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Abstract

Photodynamic properties of three synthetic anthraquinone derivatives are studied. Efficiency of singlet oxygen generation (byN,N-
dimethyl-4-nitrosoaniline bleaching assay and electron paramagnetic resonance (EPR)-2,2,6,6-tetramethyl-4-piperidinol assay) and rate
of superoxide generation (by superoxide dismutase inhibitable ferricytochromec reduction assay and EPR spin trapping assay) of
2-(1-hydroxyethyl)quinizarin (HQ), 2-acetylquinizarin (AQ) and quinizarin (QZ) are determined. The singlet oxygen generating effi-
ciency follows the order: HQ> AQ > QZ. Irradiation in the presence of specific1O2 quenchers such as 1,4-diazabicyclo[2,2,2]-octane
and sodium azide lends supportive evidence for the formation of1O2. Photolysis of HQ in dimethyl sulphoxide in the presence of
5,5-dimethyl-1-pyrroline-N-oxide generates a multiline EPR spectrum characteristic of mixture of spin adducts corresponding to superox-
ide anion and hydroxyl radical. Electron donors such as reduced nicotinamide adenine dinucleotide (NADH), ethylenediaminetetra acetic
acid and diethyltriaminopenta acetic acid are found to enhance the yield of O2

•− EPR study further reveals that in aqueous solution, the
superoxide radical anion formed rapidly transforms to hydroxyl radical. Enzymatic reduction of HQ, AQ and QZ in dark by incubation
with NADH-cytochromec reductase generates O2

•− and the efficiency follows the order: HQ> AQ > QZ. Cyclic voltammetric studies
indicate a correlation between this order and the redox potential of the quinones.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Large number of anthraquinones, both synthetic and nat-
urally occurring, have been screened for their antitumour
activity in a variety of animal test systems[1–3]. Anthracy-
cline derivatives constitute an important class of anticancer
drugs [4,5]. Many such anthraquinone derivatives possess
the ability to mediate one electron transfer to molecular
oxygen to form superoxide anion radical and to generate
reactive oxygen species (ROS) upon visible light illumina-

Abbreviations: RNO, N,N-dimethyl-4-nitrosoaniline; ROS, reactive
oxygen species; TEMPL, 2,2,6,6-tetramethyl-4-piperidinol; TEMPOL,
2,2,6,6-tetramethyl-4-piperidinol-N-oxyl; SOD, superoxide dismutase;
DMPO, 5,5-dimethyl-1-pyrroline-N-oxide; DABCO, 1,4-diazabicyclo
[2,2,2]-octane; RB, rose bengal; EDTA, ethylenediaminetetra acetic acid;
NADH, reduced nicotinamide adenine dinucleotide; DETAPAC, diethyl-
triaminopenta acetic acid; EPR, electron paramagnetic resonance; DMSO,
dimethyl sulphoxide
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tion. Ketoreduction, clevage reactions and conjugation are
the three important types of anthracycline metabolic reac-
tions. During the anthracycline cleavage to aglycone, an
anthracycline radical is formed, in the presence of molecular
oxygen, undergoes redox cycling to form ROS[6]. Anthra-
cycline derivatives such as damnacanthal and nordamnacan-
thal possess biological properties which are strongly light
dependent reactions[7]. Photoinduced production of su-
peroxide anion radicals by adriamycin and daunorubicin is
well known[8]. Some aminoanthraquinones have also been
studied for their efficiency to generate ROS upon visible
light illumination [9,10]. Since there is considerable interest
in the photodynamic activity of anthraquinones, we have
earlier investigated photodynamic action as well as enzy-
matic reduction of some naturally occurring anthraquinones.
Due to the current interest in understanding the factors con-
tributing to the photodynamic activity of anthraquinones
[11–13], the present study reports the photogeneration of
ROS from three synthetic anthraquinones. These three an-
thraquinones possess hydroxyl groups in 1,4 positions, but
differ in the substituents at position 2. Hence the present
study was attempted to understand the substituents effects
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on the generation of ROS. Also we have studied the effect of
electron donors such as reduced nicotinamide adenine dinu-
cleotide (NADH), ethylenediaminetetra acetic acid (EDTA)
and diethyltriaminopenta acetic acid (DETAPAC) on the
efficiencies of generation of O2•− by these anthraquinones.

2. Experimental section

2.1. Chemicals

1,4-Dihydroxyanthraquinone (quinizarin, QZ) was pur-
chased from Aldrich and used without additional purifica-
tion. N,N-Dimethyl-4-nitrosoaniline (RNO), 5,5-dimethyl-
1-pyrroline-N-oxide (DMPO), 1,4-diazabicyclo[2,2,2]-oct-
ane (DABCO), DETAPAC and rose bengal (RB) were ob-
tained from Aldrich. Imidazole, EDTA and sodium azide
were purchased from S.D.Fine Chemicals. 2,2,6,6-Tetram-
ethyl-4-piperidinol (TEMPL) was obtained from Merck.
Superoxide dismutase (SOD), cytochromec reductase and
catalase were purchased from Sigma while NADH was
obtained from Boehringer Mannheim. Dimethyl sulphox-
ide (DMSO) (HPLC grade) from Qualigens fine chemicals
was used as such. Doubly distilled water was used for
all the experiments. Imidazole was used after repeated
crystallization from doubly distilled water. All other com-
pounds were used as received. The concentration of the spin
trap DMPO was determined spectrophotometrically using
ε227 = 8000 M−1 cm−1.

2.2. Preparation of anthraquinone derivatives

2-Acetylquinizarin (AQ) and 2-(1-hydroxyethyl)quinizarin
(HQ) were prepared by following the reported procedure
[12].

2.2.1. Preparation of leuco-quinizarin
To a solution of QZ (2.19 g) in methylene chloride

(170 ml) zinc powder (6 g) was added. The mixture was de-
gassed for 5 min and placed under nitrogen. Glacial acetic
acid (13 ml) was added via a septum over a period of 5 min
and the mixture was stirred at room temperature for 6 h.
Zinc was removed by filtration through a plug of celite
and the filtrate was washed with water (3× 175 ml). After
drying over magnesium sulphate and filtering, the solvent
was removed under reduced pressure and the dark yellow
residue was crystallized fromn-hexane to yield yellow
plates of leuco-quinizarin.

2.2.2. Preparation of HQ
A two necked flask was charged with leuco-quinizarin

(945 mg) and fitted with a septum and a pressure-equalizing
funnel containing a solution of potassium hydroxide (2.3 g)
in methanol (80 ml). The mixture was degassed for 5 min and
placed under nitrogen. A solution of methanolic potassium
hydroxide (0.01 M) was added with stirring. The resulting

deep yellow solution was cooled to 0◦C and acetaldehyde
(0.85 ml) was added using a syringe over a period of 5 min
and then stirred for 7 h. It was then aerated for 10 min. On
acidification with concentrated hydrochloric acid an orange
precipitate was formed which was extracted with methylene
chloride (4× 50 ml), dried over magnesium sulphate, filtered
and evaporated. The product was purified by silica gel col-
umn chromatography, eluting with methylene chloride and
ethyl acetate mixture.

2.2.3. Preparation of AQ
To a stirred solution of the HQ (376 mg) in acetone (60 ml)

was added celite (3 g). Jones reagent was added dropwise un-
til the starting material was shown to be absent by TLC. Af-
ter filtration, the solution was poured into cold water (50 ml)
and extracted with methylene chloride (4× 20 ml). The or-
ganic phase was dried over magnesium sulphate, filtered and
evaporated to give AQ.

These two compounds (HQ and AQ) were characterized
by 1HNMR spectra on a JEOL GSX 400 spectrometer with
tetramethylsilane as internal standard. NMR spectral data
(Chemical shift inδ, ppm) for HQ: 13.25 (1H, s, OH-1),
1.55 (3H, d, CH3-2), 2.35 (1H, bs, OH-2), 5.25 (1H, q,
CH-2), 7.50 (1H, s, H-3), 12.65 (1H, s, OH-4), 8.40 (2H,
m, H-5′,8′), 7.90 (2H, m, H-6′,7′). NMR spectral data for
AQ: 13.8 (1H, s, OH-1), 2.77 (3H, s, COCH3), 7.73 (1H,
s, H-3), 12.6 (1H, s, OH-4), 8.4 (2H, m, H-5′,8′), 7.90 (2H,
m, H-6′,7′). The chemical structures of these quinones are
given inFig. 1 along with their absorption maxima.

2.3. Cyclic voltammetry

The cyclic voltammetry (CV) experiments were per-
formed with electrochemical analyser BAS 50. A three
electrode assembly of glassy carbon electrode (working),
platinum electrode (auxiliary) and Ag/AgCl (reference)

Fig. 1. Chemical structures of QZ, AQ and HQ with their absorption
maxima.
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was used. Glassy carbon electrode was resurfaced with
alumina. Solutions of quinones (1 mg, 5 ml of acetoni-
trile) were prepared in HPLC grade acetonitrile containing
0.05 M tetrabutylammonium perchlorate (TBAP) as sup-
porting electrolyte. Each solution was purged with nitrogen
for 10 min prior to measurement and the cyclic voltammo-
grams were recorded under nitrogen atmosphere. The redox
potentials given are against Ag/AgCl, unless otherwise
mentioned.

2.4. Light source

A 150 W xenon lamp was used for photolysis. A filter
combination of 10 cm of potassium iodide solution (1 g in
100 ml of water) plus 1 cm of pyridine was used to cut-off
below 300 nm and to get a spectral window 300–700 nm. The
reaction mixture in a quartz cuvette placed at a distance of
12 cm from the light source was continuously stirred during
irradiation. The irradiation was generally carried out in an
open cuvette in equilibrium with atmosphere.

2.5. Optical assay

2.5.1. Singlet oxygen detection
The detection of singlet oxygen was performed by RNO

bleaching assay[13]. The detailed experimental procedure
is as given in our earlier publication[14].

2.5.2. Superoxide detection
The formation of superoxide was estimated by SOD in-

hibitable cytochromec reduction method[15]. Solution of
anthraquinones (100�M) were photolysed in the presence
of ferricytochromec (50�M) in 50 mM phosphate buffer
(pH = 7.4). The reduction was monitored spectrophoto-
metrically at 550 nm, whereεmax for ferricytochromec is
0.99 × 104 M−1 cm−1 and εmax for ferrocytochromec is
2.99 × 104 M−1 cm−1. Hence�ε550 = 20 000 M−1 cm−1

was used for reduced–oxidized cytochromec [16,17].
To study enzymatic production of superoxide, the reduc-

tion of ferricytochromec (50�M) in the presence of NADH
(3 mM), cytochromec reductase (30 mg/ml) and sensitizers
(200�M) in 50 mM phosphate buffer solution(pH = 7.4)

was monitored spectrophotometrically at 550 nm[18].

2.6. Electron paramagnetic resonance (EPR)
measurements

A JEOL JES-TE100 ESR spectrometer was used for EPR
measurements. The following parameters were set for the
measurements: microwave power, 10 mW; modulation am-
plitude, 0.01 mT; modulation frequency, 100 kHz.

2.6.1. Detection of singlet oxygen
The photogeneration of1O2 by anthraquinones can be

readily studied by EPR spectroscopy[19]. Reaction mix-
ture (1 ml) containing 10 mM TEMPL and anthraquinones

(100�M) in DMSO was irradiated and the increase in EPR
signal intensity with irradiation time was followed. Reaction
mixture (150�M) was drawn into gas permeable Teflon cap-
illary tube (0.8 mm side diameter, 0.5 mm wall thickness)
which was folded and inserted into a narrow quartz tube and
placed in the EPR cavity for measurements.

2.6.2. Detection of superoxide anion
Spin trapping experiments were used to determine the

production of superoxide anion on irradiation of sensitizers.
Solutions of anthraquinones (100�M) were irradiated in the
presence of 50 mM DMPO in DMSO. Experiments were
repeated to monitor the signal intensity at different intervals
of irradiation time. A BASIC program was used to simulate
the EPR spectra.

3. Results and discussion

3.1. Singlet oxygen generation

3.1.1. RNO bleaching assay
Fig. 2shows the decrease in RNO absorbance at 440 nm of

100�M of QZ, HQ, AQ and RB as a function of irradiation
time. The bleaching of RNO is caused by the transannular
peroxide intermediate formed as a result of reaction be-
tween photogenerated1O2 and imidazole. SOD (40�g/ml)
and catalase (40�g/ml), which remove O2•− and H2O2
from the reaction mixture respectively were added to permit
the detection and quantification of1O2 production, without
interference from OH radical. The rate of disappearance of
quencher (A) obeys the following equation[20]:

d[A]

dt
= IabΦ

1O2
kr[A]

kd

Fig. 2. Photosensitized RNO (50�M) bleaching measured at 440 nm in
the presence of imidazole (10 mM) in 50 mM phosphate buffer(pH = 7.4)

with RB (�), QZ (�), HQ (×) and AQ (�) as a function of illumination
of time in minutes. The slope was calculated by fitting the experimental
data to a second order polynomial.



12 K.K. Mothilal et al. / Journal of Photochemistry and Photobiology A: Chemistry 162 (2004) 9–16

Fig. 3. Inhibition of photosensitized RNO bleaching by HQ in the absence
(×) and in the presence of 10 mM DABCO (�) and 0.1 mM sodium
azide (�). [Imidazole]= 10 mM.

wherekr is the rate constant for chemical quenching,kd the
rate constant for deactivation of1O2 by the solvent andIab
the intensity of light absorbed by the sensitizer. The slope
of the first order plot isIab Φ1O2 (kr/kd). The slope was
calculated by curve fitting the experimental data. The slopes
were corrected for molar absorption and photon energy.
The singlet oxygen generating efficiencies of the sensitizers
were evaluated takingΦ1O2 of RB as 0.76[13,14]. The
relative singlet oxygen yields thus evaluated are 0.40, 0.098
and 0.092 for HQ, AQ and QZ, respectively.

Studying the effect of two inhibitors of1O2 (DABCO and
sodium azide) provided further support for the production of
singlet oxygen during photosensitization. Inhibition of RNO
bleaching by these inhibitors is typically shown for HQ in
Fig. 3. The singlet oxygen quenching rate constants of imi-
dazole (2×107 M−1 s−1) and DABCO (1.5×107 M−1 s−1)
are comparable[21]. Since the quenching rate constants of
equimolar amounts (10 mM) of imidazole and DABCO are
similar, both of these compounds would decrease the ob-
served rate by about half, when compared to the rate of RNO
bleaching in the absence of DABCO[21]. In the present
study, the measurements are carried out in the presence of
imidazole (10 mM) and DABCO (10 mM), so the rate of
RNO bleaching is decreased to about 25% (0.12), when com-
pared to the rate RNO bleaching in the absence of DABCO.
Similarly, sodium azide reacts with1O2 about 100 times
faster than imidazole. The concentration of sodium azide
and imidazole used are 0.1 and 10 mM, respectively. Hence
at these concentrations, it was found that the RNO bleaching
was inhibited by about 50% (0.058). These results confirm
the generation of singlet oxygen during the photosensitiza-
tion process. Similar inhibition of RNO bleaching was also
observed when AQ and QZ were photolysed in the presence
of DABCO and azide.

3.1.2. Electron paramagnetic resonance spectroscopy
Photogeneration of ROS may be due to either Type I or

Type II reaction. The Type I reaction involves electron trans-

Fig. 4. Production of TEMPOL as a function of irradiation time for dif-
ferent sensitizers (100�M), RB (�), QZ (�), HQ (×) and AQ (�) in the
presence of TEMPL (10 mM) at room temperature in DMSO. Spectrom-
eter settings—microwave power: 2 mW; modulation frequency: 100 kHz;
modulation amplitude: 0.1 mT; gain level: 6.3× 103; time constant: 0.1 s;
scan rate: 4 min.

fer from the sensitizer leading to the formation of superoxide
anion. Type II reaction involves transfer of excitation energy
from the triplet excited photosensitizer to ground state triplet
oxygen, forming singlet oxygen. Numerous photosensitized
reactions of quinones of biological important molecules
have been ascribed to Type II processes. The production
of singlet oxygen during photosensitization of quinones
was also studied by EPR spectroscopy. An EPR spectrum
consisting of three equally intense lines, characteristic of
nitroxide radical (2,2,6,6-tetramethyl-4-piperidinol-N-oxyl,
TEMPOL) was observed when an aerated solution of
quinone and TEMPL was illuminated at room temperature.
The formation of TEMPOL from TEMPL is due to the
oxidation by1O2 as shown below (Eq. (1))

N

OH

H

N

O  

OH

+  1O 2 +  H 2O

TEMPL TEMPOL (1)

The hyperfine coupling constant observed (1.55 mT) was
identical with that of an authentic sample of TEMPOL. The
intensity of the EPR signal was found to increase with in-
crease of irradiation time as shown inFig. 4. Under similar
conditions, irradiation of TEMPL with RB also showed the
formation of the three-line EPR spectrum. The singlet oxy-
gen generating efficiency ratio of RB, HQ, AQ and QZ was
found to be 1:0.56:0.15:0.11, respectively are comparable
to the values obtained by the RNO bleaching assay. During
the exposure of solutions without quinones, no EPR signal
was obtained even for prolonged irradiation. Similarly the
EPR signal was also not observed in dark. These results
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suggest that anthraquinones generate singlet oxygen based
on Type II mechanism.

3.2. Superoxide generation

3.2.1. SOD inhibitable cytochrome c reduction assay
In aqueous medium, the generation of superoxide from the

sensitizer could be readily studied by using ferricytochrome
c reduction assay according to theEq. (2) [14]

Cytc (Fe(III )) + O2
•− → O2 + Cytc (Fe(II )) (2)

Fig. 5shows the reduction of cytochromec as a function of
irradiation time when air saturated solutions of the sensitiz-
ers were photolysed in the presence of 50�M cytochrome
c in phosphate buffer (50 mM and pH= 7.4). The rate
of superoxide generation was arrived to be 0.115, 0.045
and 0.02�M/s for HQ, AQ and QZ, respectively. Addition
of SOD (50�g/ml) was found to inhibit the cytochrome
c reduction. Control experiments indicated that sensitizer,
oxygen and light were all essential for the reduction of
ferricytochromec.

Fig. 6shows the effect of electron donor such as EDTA on
the rate of cytochromec reduction. EDTA showed a nearly
2–3-fold enhancement in superoxide production. The rates
of reduction were found to be 0.24, 0.11 and 0.035�M/s for
HQ, AQ and QZ, respectively in the presence of [10 mM]
EDTA, compared to the values of 0.115, 0.045 and 0.002 in
the absence of EDTA. Another electron donor, DETAPAC
was also found to enhance the superoxide production from
HQ although to a lesser extent than EDTA[17]. However
the electron donor NADH (0.1 mM) enhanced the superox-
ide yields by a factor of 25, 18 and 15 in the case of HQ,
AQ and QZ, respectively (data not shown). The electron
donors (NADH, EDTA and DETAPAC) may interact ef-
fectively with the excited state of quinones leading to the
generation of Q− species. Depending on the condition Q−

Fig. 5. Photosensitized superoxide generation measured as the rate of
cytochromec reduction in the presence of ferricytochromec (50�M) in
50 mM phosphate buffer pH 7.4 with HQ (×), AQ (�) and QZ (�).

Fig. 6. Photosensitized cytochromec reduction in 50 mM phosphate buffer
(pH 7.4) in the presence of EDTA by HQ (×), AQ (�), QZ (�) and
HQ + SOD (40�g/ml) (�), and in the presence of DETAPAC by HQ
(�) as a function of irradiation time.

can then interact with molecular oxygen to yield superoxide
anion as shown inScheme 1.

3.2.2. EPR spin trapping assay
Production of O2•− from these sensitizers on photoillu-

mination was also studied by EPR spin trapping experiments
using DMPO as the spin trap. EPR spin trapping studies
were carried out in DMSO because of the longer life time
of DMPO-O2

•− in DMSO [22–24]. No EPR signal was ob-
served when DMPO alone was irradiated in DMSO or when
the experiment was performed in dark (Fig. 7a). Fig. 7b
shows the multiline EPR spectrum obtained when HQ so-
lution containing DMPO was illuminated in air saturated
DMSO. The spectrum can readily be analysed in terms of
a mixture of two types of DMPO adducts. Adduct I was
assigned to DMPO-O2•−, based on its hfcaN = 1.3 mT,
a
β
H = 1.054 mT andaγ

H = 0.14 mT. Adduct II was identified

as DMPO-OH, with hfcaN = 1.4 mT anda
β
H = 1.163 mT.

The EPR spectra of these two adduct were computer sim-
ulated separately using the above hfc values. When these
two spectra were combined in the ratio of 85:15 for O2

•−
and –OH, respectively, the computer simulated spectrum
(Fig. 7c) matched well with the experimentally observed

Scheme 1.
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Fig. 7. EPR spectrum obtained by photolysis of HQ (100�M) in air
saturated DMSO solution containing DMPO (50 mM). (a) In the dark; (b)
after 4 min irradiation; (c) computer simulated spectrum obtained by the
combination of two spin adducts. The spectrum contains two spin adducts:
DMPO-O2

•− (aN = 1.3 mT, a
β
H = 1.054 mT anda

γ
H = 0.14 mT) and

DMPO-OH (aN = 1.4 mT anda
β
H = 1.163 mT) in the ratio of 85:15. (d)

After 4 min irradiation in the presence of SOD (40�g/ml). Spectrometer
settings—microwave power: 10 mW; modulation amplitude: 0.1 mT; gain
level: 6.3 × 103; time constant: 0.1 s; scan rate: 4 min.

one. Addition of SOD (40�g/ml) prior to illumination in-
hibited the generation of spin adducts as shown inFig. 7d.
These observations reveal the formation of DMPO-O2

•− as
the primary product, which may later decompose to yield
the observed DMPO-OH adduct as given inEq. (3)

N N N
O.

H

O.

H
OOH

H
OH

O.

O2
-. decompose

DMPO-OOH DMPO-OHDMPO

(3)

AQ and QZ also gave the DMPO-O2
•− adduct when they

were photolysed in the presence of DMPO in air saturated
DMSO solution. The EPR signal intensity, DMPO-O2

•−
adduct of all the three anthraquinones were found to increase
with irradiation time (Fig. 8). When HQ was irradiated in the
presence of DETAPAC (0.01 M) and DMPO (50 mM) in air
saturated phosphate buffer (50 mM, pH= 7.4), a four line
EPR spectrum (aN = a

β
H = 1.49 mT) with an intensity ratio

of 1:2:2:1 was observed (Fig. 9). This spectrum corresponds
to the hydroxyl radical spin adduct of DMPO[25]. The EPR
signal intensity of DMPO-OH adduct was found to increase
with increase of irradiation time (Fig. 9b–d). No EPR signals

Fig. 8. The EPR signal intensity of DMPO-O2
•− adduct in air saturated

DMSO solution containing HQ (×), AQ (�) and QZ (�) as a function
of irradiation time.

of DMPO-OH adduct was detected when the N2 saturated
solution of HQ was photolysed. Control experiments ensured
that no signal was obtained without light, oxygen, HQ and
DMPO (Fig. 9a). The formation of DMPO-OH adduct may
be due to the decomposition of the unstable DMPO-O2

•−
adduct in the protic solvent[23,26–29].

3.3. Enzymatic production of superoxide

To study the generation of superoxide from anthra-
quinones in dark, reduction of cytochromec by the quinones

Fig. 9. EPR spectrum observed from HQ (100�M) and DMPO in phos-
phate buffer (50 mM, pH= 7.4) before (a) and after irradiation for (b)
3 min, (c) 6 min and (d) 9 min. Spectrometer settings—microwave power:
10 mW; modulation amplitude: 0.1 mT; gain level: 6.3 × 103; time con-
stant: 0.25 s; scan rate: 4 min.
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Fig. 10. Enzymatic reduction of cytochromec in the presence of quinones (200�M) in 50 mM phosphate buffer(pH = 7.4) and in the presence of
NADH and cytochromec reductase. Control: Cytc + NADH + Cyt c reductase (�); control+ HQ ( ); control+ AQ (�); control+ QZ (�).

in the presence of cytochrome reductase was evaluated.
Fig. 10shows the reduction of cytochromec in dark when
air saturated solution of NADH (3 mM), cytochromec re-
ductase (30 mg/ml) in 50 mM phosphate buffer solution was
incubated with the quinones (200�M). The reduction rate
of HQ, AQ and QZ on cytochromec in dark are 0.0028,
0.0020 and 0.0021�M/s, respectively. Addition of SOD in-
hibited the rate of cytochromec reduction[24] confirming
the enzymatic generation of O2

•−.

3.4. Redox cycling

CV has been extensively used to study the mechanism of
anthraquinone mediated superoxide generation[8,30–32].
Drugs like adriamycin and daunorubicin are extensively
studied by electrochemical methods[33,34] and there is
clear evidence that redox reaction and covalent binding to
DNA are necessary for their cytotoxicity. There is an ap-
proximate linear correlation between the rate of reduction
and reduction potential when simple nitrobenzene, quinones
are reduced by cytochrome P450 reductase[35]. To corre-

Table 1
Cyclic voltammetric data of HQ, AQ and QZ

Substrate Wave I peak potentiala Wave II peak potentiala

Epc Epa �Ep E1/2 Epc Epa �Ep E1/2

QZ −0.670 −0.580 0.090 −0.625 −1.12 −1.04 0.08 −1.075
AQ −0.520 −0.450 0.070 −0.485 −0.91 −0.83 0.08 −0.870
HQ −0.692 −0.635 0.057 −0.664 −1.06 −1.01 0.05 −1.036

a Potential inV against Ag/AgCl, scan rate: 100 mV/s.

late enzymatic generation of O2
•− with the redox potential

of the sensitizers (HQ, AQ and QZ), cyclic voltammograms
of all the three anthraquinones were measured in the range
of +0.5 to−1.5 V. All sensitizers gave well-defined waves
of two cathodic and two anodic processes. The cathodic,
anodic peak potentials and the�Ep (Epc − Epa) values ob-
tained from cyclic voltammograms are collected inTable 1.
The cathodic peak at more negative reduction potential may
be assigned to the one electron reduction of oxygen (dis-
solved in DMSO) to the superoxide anion radical and the
other peak may be due to the reduction of the anthraquinone
(A) to the corresponding semiquinone. Hydrated and/or
protonated, the hydroperoxide anion radicals can release
superoxide as outlined below (Eqs. (4)–(6)) [8]

A + e− → A•− (4)

A•− + O2 → AO2
•− (5)

AO2
•− → A + O2

•− (6)

Electron donating substituents cause a shift ofE1/2 to more
negative value whereas electron withdrawing substituents
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cause the opposite effect[36]. HQ, which possesses the
electron releasing hydroxyethyl group, shows more negative
shift than AQ and QZ. Hence it may favour the enzymatic
reduction by cytochrome reductase: NADH system to gen-
erate semiquinone radical that on reaction with molecular
oxygen to generate superoxide[37,38]. In addition, of the
three anthraquinones, the electron transfer process of HQ is
highly reversible as shown by the�Ep value (−0.057 V).
This suggests that the reductively activated intermediate of
HQ is stable and can undergo redox cycling to generate
O2

•−. The superoxide generation order HQ> AQ > QZ
also follows the reversible nature (�Ep value) of the one
electron reduction couple.

4. Conclusion

Three anthraquinone derivatives have been investigated
for their ability to generate ROS by photo- as well as enzy-
matic reduction. RNO bleaching method, EPR spectroscopy,
SOD inhibitable ferricytochromec reduction assay and EPR
spin trapping experiments show that both Type I and Type
II mechanisms are involved in the photosensitization of an-
thraquinones derivatives. Higher yields of O2

•− were ob-
served for the quinone HQ, possessing an electron releasing
substituents.
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