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Abstract

The surface binding association between a positively charged polymeric complex of hypocrellin A (HA) with La3+ (La3+-HA) and calf
thymus DNA (CT DNA) was confirmed by ESR and laser flash photolysis techniques along with UV-Vis absorption and fluorescence
emission spectra. This surface binding, in cooperation with the longer triplet excited state lifetime of La3+-HA, gave rise to a stronger
photodamage of CT DNA both in aerobic and anaerobic conditions by La3+-HA compared with HA.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Hypocrellins, as new efficient phototherapeutic agents,
have been receiving intensive attention over the past two
decades[1,2]. Many efforts have been paid to evaluate the
abilities of hypocrellins to generate the reactive oxygen
species as well as to obtain hypocrellin derivatives with
improved water solubility and enhanced light harvesting
capability in the phototherapeutic window (600–900 nm)
[3–9]. For achieving effective photodynamic treatment,
however, it is essential that the photosensitizer recognizes
and concentrates exclusively in the targeted substrate[10].
So far, few chemical modifications on natural hypocrellins
concern the affinity of hypocrellins to biomaterials, and
the investigations on the static interaction or association
between hypocrellins and their targeted substrates are lack-
ing [11]. Recently, we prepared a novel complex of HA
with La3+ (La3+-HA), which has a polymeric structure and
exhibits, compared with HA, better water solubility, larger
absorbance in phototherapeutic window, longer triplet ex-
cited state lifetime, higher1O2 generation efficiency, and
stronger photodamage capability to CT DNA in both aero-
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bic and anaerobic conditions[12]. In that communication,
the greatly improved photodamage capability of La3+-HA
to CT DNA was partly attributed to the longer triplet excited
state lifetime and the higher1O2 quantum yield of La3+-HA.
To better understand the photodynamic mechanism of
La3+-HA, a detailed study of the static interaction between
La3+-HA and CT DNA has been undertaken. In this con-
tribution, ESR and time-resolved absorption spectrum were
employed along with UV-Vis absorption and fluorescence
emission to probe the interaction between La3+-HA and
CT DNA, and the strong affinity of La3+-HA to CT DNA
was proved to contribute to its potent photodamage ability.

2. Materials and methods

2.1. Materials

HA was isolated from the fungus sacs ofHypocre-
lla bambusaeand recrystallized twice from acetone be-
fore use. LaCl3·7H2O, ethidium bromide (EB), guanine,
2′-deoxyguanosine 5′-monophosphate (dGMP) and CT
DNA were all purchased from Aldrich, USA. Diethylamine,
anhydrous ethanol and other chemicals of analytical grade
were obtained from Beijing Chemical Plant. Water was
freshly distilled before use.
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All experiments involving CT DNA were performed in
buffer solution (10 mM ammonium acetate, 100 mM sodium
chloride, pH 7), unless otherwise noted. DNA solutions
were prepared by dispersing the desired amount of DNA in
buffer solution with stirring overnight below 4◦C. In the ex-
periments where titration with DNA was required, the DNA
solution was sonicated at 0◦C for 10 min using a brason
probe ultrasonicator. This operation significantly reduced the
viscosity of the DNA solutions and permitted more accurate
and precise titration. The concentration of CT DNA was ex-
pressed as the concentration of nucleotide and was calculated
using an average molecular weight of 338 for a nucleotide
and an extinction coefficient of 6600 M−1 cm−1 at 260 nm.

2.2. Preparation of the complex

0.18 g of LaCl3 (0.5 mmol) and 0.27 g of HA (0.5 mmol)
were mixed and stirred in ethanol for 10 h at room tem-
perature in the dark. The mixture was then filtered and the
filtrate was evaporated to dryness under high vacuum. The
residue obtained was redissolved in deionized water and di-
alyzed against dehydrated ethanol using a spectrapor mem-
brane with a molecular weight cut-off of >3500, so the low
molecular weight (<3500) components can diffuse across
the spectrapor, and the higher molecular weight materials
are left inside the dialysis bag. The remained solution was
dried and the desired complex was obtained.

The La3+-HA complex is expected to have a polymeric
structure and the molar ratio of La3+ to HA in such a poly-
meric complex was measured to be 1:1 by molar ratio and
continuous variation methods[13], from which the disso-
ciation constant of the complex (1.21× 10−7 M) was also
obtained[12]. The La3+-HA has three absorption peaks
centered at 626.5, 580, and 492.5 nm respectively, having
a remarkable red shift with respect to HA’s corresponding
absorption peaks at 581, 542, and 463 nm.

2.3. Methods

The absorption and the fluorescence spectra were mea-
sured with Shimadzu UV-1601PC UV-Vis and Hitachi
F-4500 Fluorescence spectrophotometer, respectively.

The flash photolysis set-up employed the 532 nm second
harmonic generation of Nd3+:YAG laser as the excitation
source (Quanta Ray DCR) with a pulse width (FWHM) of
8 ns (0.64 mJ/pulse, 10 Hz). The probe beam source was a
500 W cw Xe lamp. The transient signal was detected by a
six-stage R456 (Hamamatsu) photo-multiplier tube, ampli-
fied by a 300 MHz dc amplifier and was finally fed into a
500 MHz digital oscilloscope (Tektronix) interfaced to a PC
by GPIB board for data handling and processing.

Electron spin resonance (ESR) spectra were obtained
using a Bruker ESR-300E spectrometer operating at room
temperature, and the operating conditions were as follows:
microwave bridge: X-band; sweep width: 100 G; modu-
lation amplitude: 1.0 G; modulation frequency, 100 kHz;

receiver gain: 1× 105; microwave power: 5 mW. Samples
were injected into the specially made quartz capillaries for
ESR analyses, and purged with argon for 30 min in the dark,
respectively, according to the experimental requirement and
illuminated directly in the cavity of the ESR spectrometer
with a Nd:YAG laser (532 nm, 5–6 ns of pulse width, rep-
etition frequency: 10 Hz, 10 mJ/puse energy). To make the
production efficiencies of all spin adducts comparable, the
concentrations of La3+-HA and HA were adjusted to keep
the same optical density at 532 nm.

3. Results and discussion

3.1. Steady-state UV-Vis absorption and fluorescence
measurements

To make La3+-HA and CT DNA or other small molecule
substrates have sufficient interaction, all spectral mea-
surements were performed after stirring the solutions of
La3+-HA and substrates for 12 h in the dark. Thus the solu-
tions containing fixed concentration of La3+-HA and varied
concentrations of CT DNA were prepared. A low concen-
tration of La3+-HA (0.01 mM) was used in fluorescence
measurements to avoid the inner filter effect, while a high
concentration of La3+-HA (0.1 mM) was kept in UV-Vis
absorption measurements to facilitate the observation of
spectrum changes. With increasing the concentration of CT
DNA, the absorption bands of La3+-HA peaking at 626.5,
580, and 492.5 nm respectively decreased in absorbance
(Fig. 1), suggesting there is a static interaction between
La3+-HA and CT DNA. Though the absorbance decreased,
the emission band at 650 nm increased in intensity (Fig. 2).
Ethidium bromide (EB) fluorescence displacement experi-
ments provide the further evidence for the static interaction
between La3+-HA and CT DNA. EB, a well-known duplex
DNA intercalator, undergoes a significant enhancement
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Fig. 1. The changes of the UV-Vis absorption spectra of La3+-HA aqueous
buffer solutions (0.1 mM) in the presence of increasing concentrations of
CT-DNA (0, 0.04, 0.08, and 0.12 mM, respectively).
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Fig. 2. The changes of the emission spectra of La3+-HA (0.01 mM) in
buffer solutions upon addition of CT-DNA (0, 0.04, 0.08, and 0.12 mM,
respectively,λex = 480 nm).

in fluorescence intensity upon intercalating in CT DNA.
When the buffer solution of CT DNA-EB was titrated
with La3+-HA, the emission intensity of EB decreased
remarkably (Fig. 3), indicating some EB molecules were
extruded from CT DNA (La3+-HA does not quench the
fluorescence of EB in the absence of CT DNA). We can
not exclude the possibility that the presence of CT DNA
which is negatively charged reduced the repulsion between
both positively charged La3+-HA and EB, and as a result
La3+-HA may quench directly the fluorescence of EB,
supporting also the interaction of La3+-HA with CT DNA.
The static interaction revealed by UV-Vis absorption and
fluorescence emission spectra can be attributed to the sur-
face binding association of La3+-HA to negatively charged
double-strand CT DNA driven by electrostatic stabilization,
considering the positively charged polymeric structure of
La3+-HA. Surface binding of La3+-HA to CT DNA can
prevent its fluorescence emission from being quenched by
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Fig. 3. Emission spectra of CT DNA-EB system (0.08 mM EB, 0.04 mM
CT DNA) in the absence (a) and presence (b) of La3+-HA (0.05 mM,
λex = 510 nm).

Fig. 4. Spectrum (a) photoinduced ESR spectrum from the deaerated
solution of HA (0.1 mM) in buffer (pH 7.0), illuminated with light of
532 nm laser for 2 min. Spectrum (b) similar to the spectrum a but in the
presence of CT DNA (1 mM). Spectrum (c) similar to the spectrum a but
La3+-HA instead of HA (0.1 mM). Spectrum (d) similar to the Spectrum
c but in the presence of CT DNA (1 mM). The relative intensities are
1.0, 1.4, 0.3, 1.9, respectively, for spectra a, b, c and d.

polar solvent molecules and result in the fluorescence in-
crease. Also, the surface binding of La3+-HA may change
the space structure of the CT DNA helix, and consequently
expel EB from CT DNA.

3.2. ESR experiments

ESR experiments corroborate that the electrostatic in-
teraction plays an important role in the surface binding
of La3+-HA to CT DNA. Irradiation of nitrogen-saturated
buffer solution of HA or La3+-HA with 532 nm laser can
produce a characteristic ESR signal of the semiquinone an-
ion radical of HA or La3+-HA (Fig. 4) [12], which originates
from the disproportionation between an excited hypocrellin
and a ground state hypocrellin. In the presence of the same
amount of CT DNA, the semiquinone anion radical signals
were intensified by 1.4-fold in HA solution and by 6.4-fold
in La3+-HA solution (Fig. 4), respectively. The increased
signal intensity can be ascribed to the electron donating
property of CT DNA, of which the bases, particularly gua-
nine, may efficiently donate an electron to the triplet excited
state of HA or La3+-HA (see flash photolysis experiments)
according to the Rehm–Weller equation[14] (�G < 0 tak-
ing Eox (guanine)= 1.4 V versus NHE[15,16], Ered (HA)
= −0.2 V,Ered (La3+-HA) = −0.43 V versus NHE, andE0,0
(3La3+-HA∗) ≈ E0,0 (3HA∗) = 1.84 eV[17]). Based on the
Rehm–Weller equation the electron transfer from CT DNA
to excited singlet state La3+-HA is also thermodynamic
allowed, but the surface binding of La3+-HA gave rise to
fluorescence enhancement rather than quenching, implying
that the electron transfer rate is not fast enough to compete
with the intrinsic monomolecular decay rate of La3+-HA
singlet excited state. The more significant ESR signal inten-
sity enhancement effect occurred in the case of La3+-HA
may arise from either the association of La3+-HA with CT
DNA favored by electrostatic interaction between them or
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Fig. 5. Time-resolved spectra of the transients formed by flash photolysis
of La3+-HA (0.05 mM) in deaerated aqueous buffer solution at 200 ns,
2.6, 3.2, 3.7, 4.3, 4.9, 5.4�s after the laser flash (532 nm). Arrows indicate
direction of changes.

the longer triplet state lifetime of La3+-HA (80�s in aque-
ous buffer solution) with respect to that of HA (0.1�s in
aqueous buffer solution). To clarify which factor is the pre-
dominant one, a neutral electron donor, diethylamine, was
used to replace CT DNA in ESR experiments. Upon addi-
tion of the same amounts of diethylamine, the semiquinone
anion radical signal intensities of HA and La3+-HA were in-
creased by 3.8-fold and 2.7-fold, respectively. This indicates
that the electrostatic interaction indeed takes an important
effect in the surface binding of La3+-HA to CT DNA, which
in turn promotes the formation of semiquinone anion rad-
icals via the electron transfer between triplet La3+-HA and
CT DNA.

3.3. Laser flash photolysis experiments

Time-resolved absorption spectra give further support to
the conclusion mentioned above. Due to the lowest oxida-
tion potential among the four bases and their corresponding
deoxyribonucleotides, guanine and dGMP were selected to
investigate their electron transfer quenching to triplet excited
state of La3+-HA. Fig. 5 shows the difference absorption
spectra of La3+-HA in deaerated aqueous buffer solution at
room temperature after pulsed excitation at 532 nm. There
are three positive absorption bands with maxima at 310, 570
and 660 nm, respectively, and a ground state bleaching band
with maximum at 490 nm. The three positive bands can be
attributed to the triplet–triplet (T–T) absorption of La3+-HA
based on the efficient quenching of them by O2, which is
similar to the reported T–T absorption of HA[17,18]. The
triplet state lifetime of La3+-HA is determined to be 80�s by
monitoring the transient absorption at 570 nm which decays
mono-exponentially (Fig. 6). In the presence of guanine or
dGMP (20 mM) the absorbance decay can be well fitted by
using bi-exponential function,τ1 = 0.2�s (A1 = 99.8%),
τ2 = 17�s (A2 = 0.2%) in the case of guanine,τ1 =
11.3 ns (A1 = 98.7%),τ2 = 233 ns (A2 = 1.3%) in the case
of dGMP were obtained, respectively. Based on the main
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Fig. 6. Time-resolved transient absorption traces of La3+-HA (0.05 mM)
in deaerated aqueous buffer solution probed at 570 nm. Open circles:
experimental data; solid line: mono-exponential fit with the time constant
of 80�s.

decay component, namely the short time constant, the ap-
parent bimolecular quenching constants of triplet La3+-HA
by guanine or dGMP are calculated to be 4.98 × 108 and
8.85× 109 M−1 s−1, respectively. The one order of magni-
tude larger biomolecular quenching constant of dGMP than
that of guanine is consistent with the strong association of
negatively charged dGMP and positively charged La3+-HA
by electrostatic interaction. This further demonstrates that
La3+-HA can efficiently associate with negatively charged
double helix of CT DNA.

3.4. The influence of surface binding on the photodamage
of CT DNA by La3+-HA

Our previous study has shown that La3+-HA exhibits
stronger photodamage capability to CT DNA than its counter
part HA in both aerobic and anaerobic conditions[12]. Be-
cause La3+-HA can generate efficiently reactive oxygen
species such as1O2, superoxide anion radical (O2•−) and
hydroxyl radical (OH•) as well as semiquinone anion rad-
ical [12], both type I and type II mechanisms may take
effects in the photodamage of CT DNA by La3+-HA. In
type I mechanism, the surface binding of La3+-HA to CT
DNA will favor the photoinduced electron transfer between
them, generating more sensitizer anion radicals which under
physiological conditions, can react with O2 to form O2

•−
and other reactive oxygen species (e.g. H2O2 and OH•),
and as a result improve photodamage efficiency, particularly
in anaerobic environments where the photodamage mainly
originates from the oxidized CT DNA itself. In type II mech-
anism, the photodamage of CT DNA is achieved by the
attack of 1O2, generated via energy transfer from triplet
La3+-HA to ground state O2. Owing to the very short life-
time of 1O2 in aqueous solution, the close proximity be-
tween1O2 and CT DNA as the result of the surface bind-
ing of La3+-HA to CT DNA will guarantee more1O2 to
react with CT DNA before its deactivation to the ground
state O2.
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4. Conclusion

In summary, the spectral experiments including UV-Vis
absorption, fluorescence emission, ESR, and time-resolved
absorption reveal that there is a surface binding interac-
tion between La3+-HA and CT DNA, and the association
between them is driven mainly by electrostatic interaction.
Such a static interaction, in cooperation with the longer
triplet excited state lifetime and higher1O2 generation effi-
ciency of La3+-HA, bring about a stronger photodamage to
CT DNA. This work indicates that it is important to study
the static interaction of a photosensitizer and its substrate
for gaining a deep insight into the photodynamic mecha-
nism. These findings encourage us to make chemical modi-
fications on hypocrellin A or hypocrellin B by taking more
concerns on improving their affinity to the biomaterials.
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