapanmos oyeHueaemcs KaK Hu3Kas, Heo0xXo0umo Haimu ajlbmepHamugHble nex-
Honozuu 013 60PLOBL C AHMUOUOMUKOPE3ZUCH EHMHBIMU MUKpoopzanuzmamu. Knroueesoit éonpoc,
Ha Komopulii He0OX00UMO OMEEmMUNb 8 NOCTAEOHUE 200bl: CHAHEN JIU AHMUMUKPOOHAA homoou-
Hamuueckas mepanusn (A@AT) aremeprnamugoii cmanoapmmuomy j1e4eHuo 10KaAAu306aHHbIX UH-
hexyuii 6 moii mepe, 6 KaKoii IMOM mMemoo Obll NPUHAM MEOUUUHCKUM COOOULECBEOM NPU Jie-
yeHuu noeepxnocmuuix onyxoneu. Hawiu u muozue opyzue ucciedosanus, OnUcanHnvie 6 OAHHOM
0030pe, oelicmeumenvro nokazviearom, umo A@AT umeem xopowiuii nomenyuan, Ymoosl 3a-
HAMDb 8ANCHOE MECMO CPeOU PAOA MEMOO08 YHUUMONCEHUA PE3UCHEHRMHBIX MUKPODOO0s. OOHaKo
MHO20e, ecliu He 6ce, Oyoem 3a8ucems Om NOAGAEHUA KO20PMbl 8payeil, 20MoevlX NPUHAMDL IMY
HO8YI0 napaduzmy. B 0030pe paccmompenst npupoonvie X10punogvle HoOmocencudunu3amopsl
(DC), ucnonwvzyemuie 6 ADGAT. Ilpeocmasnenvt coomeenmcmeyrouiue MoaeKyaApHvle CIMPYKMypbl
MAKpOZemepouUKi106, CONOCMABICH U KPAMKO 00CYHCOeH PAO 8AHCHBIX Pe3YIbmMAmos no ¢omo-
OUHAMUYECKOU UHAKMUBAUUU KAK MY3EHUHbIX, MAK U HO30KOMUAIbHBLIX AHMUOUOMUKOpe3U-
CMEHMHBIX MUKPOOPZAHU3MOE in vitro. Ilpoananuzupoganst 603modicHble Rymu nOmMeHyuposa-
HUA AGHMUMUKDPOOHOU akmueHocmu xiaopunoevix @C nymem ucnob308aHus coeOuHeHull He
MaKpozemepoyuKaIudeckou npupoosl. /lokazano, umo KamuoHHble MAKPOZEMEPOUUKIIbL A6/15-
omca naubonee Ihhexmuenvimu azenmamu 0aA IMUMUHAUUU KAK ZPDAMROTIONCUMETbHBIX, MAK
U 2pamompuyameibHbIX NAMo2eH08 npu coomeemcmaeyouiem ooayuenuu. Cpeou HUx 6ajrcHoe
MeCmo 3aHUMAION HPOU3600HbLE XA0POPUNILA - OHU MATIOMOKCUYHBL 07151 KJ1eMOK MAEKORUMAIo-
WAUX, PA3PYUIAIOMC BPU 00IYY4eHUU U ObICMPO 6bl800AmCcA U3 opzanusma. Ilokaszano, umo cuno-
Hoe nomenyuposanue AD/T nymem 0ob6asnenua Heop2anuyecKux coiell uiu noauMepos 6 pac-
meoput DC b6e3 pocma memHOB0I MOKCUUHOCIU Oy0em nPedCmasiamsy 0coovlii uHmepec 6 o.1u-
acatimiue 200vl. Takum odpazom, papadbomra cReyuaIbHbIX J1eKAPCHMEEHHBIX Popm, codepiica-
wux kak @C, maxk u nomenyupyowuil azenm, a maxuce couemanue AQHAT ¢ mpaouyuonnvimu
Memooamu neueHus 10KaAAu308aHHbIX UHPEKYUT MOXHCem 6bléecmu j1eueHue MUKPOOHbIX UHpeK-
WUIl HA Ka4eCnEeHHO HOBbLIL YPOGEHb.

KiroueBble cji0Ba: aHTHOMOTHKOPE3UCTEHTHBIE MUKPOOPTaHU3MBI, (DOTOIMHAMUYECKAS] MHAKTHBAIIHS,

xJ1opohuiioBbie HOTOCECHCHOMIN3ATOPBI, TPAMIIOIOKUTEIbHBIE U TPaMOTpULATENIbHBIE OAKTEPUH, TIOTEHLUPY-
IOLIHE areHThI
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Because of the antibiotic era is considered to be on the verge of ending and the probability
of discovering novel classes of antibiotics is estimated to be low, it is necessary to discover alterna-
tive technologies to fight with antibiotic resistant microoorganisms. The key question to be an-
swered in recent years is: will become APDT the alternative to the standard treatment of localized
infections to the extent this modality has been adopted by the medical community in treating super-
ficial tumors. Our and many other studies mentioned here do indicate that APDT has a good po-
tential to take an important place in the arsenal of killing resistant microbes. However, much, if
not all, will depend on the appearance of the cohort of physicians willing to accept this new para-
digm. In this short review, we focus on the most popular chlorin photosensitizers (PSs) used in
antimicrobial photodynamic therapy (APDT). The appropriate molecular structures and several
important results of photodynamic inactivation of both archival and nosocomial antibiotic resistant
microorganisms are given in some detail and briefly discussed. The possible ways of potentiating
antimicrobial activity of chlorophyll-based PSs are also analyzed. It has been proven that cationic
macroheterocycles are proved to be the most efficient agents for eliminating both Gram-positive
and Gram-negative pathogens under appropriate irradiation. Among them chlorophyll derivatives
are found to be low toxic to mammalian cells, are destroyed under irradiation and rapidly removed
from the body. It has been shown that strong potentiation of APDT by adding inorganic salts or
polymers to PS solutions without the growth of dark toxicity will be of special interest in the next
years. The development of special dosage forms containing both a PS and a potentiating agent as
well as the combination of APDT with traditional methods of treating localized infections may pro-

vide additional benefit for many patients.

Key words: antibiotic resistant microorganisms, photodynamic inactivation, chlorophyll photosensitiz-
ers, Gram-positive and Gram-negative bacteria, potentiating agents
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INTRODUCTION

It is well known that antibiotics are steadily
losing their impact to kill pathogenic microorganisms
and multi-resistant superbugs are detected both among
Gram-positive and Gram-negative bacteria [1-3]. The
previously dominated trend [3] that most, if not all, mi-
crobial infections may be efficiently treated with anti-
biotics is gradually becoming a thing of the past, and
humanity has finally recognized that pathogenic mi-
croorganisms have a unique ability to adapt to adverse
environment conditions due to various mutations and
biofilm formation [4, 5]. Additionally, inappropriate
prescription of antibiotics for viral infections, a low
dose or insufficient duration of treating bacterial in-
fections, the pollution of the environment by preserv-
ative or antibiotic sewage waters provide further grist
to the mill [5].

Several years ago, six superbugs were included
into the so-called “ESKAPE” group containing the
bacteria with resistance to multiple antibiotic classes

ChemChemTech. 2023. V. 66. N 12

[1, 7]. Besides traditional ways proposed to treat re-
sistant localized infections [7, 8], the important role is
given to antimicrobial photodynamic therapy [5, 6, 8,
9]. Originally developed to treat superficial tumors
(see [9-12] and references therein), APDT is well-es-
tablished and easily repeatable approach to eliminate
various classes of bacteria, fungi, viruses etc. [5, 6-8,
13, 14]. It involves a two-step procedure consisting of
administrating a light-activated drug (photosensitizer)
which is rapidly accumulated in microbial cells fol-
lowed by local irradiation of an infected area by visible
light. This initiates a cascade of photochemical reac-
tions leading to the formation of highly reactive oxy-
gen species (ROS). These ROS execute fatal damage
towards microbial cells inducing their efficient killing.
It is apparent that this approach may play a crucial role
when living in a world without efficient antibiotics in
the future.

For the last fifteen years it has been recognized
that APDT is an efficient technique to kill both antibi-
otic-sensitive and multi-resistant bacteria and fungi
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[13-19]. The mechanism of a bacteria killing in this
case is a multi-target damaging process compared to
the antibiotic killing that acts very specifically to a def-
inite target [5, 8, 9]. It is important that for APDT no
specific ligand-receptor interaction is necessary as
well as no specific extracellular or intracellular locali-
zation of a given photosensitizer (PS) is needed [5].

Many types of photosensitizing agents have
been synthesized and studied in detail over the past
years (see, for example, [6, 9, 13, 18, 20, 21] and ref-
erences therein). The most popular PSs have a macro-
cyclic structure and belong to a porphyrin-, phthalocy-
anine-, chlorin- or bacteriochlorin-type of photosensi-
tizing agents. During the past decade, we have been
currently involved in an intensive and continuing series
of investigations [12, 15-17, 22-24] dealing with the
antimicrobial and antitumor activity of natural chloro-
phyll PSs. Our interest to these green pigments came
from their unique molecular structure and properties.
Firstly, these PSs may be easily obtained from natural
chlorophyll [15-17]. Secondly, they are safe in the dark
and as natural compounds are rapidly removed from
the human body [25-28]. Thirdly and generally, these
pigments belonging to the second generation of PSs
generate singlet oxygen with a good quantum vyield
[12, 29] and are proved to be efficient agents in treating
both malignant tumors [12, 24-27] and localized infec-
tions [8, 9, 17, 24].

Here, we focus on some important chlorin-
type PSs used in APDT and compare their ability to
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kill bacteria and fungi in vitro both in the dark and
under irradiation.

DISCUSSION

We have noted above that many agents in
APDT have a macrocyclic structure which is very sim-
ilar to that of protoporphyrin-1X in human hemoglobin
[9, 25]. Chlorins are known to be reduced porphyrins
and are obtained by extraction from natural raw mate-
rials followed by an appropriate chemical modification
or by hydrogenating of one exo-pyrrol double bond in
a porphyrin macrocycle. This leads to the shift of the
absorption Q-band to larger wavelengths and increases
the intensity of red light absorbance by a PS molecule
[25, 30-32].

The most popular domestic chlorin PSs in an-
titumor PDT such as “Fotoditazine”, “Fotoran es” or
“Radachlorin” contain chlorin es as the main compo-
nent (see Fig. 1) and eradicate pathogenic microorgan-
isms under irradiation [9, 24, 33, 34]. However, their
effect is mainly restricted by Gram-positive bacteria. It
is not surprising because more 30 years ago it was
found that there was a fundamental difference in sus-
ceptibility to APDT between Gram-positive and Gram-
negative bacteria [35]. In general, anionic and neutral
PSs are efficiently bound to Gram-positive bacterial
and fungal cells and photoinactivate them. In contrast,
Gram-negative bacteria are relatively resistant to these
agents due to low affinity of PS molecules to their outer
lipopolysaccharide membrane.

Comp. 3

Fig. 1. Molecular structures of the clinically approved chlorin PSs: chlorin es trisodium salt (comp. 1, its 1:1 mixture with polyvinylpyr-
rolidone is known as "Fotoran es"); "Fotoditazin" as a dimeglumine salt of chlorin es (comp. 2) and the conjugate of chlorin es with pol-
yethylenimine (comp. 3) used for treating endodontic infections [13]

Puc. 1. MonexysipHbIe CTPYKTYpBI KIMHHIECKH 0JJ0OpEHHBIX XJI0puHOBBIX OC: TpHHATPHEBOH coH XJI0pHHa €6 (coen. 1, ee cmech 1:1
C NOJIMBUHUWJINHUPPOIUAOHOM U3BECTHA KaK «q)OTOpaH 66»); «q)OTOI(I/ITa31/IHa)> B BUJIC III/IMQFJHOMI/IHOBOﬁ COJIX XJIOpUHA €6 (COGH. 2) u
KOHBIOTaTa XJIOPHHA €6 C MOJIMATHICHUMHHOM (coe. 3), MPUMEHSIEMOT0 IS JICUSHHUS SHAO0TOHTHIECKUX HHpeKni [13]
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Fig. 2 compares the dose-dependent Killing
curves for chlorin es and its cationic conjugate with
polyethyleneimine (see Fig. 1) at the PS concentration
of 10 uM [13, 36]. We see that the polymer construct
is highly efficient in mediating APDT of Gram-posi-
tive and Gram-negative bacteria. The complete elimi-
nation of Staphylococcus aureus is observed at a light
dose of 15 J/cm?, while Pseudomonas aeruginosa re-
quires a much higher fluence, viz. 40 J/cm?. It is obvi-
ous that the positive charges of the conjugate help it to
bind to the negatively charged bacteria wall and its pol-
ycationic nature enables the PS to penetrate quickly the
outer membrane of Gram-negative cells by disrupting
its structure [13]. The important feature of such cati-
onic PSs is their macromolecular nature providing a
temporal selectivity to bacterial cells, while mamma-
lian cells take them up by the time-dependent process
of endocytosis.

In sharp contrast, anionic chlorin eg is found to
be much less efficient and gives two-three logs of bac-
terial killing. Fig. 2 shows that susceptibility to APDT
with chlorin e is larger for Staphylococcus aureus.
However, the effect is rather weak at this low PS con-
centration. The increase in a chlorin es concentration
and a light dose provides the complete elimination of
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Staphylococcus aureus [33], while the killing of noso-
comial strains of Pseudomonas aeruginosa does not
exceed two-four logs.
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Fig. 2. Photoinactivation of Staphylococcus aureus (1, 2; left-
hand scale) and Pseudomonas aeruginosa (3, 4; right-hand scale)
by comp. 1 (2, 4) and comp. 3 (1, 3) [13, 36]. The PS concentra-

tion and incubation time were 10 pM and 10 min, respectively.
Lines are spline functions

Puc. 2. ®orounakrusarms Staphylococcus aureus (1, 2; neBast
mikana) u Pseudomonas aeruginosa (3, 4; npasas mkaina) coex. 1
(2, 4) u coen. 3 (1, 3) [13, 36]. Konnenrpauust @C 1 BpeMst HHKY-
Oammu cocraBstan 10 MkM u 10 MuH, cooTBeTCTBEHHO. JIMHUT —

CIUTaH-QYHKIIH
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Fig. 3. Molecular structures of mono- (comp. 4), di- (comp. 5) and tricationic (comp. 6) chlorin photosensitizers as well as the conjugate
of chlorin es with dioxidine (comp. 7). The chemical names of PSs can be found in original papers [15, 16, 37]
Puc. 3. MonekymsipHbIe CTPYKTYpBI MOHO- (coea. 4), mu- (coel. 5) U TPUKaTHOHHBIX (coell. 6) XITOpUHOBBIX (HOTOCEHCHOMIIH3aTOPOB, a
TaKKe KOHBIOraTa XJOpUHA €6 ¢ TUOKCHAUHOM (coea. 7). Xumudeckue Hazsanus OC qaHbl B OpUTHHAIBHBIX paboTax [15, 16, 37]

Recently [15-17, 24] we have studied in some
detail photoinactivation of both archival and nosocom-
ial antibiotic resistant pathogens by neutral and several

ChemChemTech. 2023. V. 66. N 12

cationic chlorin PSs containing one, two or three tri-
methylammonium groups (see comps. 4-6 in Fig. 3).

35



A.B. Kyctos

The results of the first series of experiments with ar-
chival strains was twofold: both mono- and poly-
cationic chlorins provided the efficient killing of
Staphylococcus aureus and Candida albicans, but
were ineffective towards Escherichia coli (see the first
section in Table 1). In sharp contrast, the neutral con-

jugate of chlorin es with antimicrobial drug “Diox-
idine* (comp. 7) showed promising results in mediat-
ing APDT of plankton forms of Escherichia coli [15].
However, further studies with much larger colony
forming unit (CFU) values were not too successful
both in vitro and in vivo [17].

Table 1
Inactivation of archival pathogens by comps. 4-6 in the dark and under irradiation
Tabnuya 1. UnakTuBanMs apXUBHBIX ATOT€HOB coejl. 4-6 B TEMHOTE U MPU 00J1y4eHH I
Survived microbial cell numbers
Pathogen Dark Irradiation, 40 J/cm?
Comp. 4 Comp. 5 Comp. 6 Comp. 4 Comp. 5 Comp. 6
1. Initial bacterial cell number was 10%, mps= 0.00005 mol/kg [15]
Staphylococcus aureus 980 30 0 0 0 0
Candida albicans 0 0 40 0 0 0
Escherichia coli 1000 1000 1000 1000 1000 1000
2. Initial bacterial cell number was 107, mps = 0.0001 mol/kg + 0.1 mass. %
NazHEdta [16]
Staphylococcus aureus 0 0 0 0 0 0
Escherichia coli 0 0 0 0 0 0
Candida albicans 0 0 0 0 0 0
3. Initial bacterial cell number was 107, mps = 0.0005 mol/kg + 1 mass. % Tween 80
[16]
Staphylococcus aureus 02 0 - 0@ 0 -
Escherichia coli 1.5 1062 107 0 02 0 0
Candida albicans 02 7.5 108 - 02 510° -
Note: 2 — solutions contained 0.1 mass. % of NazHzEdta
Ipumeuanue: ® — pactBopsl coxepskainu 0,1 mac. % NazH2Edta
a
SO0, SN
Z—_S\(O o, O X
o
YAy o %
n, Zn=20
b c
\rgl\tz/\/HWH’\ilz/\/H\IHI\SZ/\/';| Na )OH
N N N.... "o o
O o) 0 HOY\N/\/N\)LO_
(@] OH Na*
¥
Comp. 8 Comp. 9
(0]

Fig. 4. Molecular structures of potentiating agents and conjugates with myristic acid: (a) Tween 80, (6) e-polylysine N~30, (c) disodium
ethylene diaminetetraacetate (NazH2Edta); neutral (comp. 8) and dicationic (comp. 9) conjugates of chlorin es with myristic acid. The
chemical names of PSs are given elsewhere [17]

Puc. 4. MomnekyIsipHble CTPYKTYPBI MOTEHIIMUPYIOIINX areéHTOB U KOHBIOTATOB C MUPHCTHHOBOM kucioToii: (a) Tween 80, (6) e-momu-
mmzun N~30, (c) munarpuiistiienguamunterpaanerar (Na2H2Edta); ueiirpanbabie (coex. 8) u mukaTHOHHBIC (Coe/. 9) KOHBIOTATHI XJI0-
pHHA €6 C MEPHCTHHOBOM KrcnoTol. Xumnueckue Ha3Banust ®C mpusesersl B [17]
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As for the cationic PSs mentioned above, we
may state that either the intrinsic charge of cationic PSs
was insufficient to penetrate the outer membrane of
Escherichia coli or a PS concentration and a light dose
were too small to inactivate Gram-negative bacteria.
The similar findings were made for chlorin eg amino-
butyl amide and its monocationic derivative [38].
Thus, in the further experiments with cationic chlorins
we used higher PS concentrations and added to a PS
solution appropriate potentiating agents such as
NazH:Edta or Twin 80 (see Fig. 4). This approach is
seen to improve the results and leads to complete elim-
ination of all the three pathogens.

The mechanism of Na;H.Edta toxicity is well
known and consists of destabilization of the outer
membrane via calcium chelation. Twin 80 utilizes an-
other way. This safe non-ionic surfactant [39] forms
spherical micelles [40, 41] efficiently solubilizing hy-
drophobic chlorin molecules. This prevents PS hydro-
phobic association and strongly increases generation of

A.V. Kustov

singlet oxygen, which seems to be responsible for en-
hancing toxicity under irradiation. It is worthy of note
that some potentiating agents have their own toxicity
towards bacterial cells or are able to enhance toxicity
of PS molecules. Table 2 compares dark toxicity of
aqueous solutions of several potentiating agents to ar-
chival and nosocomial antibiotic resistant microorgan-
isms. We see that diluted solutions of Na;H»Edta reveal
dark toxicity towards Staphylococcus aureus and Can-
dida albicans, while Gram-negative bacteria, viz.
Escherichia coli and Pseudomonas aeruginosa, are re-
sistant to Na;H.Edta up to 0.5 mass % of the electro-
Iyte. However, addition of 0.1 mass % of Na,H:Edta to
diluted PS solutions (see Section 2 in Table 1) leads to
complete elimination of Escherichia coli in the dark
and there seems to be some synergetic effect enhancing
toxicity of Na;H:Edta and PS molecules to bacterial
cells. Fig. 1 shows that the behavior of the cationic con-
jugate with polyethyleneimine is similar and is accom-
panied by much larger dark toxicity towards Pseudo-
monas aeruginosa compared to pure chlorin e.

Table 2

Inactivation of archival and nosocomial pathogens by potentiating agents in the dark
T aﬁﬂuua 2. I/IHaK’THBaHHﬁ APXUBHBIX H BHyTpHﬁOJ‘ILHH‘{HBIX B036y21HTeJIeﬁ NOTCHUMPYKIIIHUMHA ar¢cHTaM1 B TEMHOTE

Microorganism

Survived microbial cell numbers?

Archival strains [16] Tween 80, 1%

Staphylococcus aureus 107
Escherichia coli 107
Candida albicans 107
Nosocomial antl_blotlc resistant PL, 0.1%
strains
Pseudomonas aeruginosa 107

Na,H.Edta, 0.5% Na,H.Edta, 0.2%

0 0
0 107
0 0
Pl, 0.05% Na-H:Edta, 0.05%
107 107

Note: @ —the initial CFU number was 107, the incubation time was 24 h
[Mpumeuanue: * — ucxonnoe koaudectso KOE 107, Bpems unky6auuu 24 4

The conjugation of chlorin es with myristic
acid (see comps. 8, 9 in Fig. 4) as a key fragment of the
well-known antibiotic drug “Miramistin” [42] was di-
rected towards overcoming the resistance of Gram-
negative pathogens to APDT [17]. Archival strains
were found to be highly sensitive to a PS concentration
of 0.5 mM both in the dark and under irradiation. The
fivefold decrease in a pigment content gives true pho-
todynamic inactivation with the dose of 40 J/cm? [17].
Antibiotic resistant nosocomial strains and, especially,
Escherichia coli, were more resistant to photoinactiva-
tion with comps. 8, 9 and required twice as much the
light fluence for complete elimination. This unique re-
sistance of Escherichia coli to APDT has been noted
several times before [15, 43] and should be the subject
of the future studies.

ChemChemTech. 2023. V. 66. N 12
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Fig. 5. Photoinactivation of Gram-negative bacteria Pseudomonas
aeruginosa (1), Enterobacter cloacae (2), Acinetobacter baumannii
(3) by monocationic chlorin (comp. 4). The PS molality was 100 (1),

25 (2) and 50 (3) umol/kg, respectively [34]
Puc. 5. ®oTonHaKTHBALWS TPAMOTPHUIIATEBHBIX OakTepuit Pseudo-
monas aeruginosa (1), Enterobacter cloacae (2), Acinetobacter bau-

mannii (3) MOHOKaTHOHHBIM XJTOpHHOM (coe. 4). MonsieHocTh @C

cocrasisiia 100 (1), 25 (2) u 50 (3) MKMOJIB/KT, COOTBETCTBEHHO [34]
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Although both Gram-positive and Gram-nega-
tive are highly susceptible to photoinactivation with
the conjugates mentioned above, comps. 8, 9 are al-
most insoluble in water, which requires the use of ap-
propriate carriers [17]. Additionally, synthesis and pu-
rification of these pigments are of costly enough. Mon-
ocationic chlorin (comp. 4) mentioned above shows a
comparable photodynamic activity [34] and seems to
be an appropriate PS in APDT. Fig. 5 compares photo-
dynamic inactivation of several Gram-negative bacte-
ria belonging to the ESKAPE group. We see that incu-
bation in the dark for 40 minutes does not lead to any
significant decrease in the CFU value, while irradiation
with the dose of 40 J/cm? gives four-six logs of killing.
The light fluence of 80 J/cm? gives complete elimination.
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Fig. 6. Photoinactivation of Gram-negative bacteria Enterobacter
cloacae (1, 2) and Pseudomonas aeruginosa (3, 4) by chlorin es

trisodium salt (comp. 1). 1 — 50 umol/kg, 2 — 100 pmol/kg+0.05%

of PI, 3100 pmol/kg + 0.1% of P1, 4 — 100 pmol/kg + 0.05% of

NazH:2Edta
Puc. 6. ®oronnakTHBanus rpaMoTpULIaTeNbHBIX OakTepuii Enter-
obacter cloacae (1, 2) u Pseudomonas aeruginosa (3, 4)
TPHUHATPHEBOH COJIbIO XJIOpHHA €6 (coen. 1). 1 — 50 MKMOIB/KT,
2 — 100 mxmouw/kr + 0,05% P1, 3 — 100 mxmous/kr + 0,1% PI,
4 — 100 mxmouts/kr + 0,05% NaxH2Edta

Another approach comes from intriguing pos-
sibility of PS molecules to enhance bacterial killing in
an aqueous solution of potentiating agents such as sev-
eral inorganic salts, polymers or proteins [9, 14]. We
added 1-5 mM of Kl to a 0.1 mM solution of chlorin eg
but any potentiation of killing was not observed. It is
apparent that either the iodide-ion concentration used
was insufficient to give an appropriate amount of reac-
tive iodide species/molecular iodine to Kill bacteria or
KI is not appropriate potentiating agent for anionic
chlorin PSs. In contrast, Fig. 6 clearly shows that pho-
todynamic inactivation is strongly enhanced by addi-
tion of a small amount of Na;H;Edta or e-polylysine.

38

CONCLUSIONS

Because of the antibiotic era is considered to
be on the verge of ending and the probability of dis-
covering novel classes of antibiotics is estimated to be
low [13], it is necessary to discover alternative technol-
ogies to fight with antibiotic resistant microorganisms.
The key question to be answered in recent years is: will
become APDT the alternative to the standard treatment
of localized infections to the extent this modality has
been adopted by the medical community in treating su-
perficial tumors. Our and many other studies men-
tioned here do indicate that APDT has a good potential
to take an important place in the arsenal of killing re-
sistant microbes. However, much, if not all, will de-
pend on the appearance of the cohort of physicians
willing to accept this new paradigm.

In conclusion of this short review, we would
like to make several important findings, as a result of
the present and several earlier investigations using
macrocyclic photosensitizers [13-17, 23, 41, 43] as po-
tential agents for PDT. (a) Cationic macroheterocycles
are proved to be the most efficient agents for eliminat-
ing both Gram-positive and Gram-negative pathogens
under appropriate irradiation. Among them chloro-
phyll derivatives are found to be low toxic to mamma-
lian cells, are destroyed under irradiation and rapidly
removed from the body. (b) The strong potentiation of
APDT by adding inorganic salts or polymers to PS so-
lutions without the growth of dark toxicity will be of
special interest in the next years. The development of
special dosage forms containing both a PS and a poten-
tiating agent as well as the combination of APDT with
traditional methods of treating localized infections
may provide additional benefit for many patients. (c)
This seems to be clear, if not precise, that the antimi-
crobial efficacy of usual antitumor PSs, i.e. “Fotoran
es” or “Fotoditazin” may be enhanced by adding a
small amount of low toxic Na.H:Edta or e-polylysine.
The former chelates calcium and destroys the outer
membrane, while the latter seems to form ionic com-
plexes with negatively charged chlorins. This entity ef-
ficiently binds to a bacterial wall giving ROS execute
fatal damage towards microbial cells. It will, however,
necessary to study this effect in some detail to develop
the optimum procedure of the application of this ap-
proach both in vitro and in vivo.
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