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Abstract: The photoinduced electron transfer between ZnPcLTs and guanine
was studied by steady-state emission and electron spin resonance as well as
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time-resolved absorption and emission, indicating the key role of type I (electron
transfer) mechanism in photodynamic damage of calf thymus DNA by ZnPcLTs.

Keywords: Guanine, mechanism, photoinduced electron transfer, ZnPcLTs

INTRODUCTION

The derivatives of sulfonated zinc and aluminum phthalocyanines have
attracted much attention as second-generation photosensitizers for treatment
of malignant tumors using photodynamic therapy (PDT) in the past
decade.!' =3 Their PDT efficiencies depend not only on the formation of the
cytotoxic species (‘O,, O3, and OH®) but also on the amphiphilicity of the
photosensitizer.!*>! Because the hydrophilic character benefits the transport
of the drug in the body, while the lipophilic character benefits the uptake of
the drug by tumor cells, the amphiphilicity is considered to be an important
factor in the design of a new photosensitizer'®~®! However, their large 7 con-
jugation leads to a strong stacking tendency in solution, which usually
decreases their luminescence quantum yields, shortens their triplet state
lifetime, and reduces their photosensitizing efficiencies because the more
active form of the dye is monomeric.”'%! Recently, we synthesized a novel
zinc phthalocyanine (ZnPcLTs) containing sulfonic naphthoxy substituents
(Scheme 1). The naphthoxy groups not only enhanced the lipophilic
character of compound but also prevented molecular aggregation in solution
by providing steric hindrance. The results of our work indicated that
ZnPcLTs possessed stronger photodamage capability toward calf thymus
DNA (CT DNA) than the Zn-phthalocyanine without naphthoxyl groups.'11I
Though the photodynamic drug can photodamage the tumor cell via either a
type I (electron transfer) mechanism or a Type II (energy transfer)
mechanism,!'? singlet oxygen generation has generally been the main
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Scheme 1. The structure of ZnPcLTs.
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concern when evaluating photodynamic properties of photosensitizers, and the
type II mechanism was often invoked. We recently found that an efficient
photoinduced electron transfer (PET) can occur between ZnPcLTs and
guanine (G), the base being most readily oxidized among the natural bases
due to its lowest oxidation potential. The presence of O, promoted this PET
further, implying a type I mechanism may play an important role in the photo-
damage of CT DNA by ZnPcLTs even in anaerobic conditions.

Here, the PET between ZnPcLTs and G was determined by steady-state
or time-resolved absorption, emission, and ESR spectroscopy. To the best
of our knowledge, this is the first report on PET between metal phthalocyanine
and G, providing a better understanding of the photodynamic mechanism
associated with such types of photosensitizers.

MATERIALS AND METHODS
Materials

Zinc phthalocyanine (ZnPcLTs) was prepared according to Ref. 11. N-tert-
butyl-R-phenylnitrone (PBN) and guanine (G) were all purchased from
Aldrich Chemical Company (St. Louis, USA). Dimethylsulfoxide (DMSO)
and other reagents of analytical grade were obtained from Beijing Chemical
Plant (Beijing, China). All experimental solutions were buffered at pH 6.5
by 1.0 mmol /L PBS, and water was freshly distilled before use.

Electron Spin Resonance Measurements

ESR spectra were obtained using a Bruker ESP-300E spectrometer (Wissem-
bourg, France) operating at room temperature, and the operating conditions
were as follows: microwave bridge, X-band with 100 Hz field modulation;
sweep width, 100 G; modulation amplitude, 1.0 G; modulation frequency,
100 kHz; receiver gain, 1 x 10°; microwave power, 5 mW. Samples were
injected into the specially made quartz capillaries for ESR analyses and
purged with argon, air, or oxygen for 30 min in the dark, respectively,
according to the experimental requirements and illuminated directly in the
cavity of the ESR spectrometer with an Nd: YAG laser (532 nm, 5-6 ns of
pulse width; repetition frequency, 10 Hz, 10 mJ/puse energy).

Nanosecond Laser Flash Photolysis Experiments
In nanosecond flash photolysis studies, the second harmonic of a YAG laser

(Aex = 532 nm, 8 mJ/pulse) was used as pump source and a pulsed xenon
lamp as the probe source traveling in small-angle geometry relative to the
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excitation light. The transmitted light passing through the sample was frac-
tioned through a multichromator and was detected by an OMA-III system
(EG & G Princeton Applied Research, USA).

Time-Resolved Fluorescence Spectroscopy Experiments

The time-resolved emission spectra were measured as follows: a regenerative
amplifier Ti:sapphire laser (Tsunami, Spectra Physics Ltd, Newbury, UK)
pumped by a mode-locked argon ion laser (Beamlock, Spectra Physics Ltd,
Newbury, UK) was used as a light source. The wavelength of the system was
tuned from 800 to 513 nm by OPA (OPA-800C, Spectra Physics Ltd, Newbury,
UK) (FWHM = 120 fs, 1kHz, 0.5m]). The resulting fluorescence was
collected into a multichromator (Hamamatsu C5094, Hamamatsu Corp., Bridge-
water, USA) and detected with a streak camera (Hamamatsu C2909, Hamamatsu
Corp., Bridgewater, USA). The instrumental response time was about 30 ps.

RESULTS AND DISCUSSION

ZnPcLTs has a fluorescence emission peak at 728 nm in the aqueous buffer
solution. When G was added, a gradual decrease of the fluorescence
intensity of ZnPcLTs was observed (Fig. 1). According to the classical
Stern—Volmer equation:

Fo/F =1+ K[Q] (1
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Figure 1. The changes of the fluorescence spectra of ZnPcLTs (1.2 x 102 mol /L)
in aqueous buffer solution upon addition of G (0, 7.5 x 10_6, 15 x 107%,22.5 x 1079,
30 x 1076, 375 x 10°° mol /L, respectively, ex = 613 nm).
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Figure 2. The curve of Stern—Volmer (fluorescence quenching of LSPcZn by G).

where F/F represents the ratio of emission intensity in the absence and
presence of quencher, K; is the quenching constant, [Q] is the concentration
of quencher; the Stern—Volmer curve of this process can be obtained (Fig. 2).
From Fig. 2, it can be found that the curve is a straight line with linear correlation
coefficient of 0.9956, and the value of K, is 1.97 x 10* L/mol. In addition,
the UV experiments indicated that the addition of G cannot affect the UV
spectra of ZnPcLTs, so the quenching mechanism between ZnPcLTs and G is
dynamic quenching.

The oxidation potential of G is 1.3 V, the reduction potential of ZnPcLTs is
0.48 V versus NHE, in addition, based on the absorption edges of ZnPcLTs
(750 nm), the reduction potentials of the excited ZnPcLTs is estimated to be
1.65 eV, so the electron transfer from the ground state G to the excited state
ZnPcLTs is a thermodynamically favorable process (AG = — 19.14 kcal /mol
for PET occurs in the excited singlet state), estimated by the Rehm—Weller
equation [Eq. (2)].1"*! As a result, the electron transfer may account for the
fluorescence quenching between ZnPcLTs and G:

AG = 23.06[E™ — E™% — E,  (excited state energy)] (2)

The time-resolved fluorescence spectroscopy also supported this con-
clusion. Upon exciting the air-saturated aqueous buffer solution of ZnPcLTs
with the wavelength of 678 nm, the fluorescence decay curve of ZnPcLTs
could be obtained (Fig. 3). The fluorescence decay of ZnPcLTs in the
aqueous buffer solution has a best fit to monoexponential function with a
decay time of 4.84 ns (the relative value is 0.9943) (Fig. 3, spectrum a).
When 20 pM G was added by 100 p.L, the singlet excited state lifetime will
decrease to 1.64 ns (the relative value is 0.9617) (Fig. 3, spectrum b). This
phenomenon was consistent with the results of the fluorescence spectroscopy.
Furthermore, the results also suggested that ZnPcLTs can photodamage CT
DNA via type I mechanism.
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Figure 3. Time-resolved fluorescence spectroscopy of ZnPcLTs (1 wM) in deaerated
aqueous buffer solution probed at 503 nm in absence of G (a) or presence of G (25 pM)
(b). Dotted, experimental data; line, simulation data based on monoexponential decay.

Our previous studies have indicated that ZnPcLTs possessed higher
singlet oxygen generation quantum yield (1.26, assuming that of hematopor-
phyrin was unity) and can photodamage CT DNA through type II
mechanism.!""! Because the generation efficiency of 'O, depends on the
photophysical properties of sensitizers, including the intersystem crossing
quantum yield, the triplet-state lifetime, and the triplet-state energy level,
time-resolved absorption spectra have been widely applied to study the
triplet excited state of phthalocyanines.'¥ The time-resolved absorption
spectra of the transients produced after 532-nm laser excitation of a
deaerated aqueous buffer solution of about 1 uM of ZnPcLTs are shown in
Fig. 4. There are one positive absorption band with maximum at 503 nm
and two ground state bleaching bands with maxima at 612 nm and 681 nm.
Air saturation of the solution led to more rapid decay of all three bands. So
the complete spectrum can be attributed to triplet—triplet (T-T) absorption
from the excited triplet state of ZnPcLTs. The triplet excited state lifetime
of ZnPcLTs was determined to be 376 s by monitoring the transient absorp-
tion at 503 nm, which decays monoexponentially. When 1 mM G was added
by 20 pL (the concentration of G in the solution is 5 wM), the triplet excited
state lifetime of ZnPcLTs decreased to 0.1 s markedly. The triplet quenching
of ZnPcLTs by G may also be the result of electron transfer between them.

Electron spin resonance is a very useful method to detect and characterize
the radicals of the individual nucleic acid bases; but most of those experiments
have focused on the generation of radicals using thermal chemistry!'>! few
works are related to photochemistry. In our experiments, an ESR signal with
two hyperfine coupling constants, o™ = 15 G and ag = 3 G, was observed
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Figure 4. Time-resolved absorption spectra of ZnPcLTs (1 wM) in deaerated aqu-
eous buffer solution (pH = 7.0) measured at 85 ws, 91 s, 126 s, and 176 ws after
laser pulse at 532 nm. Arrows indicate increasing time delay.

upon irradiation of a deaerated aqueous buffer solution containing 1 uM
guanine, 1 pM ZnPcLTs, and 1 mM PBN for 1 min (Fig. 5, spectrum a).
The coupling of the electron spin to the nuclear spin of the nitrogen atom
split the signal into a triplet, while the B-H split the triplet further into
doublets. The signal was consistent with the ESR spectrum for PBN-G
adduct, previously reported by Schiemann et al."® In the absence of any
component (ZnPcLTs, G, PBN, or irradiation), PBN—G. formation did not
occur (Fig. 5, spectrum c). From the above results, the G. can be produced
by the following mechanism (Scheme 2). First, G was oxidized to guanine
radical cation (G*™) by the excited state (both singlet and triplet) of
ZnPcLTs, and the guanine radical cation was then deprotonated, yielding the

Figure 5. Spectrum a: Photoinduced ESR spectrum from the air-saturated aqueous
buffer solution of ZnPcLTs (1 uM), G (1 puM), and PBN (1 mM) on illumination
was with 532-nm pulsed laser for 1 min. Spectrum b: Similar to spectrum a, but oxygen
was bubbled. Spectrum c: Similar to spectrum a, but ZnPcLTs or G or PBN was
omitted.
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Scheme 2. The generative mechanism of G radical.

neutral guanine radical (G.). The photoinduced electron transfer between a
photosensitizer and biologically related molecules such as nucleic acid bases
is of importance for PDT because many cancerous cells grow in anaerobic cir-
cumstance, where the generation of reactive oxygen species are restricted
severely. When the buffer solution was air-saturated, the signal of PBN-G.
adduct could be observed as well, and interestingly, the intensity was
increased (Fig. 4, spectrum b). Oxygen may accept electron from the radical
anion of ZnPcLTs (generating O3 ) and therefore refrain the electron recom-
bination process between radical cation G** and radical anion ZnPcLTs® ™,
favoring the formation of G°*. The improved generation of O3~ upon
adding G into irradiated air-saturated aqueous solution of ZnPcLTs supports
this explanation.

In addition, to confirm Scheme 2 further, the pH dependence of the
fluorescence/triplet quenching is being carryed out.

CONCLUSIONS

In summary, the results of the steady-state fluorescence and the time-resolved
absorption and fluorescence show that the PET between ZnPcLTs and G can
proceed efficiently. The ESR signal of G radical was also observed. The
enhanced ESR signal of G* in the presence of O, suggest that type I
mechanism can not only dominate the photodamage of CT DNA under
anaerobic conditions but also may be involved in the photodamage under
aerobic conditions, where type II mechanism is generally invoked.
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