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The absorption and fluorescence properties, singlet oxygen photosensitization and photoinduced cytotoxic activity
in the HeLa cells line were investigated for copper complexes of chlorins (methylpyropheophorbide a and exocycle-
free 13-amide derivatives of chlorin e, dimethyl ether) obtained by chemical modification of chlorophyll a. The
results are compared with the properties of metal-free analogs. It is shown that both copper complexes and metal free
chlorins generate singlet oxygen under photoexcitation in solutions and show distinct phototoxicity in living cells. The
photosensitizing effect of copper complexes is 4—13 times smaller, but remains rather high. According to the biological
experiments, the activity of copper complexes is sufficient for photodynamic killing of HeLa cells. At the same time,
the dark toxicity of copper complexes is lower than that of metal free chlorins. These data allow us to consider copper
complexes of chlorins as a new class of photosensitizers, potentially suitable for the use in PDT.
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Hccnedosanvl abcopbyuonnvle 1 uyopecyenmuvie COUCMEA MEOHbIX KOMNIEKCO8 U 0e3MemanbHblX aHAI0208
HEKOMOPbIX XAOPUHOB, NOTIYUEHHbIX NPU XUMUUECKOU MOOUGUKAYUY XTOPOPUILA a (KOMIIEKChl MEMUINUpogeodop-
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omHowtenuro K Kiemkam aunuu HeLa. Yemarnoeneno, umo MeoHvle KOMNIEKCHbl, KAK U OE3MEmAaibHble XA0PUHDL,
2EHEPUPYIOM  CUHSTIeMHBIU  KUCTIOPOO Npu  (Pomoso30yicoeHuu 6 pacmeopax u o001adarwm  GblPadCeHHOU
domomorcuunocmoio 6 kiemkax. Dpdexmusnocms omocencubunuzupyroueco Oelcmeuss MeOHblX KOMIILEKCO8
xnopuna 6 4—13 paz menvute, HO ocmaemcs 00cmamouro 6vicokol. CO2NACHO OGUONOSUYECKUM IKCHEPUMEHIAM,
AKMUBHOCTIL MEOHBIX KOMNILEKCO8 00CMAMOYHA O pomoduHamuieckoeo ynuumodcenus kiemok HeLa. Ipu smom
MEMHOBASL MOKCUYHOCMb MEOHbIX KOMIIEKCO8 MEHbLe, YeM ) Oe3MEMAanbHbIX aHANI0206. MU C80LCMEa No38ousIom
pacemampuganms MeOHble KOMNILEKCbL XIOPUHO8 KAK HOGbIL KIACC (hOMOCEHCUOUNUIAMOPOS, NOMEHYUATbHO NPU00-

Hbll 01 npumenerus 6 QT

Karouenbie caoBa: Kommiiekchl Menu, XJ0puH e,, mHpopeodopOu a, NpOM3BOAHbIE XJIOPHHA €, METHIUPOpeo-
¢dopOu a, reHepanysi CHHIJIETHOTO KHCJIOPO/ia, GOTOTOKCUYHOCTS in Vitro.

Introduction

The porphyrin-photosensitized oxygenation of biologi-
cally important compounds (photodynamic action) is widely
used in medicine for treatment of cancer and infectious dis-
eases (photodynamic therapy, PDT).I'!¢! Usually, oxygena-
tion is due to the reactivity of singlet oxygen, which is gener-
ated by triplet molecules of photosensitizers. In some cases,
the triplet molecules can oxidize biosubstrates directly, but
the efficiency of the porphyrin involvement in these reac-
tions is usually very low.l"?! It has been shown that metal
free chlorophyll derivatives: pheophytin and pheophorbide
a, chlorin e, chlorin p, and their complexes with some
metals are effective photodynamic sensitizers. Certain
compounds from this group are recommended for clinical
use in PDT (Phoscan, Photoditazin, Photolon, Radachlo-
rin) ("7 and references cited therein). To our knowledge,
the systematic studies of the photodynamic activity of cop-
per chlorins have never been carried out, because the lifetime
of the triplet state in copper complexes is known to be several
orders shorter than that of the metal-free analogs,!'”"'! that
should cause the strong reduction in the efficiency of sin-
glet oxygen generation.™!%1°] Nevertheless, it was reported
that Cu-mesoporphyrin retains the ability to moderately
generate singlet oxygen upon photoexcitation in aerobic
solutions.'!6! Preliminary data in favor of the ability
of the copper complex of chlorin e, to photosensitize for-
mation of singlet oxygen were recently reported in ref.?”
However, this assumption does not seem convincing since as
follows from the reported absorption and fluorescence spec-
tra, the preparations of copper chlorins used by the authors
contained at least 30 % admixture of metal-free chlorins
and, possibly, their aggregated dimeric forms. We believe
that it is extremely difficult to reliably identify in such a sys-
tem the generation of singlet oxygen by copper complexes.
Moreover, the authors did not provide reliable experimental
evidence in favor of their hypothesis.?” Therefore, the ques-
tion of the photosensitizing ability of copper complexes
of chlorins essentially remained open. In addition, it should
be noted that for the selection of photosensitizers for PDT
both high photosensitizing activity and low dark toxicity
of photosensitizers are very important.”! As shown in ref.
R the insertion of copper cations into the coordination
sphere of a-series chlorins - chlorophyll a derivatives, might
significantly reduce the dark toxicity of these compounds.
In this regard, investigation of copper complexes of chlo-
rins is of interest in view of their potential application as
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photosensitizers for medical purposes. Primary evaluation
of the photosensitizing potential of these compounds can be
obtained from testing their abilities to genere singlet oxygen
and kill living cells (in culture) under the action of light.
Apparently, the high yield photosensitized generation of sin-
glet oxygen indicates that the photosensitizer has an active
triplet state, which can oxidize biomolecules through both
involvement of the reactive singlet oxygen or by direct
reaction with an oxidized substrate leading to formation
of free radicals (! and the references therein). Phototoxic-
ity manifested in experiments with cell cultures indicates
the ability of a photosensitizer to interact with cellular
structures and cause their damage. In the present work, we
studied the spectral properties of copper complexes of some
chlorins obtained by chemical modification of chlorophyll
a (Figure 1), and the ability of these compounds to generate
singlet oxygen and photosensitize toxic activity in HeLa
cells. As noted above, the incorporation of the copper cation
into the coordination sphere of chlorins affects the spectral,
photochemical, and biological properties of these com-
pounds; therefore, the comparative study of copper chlorins
(Cu-1-Cu-3) and corresponding metal free analogs (1-3)
was carried out. Since the spectral and photosensitizing
properties of chlorins are known to strongly depend on
the presence of exocycle in their molecules,'>'% we also
compared the compounds with exocycle (methylpyropheo-
phorobide a (1) and its copper complex (Cu-1)) and chlorin
e, derivatives (2, Cu- 2, 3, Cu-3) having no exocycle.

Experimental

Compounds (1, 2) and the corresponding copper complexes
(Cu-1, Cu-2) were synthesized according to refs.?>?3 The chlorin
e, derivative (3) was synthesized according to ref.*]

Cu-chlorin e, 13-N-2-hydroxyethylamide 15,17-dimethyl
ester (Cu-3) was prepared as follows. Copper acetate (365.6 mg)
dissolved in 15 ml of methanol was added to a solution of 73.1 mg
of the starting ligand (3) in 15 ml of chloroform. The resulting
solution was stirred at room temperature for 1 hour. The formation
of the reaction product was monitored by TLC on Sorbfil plates;
the eluent was a mixture of CCl, with acetone 2 to 1 by volume.
The reaction mixture was diluted with chloroform (50 ml), washed
with water from an excess of copper acetate, dried with anhydrous
Na,SO,, and the resulting solution was evaporated to dryness
under reduced pressure. The pellet obtained after evaporation
was chromatographed on silica gel (eluent is a mixture of CCl,
with acetone in volume ratios from 50:1 to 1:1). As aresult, 47.4 mg
(60 %) of Cu-3 was obtained. In the IR spectrum (SpecordM-80,
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o7 ~NHCH,CH,0H

NHCH,CH,0H

Figure 1. Structures of the compounds studied: (1) methylpyropheophorbide a; (2, 3) 13-amide derivatives of chlorin e, dimethyl ether
having no exocycle; (Cu-1), (Cu-2) and (Cu-3) are the copper complexes of these compounds.

KBr), cm™ the following characteristic bands were observed:
1734 (vC=0, ester), 1634 (“amide-1"), 1595 (“chlorin band”),
1562 (“amide-11). Parameters of the UV-vis spectra are listed
in Table 1. MS (Thermo Finnigan LCQ Fleet, ESI) m/z: calculated
for M (C,(H,,CuN,O,): 728.3, found: 728.7.

Spectral properties of chlorins and their ability to generate
singlet oxygen were studied in acetone (Khimmed, RF, puriss.
spec.) Absorption spectra were measured using an SF-56 spectro-
photometer (LOMO Spectrum, RF) in the 1 cm rectangular quartz
cells. Fluorescence spectra were recorded by a Perkin Elmer MPF-
44B computerized spectrofluorometer, which allows measurement
of the fluorescence spectra and fluorescence excitation spectra
of the samples.

Two methods were used for studies of singlet oxygen genera-
tion. One is based on detection of photosensitized IR phosphores-
cence of singlet oxygen at 1270 nm using the phosphorescence
spectrometer assembled at the A.N. Bach Institute of Biochem-
istry (FRC Biotechnology RAS).>>2¢1 The phosphorescence
was excited by a LED with the emission band maximum at 405 nm
and a half-width of 30 nm. Pulse repetition rate was 3—10 kHz,
flash duration was 2 ps. Phosphorescence was recorded by a pho-
tomultiplier (FEU-112) cooled by liquid nitrogen vapor to —30° C.
The phosphorescence spectrum was analyzed using a set of three
interference light filters with the transmission maxima at 1230,
1270, and 1310 nm. The photomultiplier signal was passed through
the preamplifier and then, processed by a computer photon counter
synchronized with the LED pulse. The spectrometer allowed for
estimation of the emission spectrum and recording the phospho-
rescence decay traces by averaging a signal after an unlimited
number of exciting pulses using the method of multichannel
photon counting. Typically, the signal accumulation time did
not exceed 30 minutes. The average power of the exciting light
was about 8 mW.

Another method for singlet oxygen detection was based
on measuring the rate of chemical trapping of singlet oxygen
by 1,3-diphenylisobenzofuran (DPIBF). The modification of this
method applied at present work was described in detail else-
where.?272%) The maximum of the absorption spectrum of DPIBF
in acetone is at 414 nm. In the region of 500700 nm, DPIBF has
no absorption bands. The reaction of DPIBF with singlet oxygen
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caused accumulation of colorless products having no absorption
bands in the visible spectral range. The rate of singlet oxygen
formation was determined from the reduction of optical density
in the maximum of the DPIBF absorption band.

The quantum yields of singlet oxygen generation were deter-
mined using reference compounds. As references, phenalenone
was employed in phosphorescence measurements and meso-
tetraphenylporphine (TPP) — in chemical trapping experiments.
According to the literature, the most probable values for the quan-
tum yields of singlet oxygen generation are 0.70+0.05 for TPP
and 0.95+0.05 for phenalenone (2" and references therein). Both
methods yielded similar results.

However, for measurement of phosphorescence, chlorins
were excited by a relatively broad-band LED radiation with
the maximum at 405 nm. This radiation corresponds to the spec-
tral regions, in which the chlorins and reference compounds
absorb light. However, LED radiation does not match the maxima
of the chlorin spectral bands. This complicated the calculation
of the quantum yields and reduced the accuracy of the results.

When the chemical trapping method was applied, the solu-
tions were irradiated by monochromatic light of the xenon lamp
eliciting the monochromator of the Perkin Elmer MPF-44B
fluorimeter. The wavelength of the exciting light corresponded
exactly to the maxima of the long-wavelength band of each
tested compound (for compounds (1-3) — 662 nm, for the (Cu-1)
complex — 650 nm, for the (Cu-2, Cu-3) complexes — 632 nm, for
TPP — 515 nm). The spectral width of the monochromator slits
corresponded to 5 nm in the experiments with compounds (1-3)
and TPP and 15 nm in the experiments with compounds (Cu-1—
Cu-3). The concentration of DPIBF was set so that its optical
density in the absorption maximum was 0.9—1.1 before illumina-
tion. Under illumination, optical density at the DPIBF absorption
maximum decreased, whereas the optical density of chlorins
remained unaltered.

The power of the exciting light was measured using Thor-
Labs PM-100D with a S120VC sensor head (ThorLabs, USA).
The quantum yields were calculated using the program MS Excel
and equations given in refs.?”%

Cancer cells from the HeLa line of the uterine cervix that
were cultured in a DMEM/F12 nutrient medium (PAA Labora-
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tories GmbH, Austria) containing 10 % calf fetal serum (FBS)
(Thermo Scientific HyClone, UK) were used for biological
tests without adding antibiotics at 37 °C and 5 % CO,. The dark
and photoinduced toxic activity of chlorins was investigated as
described in refs.[23031]

Results and Discussion

Absorption and fluorescence spectra

The absorption spectra of methylpheophorbide
and other chlorins are shown in Figures 2 and 3. The spectral
maxima are indicated in Figures 2 and 3, and listed in Table.
1. It is seen that the maxima of the main spectral bands
of exocycle-free chlorins (2, 3) are shifted to the shorter
wavelengths compared to methylpyropheophobide « (1). In
copper complexes, the Soret band shifted to longer wave-
lengths, whereas the red band moved to shorter wavelengths
as compared to metal-free macrocycles.

Metal-free macrocycles emitted strong fluorescence
with similar quantum yields and the main maximum at
666—673 nm (Figures 2, 3), the excitation spectra coincided
with the absorption spectra of these compounds (not shown).
In solutions of copper complexes, a very weak fluorescence
was also detected. However, the fluorescence intensities
in the solutions with equal optical density in the excita-
tion region was about 1000 times weaker than in solutions
of the metal-free analogues. The spectrum of this fluo-
rescence in all cases coincided with that of the metal-free
chlorins. In the fluorescence excitation spectra of the solu-
tions of the copper complexes, the Soret band was estimated
to be at 405-410 nm that corresponds to the absorption
band of the metal-free analogs. Fluorescence corresponding
to the absorption spectrum of copper complexes was not
found. These data indicate that the copper complexes practi-
cally do not fluoresce themselves, but the solutions of these
complexes contain an admixture of about 0.1 % of the metal-
free analogs.
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Figure 2. The absorption spectra of compounds (1) (curve 1) and
(Cu-1) (curve 2) in acetone normalized at the maxima of the Soret
bands. The main maxima of the curve 1 are at 408 and 666 nm; the
main maxima of the curve 2 are 421 and 649 nm. Curve 3 is the
fluorescence spectrum of the compound (1) (the main maximum is
at 673 nm), under excitation at 408 nm.
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Figure 3. The absorption spectra of the compounds (3) (curve

1) and (Cu-3) (curve 2) in acetone normalized at the maxima

of the Soret bands. The main maxima of the curve 1 are at 398
and 662 nm; the main maxima of the curve 2 are at 406 and 631
nm. Curve 3 is the fluorescence spectrum of compound (3) (the
main maximum is at 667 nm) under excitation at 400 nm. Similar
absorption and fluorescence spectra were obtained for compounds
(2) and (Cu-2) (not shown).
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Figure 4. Decay kinetics (1, 2) and spectrum (3) of
photosensitized phosphorescence of singlet oxygen under
excitation by pulses of the LED radiation in solutions of metal-
free chlorin (3) (curve 1) and its copper complex (Cu-3) (curve 2)
in acetone; (4) curve 1 in the semi-log scale. The excitation
wavelength is 405 nm, the flash duration is 2 ps, the flash
repetition rate is 10 kHz, the average power of the exciting light
is 7.6 mW, the signal accumulation time is 30 min. Measured in

a 5 mm cuvette. The optical density of the pigment solutions was
about 1.0 at the maximum LED emission.

Photosensitizing effect of chlorins

As seen from Figure 4, illumination of the acetone
solutions of both metal-free macrocycles and their copper
complexes, is accompanied by IR phosphorescence of sin-
glet oxygen. In solutions of all chlorins the phosphorescence
spectrum showed a pronounced maximum at 1270 nm (Fig-
ure 4, diagram 3). The phosphorescence decays after LED
pulses are also similar in acetone solutions of all metal-free
chlorins and their copper complexes (at the chlorin concen-
tration of less than 5 pM) (Figure 4, curves 1 and 2). They
are well approximated by exponentials with the decay time
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Figure 5. Changes in the absorption spectrum of DPBIF (curves 1-4) in the mixture of DPIBF with compound (3) (A) and Cu-3 (B)
in acetone during irradiation of chlorins. For A, the excitation wavelength is 662 nm, power is 79 pW. For B, the excitation wavelength
is 632 nm, power is 272 pW. Inset shows the time course of the fall in optical density of DFIBP at the absorption maximum 414 nm.

of about 50 ps corresponding to the lifetime of singlet oxy-
gen in acetone. In solutions of the copper complexes (Cu-
1-Cu-3), the phosphorescence of singlet oxygen is weaker
than in solutions of the metal-free chlorins by about one
order of magnitude (1-3). On the one hand, this fact, indi-
cates a decrease in the quantum yield of singlet oxygen gen-
eration in solutions of copper complexes. On the other hand,
it shows that the observed singlet oxygen phosphorescence
is determined by the photosensitizing effect of copper com-
plexes, and is not associated with an admixture of metal-free
chlorins. Indeed, as follows from measurements of fluores-
cence, the residual amount of metal-free chlorin in solutions
of copper complexes is only 0.1 %.

The experiments on photosensitized oxygenation
of the singlet oxygen trap (DPIBF) (Figure 5) support this
conclusion. As shown by Figure 5, irradiation of the mixtures
of chlorins and DPIBF by red light corresponding to the main
absorption maximum of chlorins, causes rapid fading of the trap
absorption band at 414 nm. At the same time fading of chlo-
rins was not observed. The fading rate depended linearly
on the intensity of the actinic light and was slowed down
with the addition of singlet oxygen quencher a-tocopherol.
Both metal-free macrocycles and their complexes with cop-
per exhibited the photosensitizing activity. In accord with
the results of phosphorescence measurements, the trapping
method indicates that the photosensitizing effect of copper
complexes of chlorins was weaker by about an order of mag-

nitude. Besides, the generation of singlet oxygen by copper
complexes, is not related to the admixture of metal-free
chlorins, the content of which is less than the yield of singlet
oxygen by two orders of magnitude.

Thus, the experiments with trapping and phosphores-
cence of singlet oxygen convincingly demonstrate that both
metal-free chlorins and the corresponding copper complexes
generate singlet oxygen upon photoexcitation. The photosen-
sitizing effect of the copper complexes is markedly weaker.

Measurement of the quantum yields of singlet oxygen
generation by chlorins

As mentioned in the “Experimental” section, the quan-
tum yields of singlet oxygen generation by chlorins were
analyzed using both the phosphorescence and chemical
trapping methods. Qualitatively, the results of both methods
reasonably correlate.

The quantitative measurements were performed using
the chemical trap — DPIBF. The quantum yields (¢,) were
calculated using MS Excel and the following equation:

ADgy -ty L, '(1_107% )'7‘&

by = bus -
ADy, 1,01 L e '(1_10 P )'7‘011

where ¢, is the quantum yields of singlet oxygen generation
by the reference (standard) compound; AD ,, is the reduc-

Table 1. Spectral characteristics, photochemical properties and biological activity of metal-free chlorins and copper complexes.

Compound Absorption m?:ima in acetone, O?lsl?rlllgt?egl O}Q}e/gi:sn UndelrC ]iol’EIgnilr(;Lfiilation {?510’ dark
generation (A =660 £ 20 nm) Hmot /L, dar
1 408, 506, 535, 608, 666 0.65 1.42+0.16 > 100
Cu-1 400, 421, 507, 551, 602, 649 0.17 13.3242.07 > 100
2 398, 498, 607, 662 0.72 0.025+0.003 4.01+£0.80
Cu-2 406, 502, 632 0.055 0.22+0.02 7.90+1.32
3 398, 499, 607, 662 0.74 0.047+0.002 5.634£0.49
Cu-3 406, 500, 631 0.055 0.28+0.03 13.16£1.04

Note. The error of measuring of the quantum yields is estimated to be + 5%.1#2¢21 IC_ is the concentration of half maximal inhibition of cell

growth after exposure in the dark or under ilrradiation.
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tion of DPIBF optical density during irradiation of chlorins;
AD_, is the reduction of DPIBP optical density during irra-
diation of the reference compound (standard); ¢, ., and ¢,
are the time of irradiation of the mixtures of DPIBF with
chlorins or standards in seconds, /., and I are the excita-
tion rates (in pW) of chlorins and the reference (standard)
compound. D, and D, are optical densities of the chlorins
and TPP at the excitation wavelengths (A, and A, in nm).
The results are summarized in Table 1.

The IC,, values used for estimation of the dark
and photoinduced toxicity in experiments on HeLa cells
(Table 1) were determined similarly to refs.?3031 The
metal-free chlorins (1-3) as well as their copper complexes
(Cu-1-Cu-3) showed distinct photosensitizing effect.
The photosensitizing efficiencies of metal-free chlorins,
virtually coincides with the data reported earlier.[!-30:31
IC,, in the cells incubated in the dark exceeds IC,
in illuminated samples by two or more orders of magnitude.
The photodamaging effect of complexes (Cu-1-Cu-3)
issomewhat weaker, however, the ability of these compounds
to exert a photosensitizing cell killing is manifested quite
clearly. With (Cu-2) and (Cu-3), the coefficients IC,
for photoinduced cytotoxicity were by 36 and 47 times
smaller than for action of the same compounds in the
dark (Table 1). With (Cu-1) no dark toxicity was revealed.
Since, according to fluorescence measurements admixture
of the metal-free chlorins in the preparations of copper
complexes (Cu-1-Cu-3) is about 0.1 %, one can conclude
that the biological effect is due precisely to the copper
chlorins. It is noteworthy that the relative photodynamic
activity of metal-free and copper-containing chlorins on
HeLa cells and the relative activity of these compounds
in photosensitization of the singlet oxygen formation
reasonably correlate (Table 1). In both cases, the difference
is within one order of magnitude. Therefore, it seems
likely that it is the ability to generate singlet oxygen that
determines the phototoxicity of copper-containing chlorins
in biological experiments.

Chl

Conclusion

Thus, the studies of photosensitized oxygenation
of DPIBF and IR phosphorescence of singlet oxygen
show that metal-free chlorins (1-3) and their copper
complexes (Cu-1-Cu-3) generate singlet oxygen during
photoexcitation. The photosensitizing effect of copper
chlorins is noticeably weaker, but remains reasonably high.
Biological experiments demonstrate that the compounds (Cu-
1-Cu-3) have pronounced phototoxicity, which is sufficient
for photodynamic destruction of HeLa cells (IC, for dark
cytotoxicity is by about two orders of magnitude greater
than for phototoxicity). At the same time, the dark toxicity
of (Cu-1-Cu-3) is low compared to metal-free chlorines
(IC,, rises by about one order during the transition from
metal-free chlorins to the corresponding copper complexes).
These properties of copper complexes of chlorins allow
us to consider them as a new class of photosensitizers,
potentially suitable for the use in PDT.
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