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Deactivation of the S, state of a water-soluble cationic porphyrin
in a complex with DNA studied by the method of picosecond

absorption spectroscopy

1.V. Sazanovich, V.S. Chirvony

Abstract.  The deactivation of the excited S; state of
5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin (H,TMPyP4)
in a complex with DNA is studied by the methods of kinetic
absorption spectroscopy for different concentration ratios r of
porphyrin and DNA base pairs. It is found that, when the
DNA bound porphyrin is assumed to be in a monomer (non-
aggregate) state (r = 1 : 30), the S; state of porphyrin excited
by high-power picosecond pulses is rapidly deactivated, which
is manifested as an additional decay component with the
decay time 200—250 ps. This effect is interpreted as singlet—
singlet annihilation of excitation indicating the presence of
sites on the DNA surface with a higher local concentration of
porphyrin molecules. The decrease in the relative content of
DNA in solution down to r =1 :3 further accelerates the
deactivation of the S; state of porphyrin and causes the
hypsochromic shift of its absorption spectrum due to the
formation of stack-like porphyrin aggregates along the DNA
surface. It is assumed that the additional component with the
decay time 44 + 7 ps observed in the decay curve of the S;
state is caused by the annihilation of excitation in porphyrin
aggregates.

Keywords: cationic porphyrin, DNA, picosecond absorption spect-
roscopy, aggregation, singlet— singlet annihilation.

1. Introduction

Much attention devoted to the study of interaction of
porphyrins with nucleic acids, in particular, with DNA is
caused by a number of promising biomedical applications
of porphyrins. The convenient spectral properties of
porphyrins such as strong absorption in the visible and
near-IR regions, the high quantum yield of the triplet state,
rather intense fluorescence in the near-IR region, and
paramagnetism of some metal derivatives of porphyrins
[1-9] make possible to use them as probes and contrast
agents in the fluorescence, radiology, and magnetic-
resonance diagnostics of oncology diseases and as photo-
sensitisers in the photodynamic phototherapy of cancer
[10—18]. At present it is known that porphyrins reveal
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photodynamic activity with respect to virus and bacterial
infections [19—23], in particular, to the HIV virus [24, 25].

Recently the investigation of the interaction of porphyr-
ins with DNA has received a new impetus due to progress in
the field of molecular electronics and nanotechnologies. It
was found that natural and synthetic nucleic acids can be
used as a carcass for the construction of ordered supra-
molecular systems with specific properties both in solutions
and upon deposition onto solid substrates [26—28]. Por-
phyrins are one of the types of molecules capable of
assembling on the DNA template, and due to the develop-
ment of chemistry of porphyrins it is possible to use
supramolecular porphyrin complexes for a variety of
applications.

The high efficiency of binding of porphyrins with DNA
has been long established, papers [29 —31] being some of the
first in this field. The biological action of porphyrin
molecules depends on their aggregate state. It was estab-
lished that the aggregation of porphyrins results in the
changes of their absorption spectra, the fluorescence inten-
sity, paramagnetic properties, and the formation efficiency
and lifetime of the triplet state, which in turn determines the
ability of porphyrins to generate singlet oxygen (see [32—35]
and references therein).

The interaction of water-soluble tetracationic metal-free
5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin (H,TMPyP4)
(Fig. 1) with nucleic acids was studied most thoroughly.
This porphyrin attracts attention because it can efficiently
generate singlet oxygen, exhibits fluorescence, and contains
four positively charged methylpyridyl groups in the periph-
ery of its macrocycle (which provides its efficient binding

Figure 1. Structural formula of metal-free cationic 5,10,15,20-tetrakis(4-
N-methylpyridyl)porphyrin (H,TMPyP4).
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with DNA). In addition, it is assumed that H, TMPyP4 can
exert direct photodynamic action on DNA due to transfer of
an electron from the guanine base of DNA to porphyrin
without the participation of singlet oxygen [36].

It was long assumed that H,TMPyP4 does not form
aggregates on the surface of nucleic acids. The aggregation
of this porphyrin in the presence of polynucleotide was first
discovered in 1997 upon its binding with polynucleotides of
the RNA type and hybrid RNA-DNA polynucleotides
[37]. The aggregation of H,TMPyP4 on the DNA surface
was observed one year later [38, 39]. It was found at a high
relative concentration of porphyrin r = 1 : 3 (r is the ratio of
the number of porphyrin molecules to the number of DNA
base pairs) and a low ionic strength u of solution (0.01 M)
and was manifested in a decrease in the integrated intensity
of porphyrin fluorescence by a factor of 2-2.5 and a
decrease in the signal of triplet—triplet absorption of
porphyrin approximately by an order of magnitude. How-
ever, the authors of papers [38, 39] have failed to observe the
decay kinetics of the S; state of aggregated porphyrin
because of an insufficient time resolution of their equipment.

Thus, although the formation of stack-like H,TMPyP4
aggregates along the DNA surface for large r was discovered
by now, the influence of such interaction with DNA on the
deactivation dynamics of the excited states of porphyrin was
not studied, which made it impossible, in particular, to
predict the possible influence of aggregation on the photo-
dynamic activity and fluorescent properties of H,TMPyP4
in complexes with nucleic acids at relatively high contents of
porphyrin.

This paper is devoted to the study of the deactivation
kinetics of the lower excited S; singlet state of H,TMPyP4
bound with DNA at high (r=1:30) and low (r=1:3)
relative concentrations of DNA by the method of kinetic
absorption spectroscopy with the picosecond time resolu-
tion. The obtained results allow us to determine more
accurately the limits of relative porphyrin concentrations
at which its aggregation along the DNA surface begins. This
is of interest for preparation of the porphyrin—DNA
complexes that do not contain porphyrin aggregates and,
on the contrary, intended for obtaining large surface
aggregates.

2. Experimental

Metal-free catonic H, TMPyP4, in which iodine was used as
a counter ion, was kindly placed at our disposal by
Dr. V.L. Malinovskii (A.V. Bogatsky Physico-Chemical
Institute, Odessa, Ukraine). DNA from calf thymus was
purchased from Sigma Chemical Co. and was used without
additional purification. All spectral measurements were
performed at room temperature in a phosphate buffer with
pH = 6.8 containing 14 mM of KH,PO, and 6 mM of
Na,HPO, at the ionic strength of solution p = 0.03 M.
Samples were prepared by mixing the concentrated
porphyrin solution with the DNA solution. Concentrations
of samples were measured with a spectrophotometer by
using the known extinction coefficients of porphyrin and
DNA [30].

Samples of porphyrin with DNA had the molar ratios of
concentrations of porphyrin and DNA base pairs r ~ 1 : 30
and ~ 1:3. The porphyrin concentration was ~ 2x
10~ M. Measurements were performed in silica or glass
cells of length 1 or 2 mm. The stationary absorption spectra

were measured with a Cary 500 Scan spectrophotometer
(Varian). Kinetic absorption measurements were performed
by using a modified picosecond absorption spectrometer
described in [40].

Samples were excited by the 532-nm second harmonic of
a passively mode-locked Nd*" : YAG laser. Probing was
performed by using frequency-doubled radiation from an
optical parametric oscillator temperature-tunable in the
wavelength range from 380 to 1000 nm. Probe radiation
was polarised at an angle of 54.7° (the so-called magic angle)
with respect to exciting radiation to avoid the manifestation
of rotational relaxation of porphyrin molecules in the
kinetics of the process [41]. The FWHM of the instrumental
function of the picosecond spectrometer was ~ 30 ps. The
absorption kinetics of samples was approximated by a sum
of two exponentials by the method of least squares. The
instrumental function represented by a Gaussian with the
FWHM of 27 ps was deconvoluted from the experimental
kinetics.

3. Experimental results

Figure 2 presents the stationary absorption spectra of
H,TMPyP4 in a mixture with DNA for r=1:30and 1:3
and the absorption spectrum of free (not bound with DNA)
porphyrin in a water buffer. Compared to the absorption
spectrum of free porphyrin, the Soret band in the
absorption spectrum of the porphyrin—DNA mixture is
broadened and exhibits the bathochromic shift from 422 to
440 nm (for r =1:30) and 434 nm (for r =1:3). Such
spectral behaviour is described by the binding of porphyrin
with DNA in two ways: by intercalation and groove
binding [30]. Of special interest for us is the difference
between the absorption spectra of H,TMPyP4 bound with
DNA for different r. One can see from Fig. 2 that, when the
relative amount of DNA in solution decreases (i.e., in
passing from r =1:30 to r = 1 : 3), the Soret band shifts to
the blue by ~ 6 nm.

Figure 3 shows the bleaching decay kinetics in the Soret
band (probed in the wavelength range 420—422 nm) for the
H,TMPyP4—-DNA mixture for r =1:30 and 1:3. Similar
results were obtained by probing in the wavelength range
440—445 nm. Figure 4 shows for comparison the kinetics of
bleaching decay for free H,TMPyP4 is a water buffer. In
this case, only a weak decay with the time constant above
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Figure 2. Absorption spectra of free H,TMPyP4 in water buffer (solid
curves) and the H,TMPyP4-DNA mixture for r=1:30 (dashed
curves) and r = 1 : 3 (dotted curves).
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Figure 3. Bleaching decay kinetics for the H,TMPyP4—-DNA mixture
for r =1 : 30 obtained by probing in the wavelength range from 420 to
422 nm. Solid curves are the corresponding exponential approximations.
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Figure 4. Bleaching decay kinetics for free H,TMPyP4 in water buffer
obtained by probing at 423 nm. The model curve is the sum of a slowly
decaying component (with the time constant longer than 1 ns and the
weight contribution ~ 10 %) and a constant component (~ 90 %).

1 ns was observed in the time range from 0 to 3 ns, which
corresponds to the deactivation of the S; state of free
porphyrin (with the lifetime equal to 4—5 ns [32, 36, 42—
48]) mostly due to intersystem crossing to the T, state
[36, 44]. At the same time, the bleaching intensity of the
H,TMPyP4—-DNA mixture decreased by 50 % —85 % for
the first 3 ns.

Analysis of our experimental data showed that the
bleaching decay for H,TMPyP4 bound with DNA for
r=1:30 is described by two exponentials with the time
constants t; = 265 £+ 80 ps (with the weight contribution
19 % at the probe wavelength of 422 nm or 21 % at 445 nm)
and 7, = 1.9 + 0.6 ns (with the weight contribution 38 % at
422 nm and 65% at 445 nm) and by the non-decaying
component with the weight contribution 42 % (422 nm) or
14% (445 nm). For r=1:3, the bleaching decay for
H,TMPyP4 bound with DNA occurs more efficiently
(Fig. 3). Apart from the two decay components with the
time constants compared to those for the case r = 1:30
(ty ~ 200 —250 ps, 7, ~1—2ns), for r=1:3, another
component with a shorter decay time is observed.

As a whole, the decay of photoinduced bleaching of
porphyrin bound with DNA for r =1: 3 is well described
by the sum of three exponentials with a small contribution

of a constant component. The time constants of the decay
components for r=1:3 are 1y =44+ 7 ps (the weight
contribution is 31 % for 4 =420 nm and 32% for 1=
440 nm), 7, = 201 £ 60 ps (the weight contribution is 22 %
for 1=420nm and 23% for A =440 nm), and 13 =
1.5+ 0.3 ns (the weight contribution is 33% for A =420
and 440 nm). The contribution of the constant component is
14% for 4 =420 nm and 11 % for A = 440 nm.

4. Discussion

The blue shift of the Soret band by 6 nm observed in
stationary absorption measurements with decreasing the
relative concentration of DNA (Fig. 2) can be reasonably
explained by a decrease in the fraction of porphyrin
molecules intercalated in DNA due to the formation of
porphyrin aggregates along the DNA surface. It was shown
in previous studies that the blue shift of the Soret band was
greater when H,TMPyP4 was bound on the DNA surface
than upon its intercalation [30]. A similar blue shift of the
Soret band of H, TMPyP4 bound with DNA with decreas-
ing the relative amount of DNA was observed in papers
[38, 39] and was explained by the aggregation of porphyrin
molecules along the DNA surface. Note that in this case the
absorption spectrum of H,TMPyP4 for r=1:3 does not
exhibit any broadening of the absorption bands or
formation of new bands, which are typical for porphyrin
aggregation. This can be explained by a more ordered
structure of porphyrin aggregates formed along the DNA
surface, which serves as the structure-forming frame.

Before analysing the experimental results presented in
Figs 3 and 4, note that the decay of the photoinduced
optical density changes at the time scale studied in our paper
is caused completely by the deactivation of the lower excited
S, state of porphyrin, whereas the lower excited triplet T,
state of porphyrin bound with DNA in the presence of
dissolved oxygen from the air has the lifetime of a few units
or tens of microseconds [36] and makes only a constant
contribution to the decay kinetics.

The presence of the component with the time constant
200-250 ps in the decay curves obtained for r=1:30
demonstrates a more rapid deactivation of the S; state of
porphyrin under these conditions that it was assumed earlier
based on kinetic fluorescence studies [36, 42]. Indeed, as was
shown in these papers, the binding of H,TMPyP4 near the
guanine bases of DNA or poly(dG-dC), leads to the quen-
ching of the S; state of porphyrin due to the photoinduced
electron transfer from guanine to photoexcited porphyrin.
In this case, the lifetime of the S; state of H,TMPyP4
measured by the fluorescence method decreased to ~ 2.5 ns.

It is unlikely that the absence of a component with the
decay time 200-250 ps in kinetic fluorescence measure-
ments [36, 42] can be explained by an inadequate time
resolution of the equipment. The setup for time-correlated
single-photon counting used in [42] provided the time
resolution better than 50 ps, which together with a suffi-
ciently large number of accumulated counts (~ 10°) should
provide the required resolution of this component.

We assume that our picosecond absorption measure-
ments demonstrate the singlet —singlet (S; — S;) annihilation
of the electronic excitation energy in porphyrin molecules
bound with DNA at comparatively small distances from
each other. Although for the ratio r = 1 : 30, approximately
30 base pairs should be located on the average between
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porphyrin molecules (which is equivalent to the distance
~ 10 nm [49]), the possibility of a denser localisation of
porphyrin on DNA due to fluctuations of binding sites
cannot be excluded. Moreover, the manifestation of the
initial stage of porphyrin aggregation on DNA already for
r=1:30 also cannot be excluded, for example, the for-
mation of porphyrin dimers, which cannot be observed by
the methods of circular dichroism and stationary absorp-
tion.

The method of kinetic absorption spectroscopy has a
higher sensitivity (compared to fluorescence spectroscopy)
to the detection of singlet —singlet annihilation in porphyrin
molecules bound with DNA because the concentration of
excited porphyrin molecules in a sample in this method is
considerably higher. The amount of excited porphyrin
molecules in our experiments was a few tens of percents
of their total amount, which provided the differences in
concentrations of excited molecules by a few orders of
magnitude compared to [42]. Note that a similar difference
of the decay parameters of excited states measured by the
method of kinetic spectroscopy with high-power laser
excitation from these parameters measured by the method
of kinetic fluorescence spectroscopy in the case of the
S| —S; annihilation was pointed out in the study of
porphyrin aggregates [33].

Therefore, we interpret our picosecond absorption
measurements as the evidence that even under conditions,
when according to the data in the literature, porphyrin
bound with DNA is assumed a monomer (i.e., for
r=1:30), the local sites of closely spaced porphyrin
molecules are observed. These sites can serve as the centres
of growth of large-scale porphyrin aggregates when the
amount of DNA in solution is decreased.

It is reasonable to expect that the lifetimes of singlet and
triplet excited states of porphyrin will decrease substantially
after the formation of stack-like aggregates on the external
DNA surface due to the singlet—singlet annihilation of the
electronic excitation energy. Therefore, the fast component
with 7 ~ 44 ps observed in the deactivation kinetics of the
H,TMPyP4—DNA mixture for r=1:3 (Fig. 3) can be
assigned to porphyrin molecules that form stack-like
aggregates along the DNA chain.

We emphasise that a more rapid deactivation of the S;
state of porphyrin is caused by a decrease in the DNA
amount in solution because for r=1:30, i.e., when the
concentration of DNA base pairs exceeds that of porphyrin
by 30 times, the component with 7 =44+ 7 ps was not
observed in the bleaching decay kinetics (Fig. 3). Also, no
manifestations of aggregation and quenching of the S, state
of porphyrin (at the same concentration) in the buffer
solution in the absence of DNA was observed, in accordance
with the data from the literature. Figure 4 shows that only a
weak bleaching decay for porphyrin is observed with the
time constant longer than 1 ns, in accordance with the
lifetime of the S; state equal to ~ 4.5 ns [32, 36, 42—48].
Our assumption that in the presence of DNA for r=1:3
we observe in kinetic measurements the influence of the
H,TMPyP4 aggregation is in good agreement with the
results of stationary absorption measurements demonstrat-
ing the increase in the relative amount of porphyrin bound
on the external DNA surface in passing from r =1: 30 to
r=1:3.

A short lifetime of the excited S, state of aggregated
porphyrin (~ 44 ps) inevitably results in a low yield of the

long-lived triplet state of porphyrin bound with DNA and in
a decrease in the efficiency of electron transfer between
guanine and porphyrin. The weight contribution of the
constant component to the total bleaching decay kinetics
measured in our experiments is 11 % —14 %, which gives a
rough estimate of the triplet-state yield (more exactly, its
upper limit). These data are in good agreement with the
results obtained in [39] by the method of microsecond
absorption spectroscopy.

5. Conclusions

The results obtained in this paper for the complex of
H,TMPyP4 with DNA for r=1:30 (when porphyrin
bound with DNA is assumed a monomer) suggest the
presence of local sites with closely spaced porphyrin
molecules on the DNA surface. The fast component with
the time constant 44 4+ 7 ps observed in the decay kinetics
of photoinduced absorption upon aggregation of porphyrin
molecules on the DNA surface (r = 1 : 3) corresponds most
likely to the deactivation of the excited S; state of
porphyrin aggregates.
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