J Fluoresc (2011) 21:1887—1895
DOI 10.1007/s10895-011-0885-4

ORIGINAL PAPER

Spectroscopic Studies on TiO, Enhanced Binding

of Hypocrellin B with DNA

Ganesan Paramaguru - Rajadurai Vijay Solomon -
Ponnambalam Venuvanalingam -
Rajalingam Renganathan

Received: 10 December 2010 / Accepted: 23 March 2011 /Published online: 30 March 2011

© Springer Science+Business Media, LLC 2011

Abstract The binding of Hypocrellin B-TiO, chelate with
DNA has been studied by using absorption, steady state
fluorescence, cyclic voltammetry, time resolved fluores-
cence and laser flash photolysis measurements. The
experimental results show that the presence of TiO,
nanoparticles increases the binding of Hypocrellin B with
DNA. The groove binding mode is confirmed by spectro-
scopic and docking studies. Laser flash photolysis studies
confirm the presence of electrons in the conduction band of
TiO, which will produce active oxygen species and results
in damage of DNA indicating the potential application of
Hypocrellin B-TiO, chelate in the field of photodynamic
therapy (PDT).
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Introduction

Photodynamic therapy (PDT) uses a photosensitizing drug
and a light source to activate the applied drug. The result is
an activated oxygen molecule that can destroy nearby cells
[1]. Precancerous cells and certain types of cancer cells can
be treated this way. Hypocrellin B (HB), a perylenequinone
photodynamic pigment having strong absorption in the
visible region and high photostability was isolated from the
natural source Hypocrella bambusae [2]. Scheme 1 shows
the chemical structure of HB. The HB have potential
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photodynamic property for vascular diseases and age
related macular degeneration [3]. HB and their derivatives
exhibit photosensitized cleavage and damage to DNA in the
presence of oxygen [4].

Nowadays semiconductor nanoparticles with unique
properties such as large surface area, pore structure have
potential applications in optical and electronic properties
[5]. Nanoparticles also possess widespread application in
biological fields such as clinical diagnostic assays, drug
delivery systems and cellular imaging [6, 7]. Nanoparticles
are efficiently used as drug carriers since they possess
enormous surface area and owing to their sub-micron size
they can efficiently be taken up by the cells [8]. The
interaction of nanoparticles with various biomolecules has
been extensively studied [9, 10]. Recently we have reported
the interaction of colloidal TiO, with DNA [11]. TiO,
nanoparticles on photoirradiation generate reactive oxygen
species [12] which can damage DNA. Xu et al. have
prepared the Hypocrellin B chelate with TiO, and its
energetics (standard oxidation potential of the excited
singlet and triplet states of HB is at —0.68, —0.62 V vs
NHE respectively) is thermodynamically favorable to inject
charge from its excited state into the conduction band of
TiO, [13]. Since HB is a good visible photosensitizer with
high intersystem crossing quantum yield (dsc), its interac-
tion with DNA in presence of nanosized TiO, (acting as
efficient carrier of HB for its better delivery to cancerous
part) could reveal useful information in order to tune its
application in photodynamic therapy. Hence the combina-
tion of nanomaterials with photosensitizers will be a
promising pathway in the field of photodynamic therapy.
By considering all these advantages we have studied the
binding efficiency of Hypocrellin B with DNA in presence
of TiO, nano particles through absorption, steady state
fluorescence, cyclic voltammetry and time resolved fluo-
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Scheme 1 Structure of Hypocrellin B

rescence measurements. The mode of interaction is found to
be groove binding which is further supported by docking
studies. The formation of conduction band electrons is
confirmed through laser flash photolysis which can reduce
dioxide to superoxide radicals.

Materials and Methods
Materials

Hypocrellin B was purchased from LKT Laboratories,
USA. Double stranded Calf thymus-deoxyribonucleic acid
and titanium (IV) 2-propoxide were purchased from
Aldrich (Bangalore, India). The stock solution of DNA
was prepared by dissolving an appropriate amount of DNA
in phosphate buffer. The concentration of the DNA stock
solution (7x10™* M) was determined from the UV
absorption spectrum at 260 nm using the molar absorption
coefficient €,40=6600 M~ ' cm™'. The purity of the DNA
was checked by monitoring the ratio of the absorbance at
260 nm to that at 280 nm. The resulting ratio, Ayg0/Azg0>
1.8, indicates that DNA was sufficiently free from protein
[14]. Due to the low solubility of Hypocrellin B in water,
the solution (1x10> M) was prepared by adding small
amounts of DMSO solution to double distilled water [15].

Preparation of Colloidal TiO, Nanoparticles

The colloidal TiO, nanoparticle was prepared by the
hydrolysis of titanium (IV) 2-propoxide, based on the
literature procedure [16]. Typically, titanium (IV) 2-
propoxide (15 pl) in 2-propanol (150 ul) was injected into
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50 ml of water using syringe (Prior to experiment, pH of
water adjusted to 1.5 using 1 M HCIO,4 solution) with
constant stirring under nitrogen atmosphere (for 8 h)
resulting in a 1x107° M titania stock solution. No
stabilizing agent was used during the hydrolysis process.
The colloidal suspensions of TiO, prepared by this method
were stable for 3—5 days. Fresh colloidal TiO, dispersed in
water was prepared before each set of experiments. The
stock suspension was diluted with water to obtain the
desired concentrations of TiO,. No attempts were made to
exclude the traces of 2-propanol present in the colloidal
TiO, nanoparticles and it was reported that the presence of
2-propanol did not affect the photochemical measurements
[17]. The absorption of the colloidal TiO, in water is
observed at 330 nm. The diameter of the particles
determined from the relationship between band gap shift
(AE,) and radius (R) of quantum-size particles [11] is about
4.1 nm.

Steady-state Measurements

The fluorescence quenching measurements were carried out
with JASCO FP-6500 spectrofluorimeter. The excitation
and emission wavelength of Hypocrellin-TiO, chelate are
460 and 610 nm respectively. The slit widths 20 nm and
scan rate (500 nm/min) for both excitation and emission
were maintained constant for all the measurements. The
samples were purged with pure nitrogen before measure-
ments. Quartz cells (4x1x1 cm) with high vacuum Teflon
stopcocks were used for measurements. Absorption spectral
measurements were recorded using JASCO V630 UV-
visible spectrophotometer.

Electrochemical Measurements

The cyclic voltammetry measurements were carried out
with CHI 650 C, USA, CH measurements. Potassium
chloride (0.1 M) is used as supporting electrolyte. The
experimental setup consisted of a platinum working
electrode, a glassy carbon counter electrode and a silver
reference electrode. All samples were deaerated by bub-
bling with pure nitrogen gas for ca. 5 min at room
temperature.

Docking Studies

The docking analysis has been carried out using AutoDock
4.0 package. The crystal structure of B-DNA was obtained
from Protein Data Bank (PDB code 453D) [18]. Polar
hydrogen atoms with Gasteiger charges were added and
water molecules were removed. The Hypocrellin-B struc-
ture was optimized at B3LYP/6-31 G* level using GO3W
program [19]. The Lamarckian Genetic Algorithm (LGA)
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was used with default parameters during the docking
process [20]. This algorithm includes terms for changes in
energy due to van der Waals interaction, hydrogen bonding
and electrostatic forces, as well as ligand torsion and
desolvation. Auto Dock reports a docked energy that
includes a solvation-free energy term and intermolecular
interaction energy of the ligand.

Time Resolved Fluorescence Measurements

Fluorescence lifetime measurements were carried out in a
picosecond time correlated single photon counting
(TCSPC) spectrometer. The excitation source is the tunable
Ti-sapphire laser (Tsunami, Spectra Physics, USA). The
fluorescence decay was analyzed by using the software
provided by IBH (DAS-6).

Laser Flash Photolysis

The Nd-YAG laser source produces nanosecond pulses
(8 ns) of 500 nm light and energy of the laser pulse was
around 150 mJ. Dichroic mirrors were used to separate the
third harmonic from the second harmonic and the funda-
mental output of the Nd-YAG laser. The monitoring source
was a 150W pulsed xenon lamp which was focused on the
sample at 90° to the incident laser beam. The beam
emerging through the sample was focused onto a Czerny-
Turner monochromator using a pair of lenses. The detection
was carried out using a Hamamatsu R-928 photomultiplier
tube. The transient signals were captured with an Agilent
infiniilum digital storage oscilloscope interfaced to a
computer.

Results and Discussion
Absorption Studies

Figure 1A shows the absorption spectra of HB and HBT.
HB shows absorption at 460 nm. In presence of TiO, the
absorption maxima was red shifted to 474 nm which
indicates a chelate formation (HBT) as previously reported
[21, 22]. Figure 1B shows the fluorescence excitation
spectrum of HB and HBT in water. The presence of TiO,
nanoparticles changes the excitation spectra of HB which
further confirms the formation of ground state complex
between the HB and TiO, nanoparticles.

Generally intercalation of drug molecules to DNA
usually results in decrease in intensity (hypochromism) in
the absorption behavior with substantial red shift [23].
Figure 2A shows the absorption spectra of HBT in the
absence and presence of DNA. HBT shows absorption at
474 nm. On increasing the concentration of DNA the
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Fig. 1 A Absorption spectrum of Hypocrellin B (HB) and Hypo-
crellin B-TiO, (HBT) in water. The inset is the absorption spectrum of
colloidal TiO, nanoparticles in water. B Excitation spectrum of HB
and HBT in water

absorption band at 474 nm shifted to longer wavelength
(484 nm) and also shows a significant hyperchromism
suggesting that the presence of a strong ground state
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Fig. 2 A Absorption spectrum of HBT (1x10® M; red color) in the
presence (blue color) of DNA (0—5x 10~° M) in water. The inset is the
linear dependence of 1/AA on the reciprocal concentration of DNA. B
Absorption spectrum of HB (1x107° M; red color) in the presence

(blue color) of DNA (0-5x10"° M) in water. The inset is the linear
dependence of 1/AA on the reciprocal concentration of DNA
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complex between HBT and DNA which is different from
the general intercalation binding. Similar type of hyper-
chromism in presence of DNA has been reported [24].
Based on the reports the spectral changes can be rational-
ized in terms of groove binding [24, 25]. The absorbance
behavior of HB with DNA is studied to understand the
influence of TiO, in binding efficiency of HBT with DNA.
Figure 2B shows the effect of increasing concentration of
DNA on the absorption spectra of Hypocrellin B. While
increasing the concentration of DNA a slight hyperchrom-
ism and red shift is observed but the observed difference is
much less when compared to the HBT chelate system. Thus
it is apparent from absorbance study that the HB and HBT
form a ground state complex with DNA. Figure 3 shows the
difference absorption spectra of HBT in the presence of
DNA in water. The appearance of isobestic point on
increasing the concentration of DNA supports the formation
of complex formation between HBT and DNA.

The binding strength of HBT and HB with DNA was
calculated by considering a simple equilibrium system
where the equilibrium constant for complex formation can
be estimated from changes in absorbance using Benesi
Hildebrand Eq. 1 [26].

1 1 1

AA (A —Ay) | Ko(A, — Ag)[DNA]

(1)

where AA is the change in absorbance at a fixed
wavelength, A and A, are the absorbance of free sensitizer
and the complex respectively. For the complex formation a
linear relationship will be obtained between 1/AA and the
reciprocal concentration of [DNA]. The ratio of the
intercept 1/(A.—Ap) to the slope 1/K,(A.—Ap) gives the
binding constant for complex formation and the values are
listed in Table 1. The binding constant value of HBT is
found higher than that of HB. The results clearly indicate
that the formation of TiO, chelate could increase the
binding affinity of HB with DNA. The different binding
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-0.0154
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Fig. 3 Difference absorption spectra of the HBT (red color) in

presence of various concentration of DNA (blue color). Arrow
indicates the change in addition of 0—5x 10°° M DNA respectively
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behavior in the presence of TiO, chelate with DNA may be
attributed to the large surface area on nano TiO, which
provides efficient binding with DNA.

Electrochemical Measurements

Electrochemical studies were carried out to support the role
of TiO, nanoparticles in the binding of HB with DNA.
Figure 4 shows the cyclic voltammogram (CV) of HB, HB
with DNA and HB with DNA in the presence of TiO,
nanoparticles. Considerable decrease in peak current is
observed for HB in the presence of DNA. In the presence of
TiO, nanoparticles the CV of HB with DNA shows a shift
in peak potentials along with bigger decrease in peak
current. Similar type of change in peak currents in presence
of nanoparticles has been reported [27]. On the basis of
these results it is evident that the presence of TiO,
nanoparticles enhances the binding affinity of HB with
DNA which supports the results obtained from absorption
measurements.

Effect of lonic Strength

The change of ionic strength is an efficient method for
distinguishing the binding modes between small molecules
and DNA. Figure 5 shows the effect of sodium chloride on
the fluorescence spectrum of HBT-DNA system. If the
binding of HBT with DNA is due to electrostatic
interactions then the negative charges of the DNA phos-
phatic back bone will be partly neutralized by Na' ions.
Hence electrostatic binding will result in increase in the
intensity of fluorescence with increase in Na® concentra-
tion. In our case, there is no increase in fluorescence
intensity while increasing the concentration of Na". Hence
the results suggest that the binding is not electrostatic in
nature. But a decrease in fluorescence intensity is observed,
this may be due to the existence of Na" which makes the
double helix structure of DNA gather together longitudi-
nally and makes the way for groove binding [28]. The
results from the absorption and ionic strength measure-
ments suggest the interaction between HBT and DNA
occurs through groove binding mode.

Molecular Docking Investigations

Docking analysis has been carried out to gain further
insights into the binding nature of HB with DNA. The
resultant docked conformation of the HB bound DNA is
given in Fig. 6. The results reveal that the HB fits well
within the minor groove of DNA and the binding site
covers 3 base pairs long, involving A-T residues. A similar
type of minor groove binding has been reported for
different ligand-DNA interactions [29, 30].
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Table 1 Stern—Volmer

—1 —1_—1 -1
constants (Kgy), Quenching rate Ksv/(M ) ky/(M s ) Kp/(M )
constants (kg), Binding constant
(Ky) calculated for the HB Absorbance Fluorescence
and HBT with DNA
HB:DNA 7.03x10* 4.15%10" 2.64x10* 4.40x10*
HBT:DNA 4.15x10° 3.09x10" 5.88x10° 4.84x10°

Earlier reports suggested that the interactions of C-2
carbonyl oxygen of thymine and N3 nitrogen of adenine
with the ligand are essential for the minor groove binding
[31] which exactly correlates with our results. Our
calculations show that the 7th position —OCH; of HB
situated at a distance of 1.84A from C-2 carbonyl oxygen
of thymine (T) and at the same time, the 9th position —OH
of HB is at a distance of 3.1A from N3 of adenine which
substantiate the minor groove binding nature.

Fluorescence Quenching Studies

Fluorescence quenching measurements have been widely
used to study the interaction of various drugs with
biological molecules [29, 32]. This method helps to
understand DNA binding mechanisms with other mole-
cules and provide clues to the nature of the binding. In
principle, molecules that are either free or bound on the
surface of DNA are easily accessible for the quencher
while those which are intercalated are protected from the
quencher.

The interaction of HBT with DNA was studied by
fluorescence measurement at room temperature. Fluores-
cence spectra were recorded in the range of 570—-750 nm
upon excitation at 460 nm. DNA is transparent at the
460 nm excitation wavelength. Figure 7A shows the effect
of increasing concentration of DNA on the fluorescence
emission spectrum of HBT. It is observed that the
fluorescence emission band of HBT is quenched with
increasing concentration of DNA. The HB-DNA system in
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Fig. 4 Cyclic voltammogram of (/) HB (1x107°> M), (2) HB (1x10°°
M) in presence of DNA (1x107° M), (3) HB (1x10~° M) in presence
of DNA (1x10~° M) and TiO, nanoparticles (1x10~> M)

the absence of TiO, also gave a similar type of fluorescence
behavior (Fig. 7B). The fluorescence quenching can be
described by Stern-Volmer relation:

Io/T=1+Ksy[Q] =1 +kq10[Q] (2)

where, Iy and I are the fluorescence intensities of the
fluorophore in the absence and presence of quencher, Kgy
is the Stern-Volmer constant, k, is the bimolecular quench-
ing rate constant, T, is the excited state lifetime of
fluorophore in the absence of quencher and [Q] is the
quencher concentration. A plot of I/l against [DNA] results
in a linear plot. The K, value is obtained from the slope
and the values are listed in the Table 1. Since the lifetime of
HBT is in the order of 1077 s, the calculated bimolecular
quenching rate constant (k) using K, =k,T, was found to
be higher than the maximum collisional quenching (k,) of
various kind of quenchers to biopolymers (2.0x10'
M 's™"). Hence the fluorescence quenching results from
complex formation between DNA and HB-TiO, chelate and
not due to dynamic nature [33]. The fluorescence behavior
of HB-DNA system in the absence of TiO, also shows the
static type of behavior.

In general, time resolved measurement is the most
definitive method for differentiating static and dynamic
quenching. Figure 8 shows the fluorescence decay curve of
HBT in the absence and presence of DNA. In the presence
of DNA there is no change in the fluorescence lifetime of
HB. This observation shows that quenching follows static
mechanism. Static quenching does not decrease the lifetime

Intensity

550 600 650 700 750
Wavelength (nm)

Fig. 5 Fluorescence Quenching of HBT (1x 107% M; Aex=460 nm;
Aem=0610 nm) in the absence (red color) and presence (blue color) of
various concentration of NaCl, [NaCl] = 0-5x10"° M
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Fig. 6 Positioning of Hypocrellin-B in the minor groove of the DNA
obtained from docking studies

because only the fluorescent molecules are observed, and
the uncomplexed fluorophores have the unquenched life-
time [34]. Static quenching arises due to the formation of
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Fig. 7 A Fluorescence Quenching of HBT (1 X107 M; A¢x=460 nm;
Aem=610 nm) in the absence (red color) and presence (blue color) of
various concentration of DNA, [DNA] = 0-5x10"° M. The inset is the
straight line dependence of 1/(F°F) on the reciprocal concentration of
DNA. B Fluorescence Quenching of HB (1 x 10°° M; Aex=460 nm; Aoy, =
610 nm) in the absence (red color) and presence (blue color) of various
concentration of DNA, [DNA] = 0-5x10® M. The inset is the straight
line dependence of 1/(F°~F) on the reciprocal concentration of DNA
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complex between fluorophore and the quencher. Hence
from the fluorescence measurements the binding affinities
of HBT to DNA were calculated from the following Eq. 3.

1 1 1

F—F)  (F—F)  Ky(F' — F)[DNA]

(3)

where FC is the fluorescence intensity of free HBT, F/ is the
fluorescence intensity of HBT in the presence of DNA
and F is the observed fluorescence intensity at its
maximum. A plot of 1/(F°-F) Versus 1/[DNA] gives a
straight line and from the slope the binding constant (Ky)
was calculated. The K;,, for HB-DNA system was also
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Fig. 9 A Transient difference absorption spectra of HB recorded at

4 ps after the laser flash at 500 nm. B Transient difference absorption
spectra of HBT-DNA recorded at 4 ps after the laser flash at 500 nm
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Scheme 2 Formation
of reactive oxygen species

calculated. The K, of both HBT-DNA and HB-DNA are
listed in Table 1. K, and K;, of HBT-DNA obtained from
both absorption and fluorescence measurement was higher
than that of HB-DNA. The larger value indicates a
stronger interaction between the HBT and DNA. The
fluorescence results also support that the HBT system
would enhance the binding affinity with DNA which is a
basic requirement in PDT.

Laser Flash Photolysis

The excited state HB may undergo energy or electron transfer
with TiO, which results in the formation of active oxygen
species (0, and O,7) [35]. Zhang M. H et al. have reported
that the decrease in fluorescence intensity of HB attributed to
electron transfer to the conduction band of TiO, [21, 22]
which results in the formation of cation radical (HB") of HB
and the conduction band electron of TiO,. Hence the
electron in the conduction band of TiO, is involved in the
formation of superoxide radicals (O, ).

Laser flash photolysis has been widely used to study
the excited state electron transfer reactions. Nanosecond
laser flash photolysis experiments were carried out using
500 nm laser pulse as the excitation source. Figure 9A
shows the transient absorption spectra of HB in aqueous
medium and the absorption band appears at 540 nm is
similar to the earlier reported T-T absorption of HB in
n-hexane [36]. Bleaching in the region of 460 nm
corresponds to the HB ground-state bands. The transient
absorption spectra of HBT-DNA system is shown in
Fig. 9B. Significant differences were observed for HBT
DNA system when compared to HB system. A new peak
appeared at around 570 nm which was ascribed to the
cation radical of HB™" [35] and a peak above 750 nm
extending over visible region to the near IR region is due
to conduction band electron of TiO, which matched well
with previously reported observations [36]. These observa-
tions confirm the presence of an electron in the conduction

band of TiO, which undergoes rapid reoxidation to produce
the superoxide radical anion in the presence of oxygen and
results in DNA damage (Scheme 2).

Conclusions

The binding of the biologically important Hypocrellin B in
presence of TiO, with DNA has been examined through
various spectroscopic measurements. Absorption and dif-
ference absorption studies indicate the formation of ground
state complex between HBT and DNA. Fluorescence
quenching follows static mechanism and groove type
binding mode is confirmed by docking studies. The
presence of TiO, nanoparticles enhance the binding
strength of HB with DNA which was confirmed from the
binding constant values calculated from absorption and
steady state measurements. Electrochemical studies further
support the role of TiO, nanoparticles in binding of HB
with DNA. Laser flash photolysis confirms the presence of
conduction band electron of TiO, in HBT-DNA system
which further forms superoxide radicals to damage DNA.
All these results put forward that the PDT behavior of HB
with DNA will be enhanced in the presence of TiO, which
implies its potential application for future designing of
more efficient PDT drugs.
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