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The synthetic water-soluble photosensitizer, tetrahydroporphyrin tetratosylate (THPTS), which is a 1:5 molar mixture
of N-methylated meso-tetra(3-pyridyl) derivatives of chlorin and bacteriochlorin, is known as an effective photosensi-
tizer for antitumor and antimicrobial photodynamic therapy (PDT). Due to the intense infrared absorption band (760
nm) it is also suitable for the detection and treatment of subcutaneous tumors. In recent years, the synthesis of this
compound has been optimized and simplified, making it affordable for widespread medical applications. In the pre-
sent study, we investigate the photogeneration of singlet molecular oxygen ('O,) of the newly synthesized THPTS as
well as its absorption spectra and fluorescence parameters in aerated ethanol, D,0, and H,O. Singlet oxygen was
studied using both detection of luminescence at 1270 nm and 0, chemical trapping by 1,3-diphenylisobenzofuran
(DPIBF). It was found that the bacteriochlorin component of THPTS generates 0, with almost equal quantum yield
(Dp = 0.45-0.65) in ethanol and aqueous solutions. This result disagrees with the prior data of Riyad et al. (J. Phys.
Chem. B, 2014, 118, 11646-11658) who could not detect 'O, in aqueous THPTS solutions and proposed that THPTS
loses an ability to photosensitize 'O, formation in water and living systems. Based on this conclusion, the authors
suggested that photodynamic action photosensitized by THPTS is solely due to the free-radical Type I mechanism.
Our results indicate that 'O, is efficiently generated by THPTS in water, therefore, the Type II mechanism might well
be the primary step of the THPTS photodynamic action in both aquatic and non aquatic environments. The reasons
for the discrepancy in results of our and Shastak’s groups are discussed.

Keywords: Bacteriochlorin, tetrahydroporphyrin-tetratosylate, singlet oxygen, photosensitization, aqueous medium.

O ¢oTocencnOuAn3auum o0OpazoBaHUs CUHIAETHOTO KHCAOPOAA
BOAOPACTBOPUMBIM MPOU3BOAHBIM O0aKTEPHUOXAOPHUHA —
TeTPArupAponoppPUupMH-TETPATO3UAATOM

B a’pPHPOBAHHBIX BOAHBIX pacTBOpax

A. A. Kpacuosckuit Ma., *“@ A, C. Berpurruc,C A. C. Kosaos,® M. B. Kumanosa,”

A. B. /\IO6I/IMIJ;eBb

*Uncmumym 6uoxumuu um. A.H. Baxa, ®UL] Buomexnonozuu PAH, 119071 Mockea, Poccutickas ®edepayus
*@IBEOY BO Heanosckuii zocydapcmeenvlii Xumuko-mexroao2useckuti ynusepcumen, 153000 Heanoso, Poccutickas
Deoepayus

“‘Mockoeckuii nedazozuueckuii 2ocyoapcmeeniwiii ynueepcumem (MIIT'Y), 119991 Mockea, Poccuiickas ®edepayust
CE-mail: phoal@mail.ru

222 © ISUCT Publishing Maxpoeemepoyuknvt / Macroheterocycles 2025 18(4) 222-229



A. A. Krasnovsky Jr. et al.

Cunmemuyeckuil 6000pacmeopumvlii pomocencudburuzamop, «mempazuoponop@upun-mempamosuiamy (THPTS),
aeuaowulics 1/5 MonApHol cmechlo mo3uiamos N-MemuaupoeaHuvix me30-mempa(3-nupuou)Xiopuna u me3o-
mempa(3-nupuoun)oaxmepuoxiopuna, u3gecmen Kax 3¢@exmusHblil npOmuGOONYxXoiesolilt. U npoOmugOMUKpoOHbLil
¢omocencuburuzamop ons @UT, komopwlil, bracodaps UHMEHCUSHOU UHPPaKpachol noioce noziowenus (760 wm),
npueooer 6 mom uucie, O OOHAPYHCEHUs U Teuenusi NOOKONCHBIX HO8000pazoeanul. B nociednue 200vl cunmes
9M0O20 COeOUHeHUs. ObLT ONMUMUUPOBAH U YAPOWEH, YO COeNano e20 OOCHMYRHbLIM N0 CIOUMOCHU OJisl WUPOKO20
npumeHerus 8 meduyune. B nacmosweii pabome npogedero ucciedosaue omozenepayuu CUH2IeMHO20 MONEKVIAPHO2O
kucnopooa (‘0,), a maxoice cnekmpur no2iowenus u napamempsl Gryopecyenyuu 61o8b cunmesuposannozo THPTS 6
amanone, DO u H,O. Cunenemusiti KUCIOPOO pecucmpuposany no un@paxkpacrou momunecyenyuu npu 1270 um u
10 OKUCTIEHUIO XUMUYECKOU JI0BYWKYU CUHeIemH020 Kucaopooa 1,3-oupenuruzobenzopypana (DPIBF). Obnapyoiceno,
umo 6axmepuoxiopunoswiti komnonenm THPTS pomocencubunusupyem 'O, ¢ npakmuyecku oOUHAKOBbLIM KEAHMO-
6bim guixo0om (D = 0,45-0,65) 60 8cex UCNOAL30BAHHBIX Cpedax. Dmu pe3yrbmamvl NPOMUBOpeYam OAHHbIM pPa-
Gomut Ryiad et al. (J. Phys. Chem. B 2014, 118, 11646—11658), komopuie ne obnapysicunu 'O, 8 600nbix pacmeopax
THPTS, u nosmomy npeonoiodicuiu, ¥mo 8 600HoU cpede u 8 scusvix opeanuzmax THPTS mepsem cnocobnocmo ce-
nepuposams 'O u ezo Gomocencubunuzupyiouee delicmeue — UCKIIOUUMENbHO Pe3yabmanm paduKaibHOl pearyull
muna I. Hawu dannvie nokaswieaiom, umo THPTS odunaxoso s¢ppexmusno cenepupyem 'O kax 6 600nvix cpedax,
max u 3marone, nodmomy npu pomoounamudeckom oeticmeuu THPTS mexanuzm muna Il donxncen 6vime 601ee 6e-
poamuwvim. O6CYIHCOAIOMCI RPULUHBL PACXOHCOECHUSL PE3VILIMAMOE.

KaroueBble ciaoBa: bakTepHoxJIOpHH, TeTparuponoppUpHH-TETPaTO3UIaT, CHHIVICTHBIA KUCIOpoJ, (OoTOCCHCHOU-

JM3alus, BOJHAA cpeja.

Introduction

The synthesis of effective photosensitizers for photo-
dynamic therapy (PDT) of tumors and infectious diseases is
one of the most actively developing fields of modern
photomedical research. Presently, great attention is paid to
derivatives of chlorophyll a and bacteriochlorophyll a, the
latter being the major pigment of photosynthetic bacteria.l'™
The main absorption maximum of bacteriochlorophyll « is
in the dark red region (740-760 nm) — that is, at wave-
lengths that penetrate deeper into living tissues than the red
light (650670 nm) absorbed by chlorophyll."™* An ability
of bacteriochlorophylls a, b, their magnesium-free analogs
— bacteriopheophytins and synthetic meso-tetraphenyl-
bacteriochlorin to photosensitize phosphorescence of sin-
glet oxygen at 1270 nm in aerated tetrachloromethane has
been observed in pioneering papers.””'” Later similar phos-
phorescence was detected in other organic solvents and
aqueous dispersions of detergent micelles (see recent mini-
review!').

In 2002, a new bacteriochlorin-based photosensitizer
has been synthesized. This compound termed “tetrahydro-
porphyrin-tetratosylate” (THPTS) showed tropism to neo-
plasms of various natures and high anticancer and antimicro-
bial activities under action of dark red light at 760 nm ("'
and refs therein). Chemically this compound was a mixture

of water-soluble tetratosylate salts of N-methylated meso-
tetra(3-pyridyl)bacteriochlorin and N-methylated meso-
tetra(3-pyridyl)chlorin!® with molar ratio 5/1 (Scheme 1).

In 2011-2012 Dr. Shastak brought this compound to
Krasnovsky’s lab in Moscow for analysis. It was found that
both components emitted fluorescence and generated sin-
glet oxygen in aerated ethanol and water. The quantum
yields of 'O, generation by the bacteriochlorin component
of THPTS estimated using 'O, trapping by 1,3-diphenyl-
isobenzofuran (DPIBF) were 0.5 in ethanol and 0.4 in water
with 0.2 M SDS, which was added for solubilization of the
trap. These results were reported in several groups with a
proposal to develop a low-cost synthesis of this compound,
which would allow application THPTS in PDT.

Soon (starting from 2013-2014), the groups of Dr.
Koifman (Ivanovo) and Dr. Lukyanetz (Moscow) reported
different synthetic and purification procedures.'"™' In par-
ticular, Dudkin ef al. using 9,10-dimethylantracene (DMA)
as a trap, obtained that the quantum yields of singlet oxygen
generation by free base and water-soluble derivatives of
THPTS are equal to 0.5 in aerated methanol."'”! This value
is close to the @, previously obtained by our group in etha-
nol and water with 0.2 M SDS. The results suggested that
the photodynamic action of THPTS is due to photo-
generation of '0, by this photosensitizer.
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Scheme 1. Chemical structures of bacteriochlorin (left) and chlorin (right) components of THPTS and the counterion (tosylate).
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Photosensitized Formation of 'O, by Tetrahydroporphyrin-Tetratosylate in Aqueous Solutions

More recently, Riyad et al.?” questioned this thesis.
According to their data, THPTS loses an ability to photo-
sensitize 'O, in aqueous environment although it efficiently
(@, = 0.75) generated '0, in aerated acetonitrile. They pro-
posed that in living cells and tissues, THPTS works via the
Type I mechanism due to primary reduction of the triplet
THPTS by electron donors in the cellular environment.
Similar mechanism was assumed to be valid for a group of
other photosensitizers with low energies of the triplet states
(see® for refs). Natural bacteriochlorophylls of bacterial
photosynthetic cells might also belong to this group. Re-
cently, keeping this in mind, we have experimentally stud-
ied 'O, formation by bacteriochlorophyll @ in organic and
aqueous environment. It was obtained using a chemical
trapping method and detection of phosphorescence at 1270 nm
that bacteriochlorophyll efficiently generates 'O, in organic
solvents and aqueous micellar dispersions as well.l'"! To
our knowledge, similar systematic studies of singlet oxygen
generation by THPTS in water has never been published.
Indeed, Riyad et al. could not detect singlet oxygen in
aqueous solutions of THPTS ", Our group, as mentioned
above, got an opposite result but it has been reported only
in oral form at different local meetings.

Recently, Lyubimtsev e al.l'"®"! significantly simpli-
fied the synthetic procedure. This reduced the cost of the
final product and facilitated production of it in larger quan-
tities, necessary for experiments on cell models, laboratory
animals and humans.

The present work is aimed at studying abilities of syn-
thetic THPTS to photosensitize singlet oxygen formation in
aqueous environment and organic solvent (ethanol). For
investigation of 'O,, both trapping of singlet oxygen by
DPIBF and detection of 'O, phosphorescence at 1270 nm
were applied. THPTS is readily solubilized in ethanol, wa-
ter and D,0. Pigment molecules were found to generate
singlet oxygen in all solvents including water with almost
equal efficiencies. The data indicate that the investigated
pigments are promising photosensitizers for antitumor and
antimicrobial PDT, with the Type II (via singlet oxygen)
primary mechanism of action.

Experimental

Materials

Tetrahydroporphyrin-tetratosylate (THPTS) studied in the
present work was synthesized using the methods described in
papers.'') Like the prototype obtained from Shastak, it was a
mixture (5:1) of bacteriochlorin and chlorin derivatives (Scheme
1). All reagents and solvents were commercially available. All
synthesized pigments were analyzed using 'H NMR, UV/Vis and
MS (MALDI TOF) spectrometry. The solvents were ethanol
(96%, rectified “Lux”-grade, Donskoy LLC, Russia), deuterium
oxide, >99.5%, Chemical Line LLC, Russia), and water (bidistilled,
from A.N. Bach Institute of Biochemistry, FRC of Biotechnology
RAS, Moscow).

Absorption and fluorescence measurements

The absorption spectra were measured using the SF-56 spec-
trophotometer (LOMO-Spektr LLC, Russia) in quartz cells with
an optical path of 10 and 5 mm. Fluorescence spectra were meas-
ured on a computerized fluorimeter Perkin Elmer MPF-44B. Fluo-
rescence was detected at the right angle to the excitation beam.
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Spectral width of the monochromator slits corresponded to 3 nm.
Spectral data were processed and analyzed using Microsoft Excel
spreadsheets. The fluorescence quantum yields (®;) were deter-
mined using meso-tetrakis(p-sulfonatophenyl)porphyrin tetra so-
dium salt (TPPS) in ethanol and aqueous as a reference. The @ of
the reference compound is known to be of 0.085+0.005.1*

Photosensitizing activity

As a measure of the pigment photosensitizing activity, the
values of the quantum yields (®,) of photosensitized generation of
singlet oxygen were employed. For detection of singlet oxygen,
chemical trapping and detection of 1270 nm phosphorescence
were applied. The main principles of the methods are illustrated
by Scheme 2.
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Scheme 2. Simplified energy diagram describing the mechanism
of photosensitized formation of singlet oxygen and principles of
'0, detection via phosphorescence emission (1270 nm) and
chemical trapping.

Trapping method

For singlet oxygen trapping, 1,3-diphenylisobenzofuran
(DPIBF, >99%, Acros Organics, Belgium) was used. This trap has
been known for several decades since the pioneering paper.*) It
has a single absorption band with a maximum at about 414 nm.
When DPIBF reacts with singlet oxygen, colorless products are
formed, therefore absorbance at 414 nm decreases. The rate of
singlet oxygen production by dyes was calculated from the rate of
reduction of DPIBF absorbance at 414 nm. The initial absorbance
of DPIBF was 1+0.1 at 414 nm in a 10 mm quartz cell that corre-
sponds to the DPIBF concentration of 4244 uM (see additional
details in®**)). The trap is insoluble in neat water and D,0. A
detergent sodium dodecyl sulfate (SDS) (Panreac Quimica SAU,
Spain) (0.2 M) was applied for solubilization of DPIBF in aqueous
media. Solubilization was carried out by adding concentrated solu-
tions of DPIBF in acetone (for spectroscopy, Komponent-reaktiv
LLC, Russia) to SDS dispersions in water or deuterium oxide,
followed by shaking (1-2 min). The final concentration of acetone
in the sample was about 3-5% (by volume). In ethanol, DPIBF
formed stable solutions. In the SDS-water (or D,O) mixtures sta-
ble DPIBF containing dispersions were formed. During irradiation
and the measurement procedure no sedimentation of the trap oc-
curred.”*®! 1t is known that CMC (critical micelle concentration)
for SDS is 0.008 M.”**" In the 0.2 M SDS dispersion, all deter-
gent molecules are included in nanosize micelles (4—6 nm in dia-
meter) with molecular weight of about 18 kD (62 molecules of
SDS).1*! The pH is shifted to 7.5. Therefore, in the presence of 0.2
M SDS the molar concentration of micelles was 3.2-107 M. Thus,
there are 76 micelles per 1 trap molecule. In agreement with Pois-
son distribution, the probability that one micelle contains more
than 1 DPIBF molecule is close to zero. As shown previously, the
effective rate constant of the reaction of one DPIBF encapsulated
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in a micelle is 2-fold greater compared to a solution of the trap in
ethanol.1¥

The quantum yields were determined using a water-soluble
TPPS as a reference compound, for which ®, is known to be
0.70£0.05.242829 A trap, DPIBF was solubilized in water by mi-
celles of 0.2 M SDS. Samples were irradiated by monochromatic
light from the excitation unit of the Perkin Elmer MPF-44B
fluorimeter. THPTS was irradiated by dark red 760 nm light. For
irradiation of TPPS green light of 510-515 nm was employed. In
both cases, the exciting light was not absorbed by the trap.
Thorlabs PM-100D meter with an S120VC measuring head was
used to control power of the exciting radiation.

Detection of IR phosphorescence

IR phosphorescence of singlet oxygen (1270 nm), arises due
to the energy transfer from triplet molecules of the photosensitizers
(dyes) to oxygen molecules (Scheme 2). As a result, molecules of
singlet oxygen (lAg) appear which emit phosphorescence at 1270
nm. Phosphorescence was detected using a spectrometer recently
assembled in Krasnovsky’s laboratory (A.N. Bach Institute of
Biochemistry, FRC of Biotechnology RAS, Moscow).” Pulsed
LEDs with an emission band at 367 and 395 nm and a half band-
width of 16 and 30 nm, respectively (Polironic LLC, Russia) were
used as an excitation source. The pulse repetition rate was of 5-50
kHz, and the flash duration was of 1-2 ps. The LED radiation was
focused into a spot with the diameter of 5 mm on the surface of
quartz spectroscopic cells with studied solutions. Phosphorescence
was recorded using a FEU-112 photomultiplier (Ekran Optical
Systems, Russia) with the S-1 spectral response, cooled with lig-
uid nitrogen vapor to —30 °C. The signal from the photomultiplier
passed through a preamplifier to a photon counting board of a
personal computer. Phosphorescence spectra were obtained using
a set of interference filters with transmission maxima at 1230,
1270, and 1310 nm. The phosphorescence kinetic curves were
obtained by averaging the signal after a large number of exciting
pulses, using the multichannel photon counting. The data were
analyzed using the Microsoft Excel spreadsheets and Origin pro-
gram (OriginLab corp.). The signal accumulation time did not
exceed 30 min, and the average power of the exciting radiation
varied from 4 to 41 mW. The experimental kinetic curves were
approximated by the two-exponential function:

I(t) = 10 [exp('t/fdecay) - exp('t/rrise)] (1)

where [(2) is the phosphorescence intensity in einsteins per
second, / is the pre-exponential factor and .,y and z;g are
time-constants of the decay and rise phases.*'**]

Results and Discussion

Absorption spectra

Absorption spectra of THPTS in all investigated sol-
vents are indicated in Figure 1. They are similar in all me-
dia. The main absorption maxima are listed in Table 1. It
was found that the absorption spectrum of THPTS, synthe-
sized by Lyubimtsev’s group coincides with that of Shastak’s
samples which were studied by our group previously (Table
1). The absorption spectra have four typical bacteriochlorin
bands at about 372, 515, 760 nm and two typical chlorin
bands at about 420 and 658 nm. Addition of 0.2 M SDS to
aqueous media caused 2-3 nm shift of all bands to longer
wavelengths and the 8—10% increase of both 650 and 760
nm bands, without appreciable change in the intensity ratio
of these bands and the general shape of the absorption spec-
tra. It is noteworthy, that most experiments reported in the
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present paper were done without the detergent. The dark red
band at 760-762 nm is as strong as the violet band at 375 nm.
The molar absorption coefficient at the maximum of the dark
red band is exceptionally high (g =1.4-10 M em™! U819 The
relative concentrations of chlorin and bacteriochlorin com-
ponents were 1:5 in all samples.

Absorbance

300 400 500 600 700 800
Wavelength, nm

Figure. 1. Normalized absorption spectra of THPTS in 1 cm opti-
cal cell, in ethanol (solid line), deuterium oxide (dotted line) and
water (dashed line). The concentration of the bacteriochlorin com-
ponent is of 4.3-5.2 uM.

Table 1. Main absorption and fluorescence maxima (nm) and
fluorescence quantum yields (®y, for the bacteriochlorin compo-
nent) of THPTS.

Solvent Abs. Fluor. (ON
Lyubimtsev’s sample

Ethanol 350, 373, 422, 665, 0.100 +
515, 661, 761 767 0.005

D,0 351,372, 417, 662, 0.085 +
515, 654, 760 768 0.005

H,0 350,372,417, 516, 655, 661, 0.085 +
761 767 0.005

H,0 with 350, 375, 420, 516, 658, 665, 0.075 £
0.2 M SDS 763 770 0.005

Shastak’s sample

Ethanol 350, 375, 423, 664, 0.110 £
515, 661, 762 766 0.005

1,0 350, 373, 418, 659, 0.080 +
516, 655, 761 766 0.005

Fluorescence

The fluorescence spectra and excitation spectra of
THPTS fluorescence in ethanol and aqueous media are
shown in Figures 2 and 3. It follows from these figures that
excitation at 375 nm causes fluorescence from both compo-
nents of THPTS, since the absorption spectra of chlorin and
bacteriochlorin components overlap at this wavelength (see
also Figure 1). The main maxima and quantum yields of
fluorescence are listed in Table 1. It follows from the fluo-
rescence emission and fluorescence excitation spectra (Fig-
ure 3) that fluorescence of THPTS corresponds to the Q,
electronic transitions. The fluorescence bands at 659-663
and 766-768 nm belong to the (0-0) electronic transitions
of the chlorin and bacteriochlorin components respectively.
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Figure 2. Normalized fluorescence spectra of THPTS in ethanol

(solid line), deuterium oxide (dotted line) and water (dashed line)
under excitation at 375 nm. I; is the fluorescence intensity in ein-
stein/s.

I¢ 1 15y, rel. units

600 700
Wavelength, nm

Figure 3. Normalized excitation spectra of THPTS fluorescence
in water. Solid line — excitation spectrum of the bacteriochlorin
component, fluorescence is detected at 780 nm. Dashed line —
excitation spectrum of the chlorin component, fluorescence is
detected at 680 nm. Irand I, are the intensities of the fluorescence
and excitation light, measured in einsteins per second, respective-
ly. Absorbance is 0.19 at 760 nm.

If fluorescence is detected at 680 nm, which corre-
sponds to the chlorin fluorescence, only chlorin bands are
seen in the excitation spectrum (Figure 3). If fluorescence is
detected at 780 nm, which corresponds to the fluorescence
of bacteriochlorin, only bacteriochlorin excitation bands are
seen (Figure 3).

The fluorescence yields of the bacteriochlorin compo-
nent of THPTS (@), were obtained under excitation at 375
nm by comparison with fluorescence yield (®¢),.r of TPPS
in the same solvent using the following equation:

((Df)bcl = ((Df)ref [(If)bcl/lex(1710-A)bcl]/ [(If)ref/lex( 1-1 O_A)ref] > (2)

where I; is the overall fluorescence intensity of bacterio-
chlorin and that of the reference (TPPS), A is absorbance of
bacteriochlorin and TPPS at the excitation wavelength. It
was found that the THPTS fluorescence yields are equal to
0.08-0.10 in all solvents.

Detailed studies of the chlorin fluorescence yield were
not carried out since our main goal was investigation of the
bacteriochlorin component. However, analysis of Figures
1-3 indicates that (®y), is roughly 1.5-2 fold higher.

It is noteworthy that the absorption and fluorescence
spectra in all media are represented by series of similar dis-
tinct narrow bands. This fact indicates that molecules of
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THPTS are monomeric in both organic solvent (ethanol)
and aqueous dispersions.

Trapping experiments

Figure 4 indicates that irradiation of pigment solutions
by monochromatic light at 760 nm in the presence of
DPIBF causes rapid bleaching of the main absorption max-
imum of the trap at 414 nm in aqueous solutions of THPTS
containing 0.2 M SDS, which was added for solubilization
of the trap. Similar results were obtained in D,O and etha-
nol (data not shown). In the latter case, SDS was not added,
since DPIBF is readily soluble in ethanol.

No bleaching of the bacteriochlorin component was
observed during the irradiation time. Bleaching of the trap
was not observed after irradiation of DPIBF solutions with-
out THPTS by IR light. The obtained quantum yields are
listed in Table 2. The data indicate that bacteriochlorin
component of THPTS efficiently generate 'O, in both
aqueous systems (D,O and H,O) and in organic solvent
ethanol.

1.2 1.2

6 12 18
Irradiation time, min

N

300 400 500 600 700 800
Wavelength, nm

Absorbance

Figure 4. Absorption spectra of the mixture of THPTS (with 1.8 uM
bacteriochlorin concentration) and DPIBF (39 uM) in water with
0.2 M SDS before (solid line) and after 18 min irradiation (dashed
line) by monochromatic light of 760 nm, 55 pW. Inset shows the
time course of the absorbance change at 414 nm under irradiation
of the mixture at 760 nm. Dotted line indicates the absorption
spectrum of THPTS in the mixture.

Table 2. Quantum yields of singlet oxygen generation (®,) by the
bacteriochlorin component of THPTS obtained using chemical
trapping and detection of phosphorescence at 1270 nm.

Chemical trapping by Phosphorescence,
Solvent DPIBF, .o
.. excitation at 395 nm
excitation at 760 nm
Ethanol 0.55 £0.05** 0.63 £0.06**
D,O 0.65+0.06* 0.45 £ 0.06%**
H,0 0.45+0.05% 0.45 £0.06**,

*the data obtained in the presence of 0.2 M SDS, **no SDS was
added.

IR phosphorescence measurements

In agreement with trapping experiments, we observed
that excitation of THPTS solutions by violet LED (395 nm)
causes the appearance of IR phosphorescence of oxygen at
1270 nm. The kinetic curves and spectra of phosphores-
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cence arising after 1 us excitation pulses at 395 nm in aer-
ated solutions THPTS in ethanol, D,O and H,O are shown
in Figures 5-7. All curves are bell-shaped. The rise phase
reflects the rate of singlet oxygen formation due to energy
transfer from the THPTS triplet state to oxygen, the decay
phase corresponds to the rate of 'O, deactivation (see de-

tails in °*% and refs therein).
640 - 7 1
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Figure 5. Normalized kinetic trace of 'O, phosphorescence at
1270 nm in aerated solutions of THPTS in ethanol recorded with
1.28 ps delay after the start of the exciting pulse using a time re-
solved photon counting method in Cartesian and semilogarithmic
(inset) coordinates. Phosphorescence was excited at 395 nm in 10 mm
quartz cell by 1 us LED pulses with the 10 kHz repetition rate.
Average excitation power was 11 mW, absorbance was 0.39 at the
excitation wavelength. Acquisition time was 30 minutes. One
channel dwell time was 320 ns. There was no bleaching of the 760 nm
absorption band during the irradiation time. The concentration of
the bacteriochlorin component was 6.1 uM. Left inset shows
semilogarithmic plot of the kinetic trace, right inset indicates the
phosphorescence spectrum measured with three interchangeable
interference filters.

7 1
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e
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= 5 -
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2 3
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=
_g |+
160 -
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(1] 3 6 9 12 15 18
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Figure 6. Normalized kinetic traces of 'O, phosphorescence at
1270 nm in aerated solutions of THPTS in distilled water in Carte-
sian and semilogarithmic (left inset), coordinates recorded with
1.12 ps delay after the start of the exciting pulse. Dots indicate
experimental data, solid line is approximation by the Origin pro-
gram. Phosphorescence was excited at 395 nm by 1 us LED pulses
with the 50 kHz repetition rate, average excitation power was 41 mW.
Absorbance of the solution was ~ 0.42 at the excitation wave-
length in 10 mm quartz cell. One channel dwell time was 80 ns.
Accumulation time was 30 min (sum of phosphorescence from 15
solution portions with two minutes of irradiation). Bleaching of
THTPS after 2 min irradiation was 15%. The initial concentration
of the THTPS was 6.5 pM. Right inset is the phosphorescence
spectrum.
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Figure 7. Normalized kinetic traces of 'O, phosphorescence at
1270 nm in aerated solutions of THTPS in Deuterium oxide in
Cartesian and semilogarithmic (left inset) coordinates recorded
with 1.28 us delay after the start of the exciting pulse. Dots show
experimental results. Solid line is approximation by the Origin
program. Phosphorescence was excited at 395 nm by 1 us LED
pulses with the 5 kHz repetition rate, average excitation power
was 6 mW. Absorbance of the solution was 0.41 at the excitation
wavelength in 5 mm quartz cell. One channel dwell time was 640 ns.
Accumulation time was 30 min (sum of phosphorescence from 3
solution portions after 10 minutes of irradiation). Bleaching of THTPS
after 10 min irradiation was 12 %. Initial THTPS concentration
was 12.5 pM. Right inset is the phosphorescence spectrum.

In ethanol (Figure 5), the rise time is known to be
about 400 ns,'* peak was observed at 1.5 ps. Since 2.7
us after the excitation pulse, the decay becomes
monoexponential with the decay time of 13 ps. With small-
er THPTS concentration, the decay time increased to 13.5
us which is equal to the 'O, lifetime in ethanol containing
4% water (P'7?! and refs therein). The emission maximum
of the phosphorescence is at 1270 nm (right inset).

In H,O and D-0, the rise time of the kinetic curves
was about 2 us in both media, the peaks were observed at
2.5 and 6 ps correspondingly (Figures 6, 7). In water, the
phosphorescence decay becomes exponential 10 ps after
exciting pulse with the lifetime of about 3 ps that coincides
with the 102 lifetime in neat water.”'>% In D,0 the decay
time depended on the concentration of THPTS. With low
THPTS concentration or in phenalenone solution, the decay
time was close to 70 pus that coincides with the lifetime of
'0, in neat D,0 (*'** and refs therein). In the presence of
4.8 uM THPTS, the decay time was 54 ps. The increase in
the THPTS concentration caused the decrease of the decay
time. Application of the Stern-Volmer equation allowed us
to estimate that the rate constant of 'O, quenching by
THPTS is equal to 10°M™'s™ (Figure 8).

Hence THPTS is capable of rather strong quenching of
singlet oxygen. Similar property was previously found in
solutions of bacteriochlorins of different structures.”""! Bac-
teriochlorophyll a is one of the strongest quenchers (see re-
cent review''). Judging by our data, quenching activity of
other porphyrins is much weaker.”” Following the results
of the paper,”” it is likely that quenching of singlet oxygen
by bacteriochlorins is due to formation of an intermediate
charge transfer complex between 'O, and bacteriochlorin
followed by energy dissipation:

'0, + BChl — (O, -- BChl") — *0, + BChl + heat

More detailed studies of this process is out of the
scope of the present work.
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Figure 8. Stern-Volmer plot of the dependence of the phosphores-
cence decay rate (k) after a LED pulses (395 nm) from the con-
centration of bacteriochlorin component of THPTS in D,0,

k, = (1.0£0.1)x10° M™'s™).

Time resolved phosphorescence measurements allowed
also estimation of the ®, for THPTS. The quantum yields
were determined by comparison the total number of phos-
phorescence photons emitted by THPTS solutions (I,), after
the end of the excitation pulse (1 ps) with (I;),, (in einstein)
emitted by phenalenone in the same solvents. The quantum
yields of singlet oxygen generation by phenalenone is known
to be 0.95+0.05.5""! Calculation were done according to the
following equation:

(CDA)n = [(Ip)tt/lex( 1-1 O_An)]/ [(Ip)pn/lex( 1-1 O_Apn) (3)

where Ay and A, are absorbances of THPTS and phenal-
enone at the excitation wavelength (395 nm). The obtained
quantum yields are listed in Table 2. It should be noted that
(®,) obtained using this equation is due to photosensitizing
activities of both the bacteriochlorin and chlorin compo-
nents of THPTS, which, as it follows from Figures 1 and 3,
equally absorb light at 395 nm. It is known from literature
sources that the quantum yields of 'O, in solutions of natu-
ral and synthetic chlorins and bacteriochlorins are rather
similar. The reported values varied from 0.60 to 0.75
(181038400 and refs therein). Whence, it is reasonable to
propose that the obtained (®,), corresponds to activities of
both chlorin and bacteriochlorin components.

It is seen from Table 2, that the trapping and phospho-
rescence methods yield rather similar ®, values. The most
accurate data were obtained using the trapping method
since in the trapping experiments, power of the exciting
light was very low (about 50 uW), at which there was no
bleaching of the IR absorption band of THPTS during the
irradiation time. Besides, the excitation wavelength corre-
sponded to the main IR maximum of the absorption spec-
trum of the bacteriochlorin component.

In the phosphorescence experiments, the power of ex-
citation was much higher (4—41 mW) that caused bleaching
of the IR absorption band. Under conditions of our experi-
ments (see experimental section) bleaching was not more
than 15%. Simultaneously, a product absorbing at 395 nm
appeared. It was difficult to accurately take all these factors
into consideration. Nevertheless, the quantum yields ob-
tained by trapping and phosphorescence methods were ra-
ther close.
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Conclusions

Thus, our data provide unambiguous evidence that
singlet oxygen is efficiently generated by THPTS in both
aquatic environment and organic solvents. The quantum
yields obtained in the present paper are close to those re-
ported previously in methanol (®, = 0.5),''"! acetonitrile
(@4 = 0.75)" and ethanol (@, = 0.5) as was obtained using
Shastak’s sample (see introduction). However, this result
disagrees with the data of Riyad er al.™ who could not
detect 'O, in aqueous THPTS solutions. More precisely,
Riyad et al. reported® that they have detected the phos-
phorescence of singlet oxygen in THPTS solution in ace-
tonitrile, but could not observe it in aqueous solutions under
the same conditions. As a result, they concluded “that the
'0, quantum vyield in aqueous solutions of THPTS is 20-
fold lower than in acetonitrile which is the detection limit of
the employed setup”.*” Based on this fact, Riyad e al.*"’
proposed that in water THPTS loses an ability to generate
'0, therefore, the photodynamic action of THPTS in water
and living tissues proceeds solely via the free-radical Type I
mechanism. It seems that the authors thought that the 'O,
phosphorescence yields in different solvents depended on
the quantum yield of 'O, formation only. However, it is
common knowledge that the phosphorescence yield (®1,7)
depends on several parameters besides @, :1*'*%

D1p70 = Dy k75 “4)

where £, is the radiative rate constant of the lAg state and 7,
is the real lifetime of singlet oxygen in the used solvent.
The values of k. and 7, have been studied by many re-
searchers. See for instance, papers (*'*) and refs therein).
In particular, 7, = 3.1 ps[33 Vand &, =0.209 s™" in water."** In
acetonitrile, 7, = 59 us,ml k= 0.45 s 1t follows from
these values that the product (k,7,) is equal to 0.65-10° in
water and 27-10° in acetonitrile. Thus, the phosphores-
cence yield in water is 40-fold lower than in acetonitrile due
to much lower values of the product k.7, in water. Riyad et
al. correctly reported that the phosphorescence quantum
yield (®j,79) in water is more than 20-fold smaller than in
acetonitrile[zo], but as mentioned above, it says nothing
about the @, value for THPTS. To obtain the correct ®,,
one should compare the yields of 'O, phosphorescence in
solutions of THPTS with that of a reference compound in
the same solvent. Whence, the major argument of Riyad et
al.*™ has no real experimental basis. Our data suggest that
'0, generation by THPTS and the Type II mechanism are
most probable steps of the THPTS photodynamic action in
both aquatic and non aquatic environments. Besides, the
involvement of THPTS in the Type I oxidation mechanism
cannot be high, because as known from literature, the ener-
gy of the bacteriochlorin triplet state (1100 nm*”) is much
lower than that of triplet chlorophyll @ (930 nm!*®). There-
fore, the reactivity of triplet bacteriochlorin toward the cell
components should be lower than that of triplet chlorophyll,
reaction rate of which with lipids, aminoacids, proteins,
nucleotides is known to be much lower that the reaction
rates of 'O, with the same compounds (* and refs therein).
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