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Abstract

15-Deacetyl-13-glycine hypocrellin B (13-Gly-DHB) is a new type of long-wavelength perylenequinone with enhanced water solubility.

Its photophysical and photochemical properties were investigated by electron spin resonance (ESR) spectrum associated with spin trapping

techniques. When 13-Gly-DHB in DMSO or DMSO-buffer (pH 7.4) were illuminated with visible light >470 nm, semiquinone radical

anion, superoxide anion radical, hydroxyl radical and singlet oxygen were formed depending on different conditions. In anaerobic solution,

semiquinone radical anion of 13-Gly-DHB was predominantly photoproduced via the self-electron transfer between the excited- and

ground-state species. The presence of an electron donor signi®cantly promotes the reduced form of 13-Gly-DHB. In aerobic solution,

superoxide anion radical (O
�ÿ
2 ) was generated by the 13-Gly-DHB anion radical (13-Gly-DHB

�ÿ) via electron transfer to oxygen, and this

process was signi®cantly enhanced by the presence of electron donors. In aqueous solution, the superoxide radical anion formed can rapidly

transform to a hydroxyl radical via the Fenton reaction and via the reaction of the semiquinone radical anion with H2O2. Singlet oxygen

(1O2) was also formed in the photosensitization of 13-Gly-DHB in an aerobic solution. These ®ndings suggest that the photodynamic action

of 13-Gly-DHB may proceed via both type I and type II mechanisms. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Hypocrellin A and B (HA and HB) (Fig. 1) are new types

of photosensitive pigments and medicines [1,2], which

derive their names from Hypocrella bambusae (B. et Br)

sacs, growing abundantly in the northwestern region of

Yunnan Province in China. These lipid-soluble 4,9-dihy-

droxy-3,10-perylenequinone derivatives, exhibit several

advantages over the presently used haematoporphyrin deri-

vatives (HPD), such as ease of preparation and puri®cation

relative to HPD, small aggregation tendency which

decreases the ef®ciency of HPD, strong red light absorptiv-

ity and signi®cantly reduced normal tissue photosensitivity

because of the rapid metabolism in vivo [3]. In this way,

hypocrellins have been successfully employed as antitumour

agents in the treatment of various skin diseases [4±6].

Hypocrellins do not, however, display suf®ciently strong

absorptivity at wavelengths >600 nm and they are insoluble

in water. These disadvantages limit their application in

photodynamic therapy (PDT). For these reasons, we have

recently synthesized a new type of long-wavelength pery-

lenequinone with enhanced water solubility, namely 15-

deacetyl-13-glycine substituted hypocrellin B (13-Gly-

DHB) (Figs. 1 and 2) in high yield. 13-Gly-DHB displays

absorption in a region >500 nm that maybe due to the 13-

glycine acting as auxochrome. We have investigated the

photodynamic properties of the new compound. Evidence is

accumulating that the generation of reactive oxygen species

is intimately associated with the photodynamic effect of

many sensitizers. A light activated sensitizer can transfer

energy from its triplet state by two processes, directly to

molecular oxygen with generation of singlet oxygen (1O2)

(type II reaction) or by interaction with solvent or substrate

by electron or proton transfer with the generation of radicals

(type I reaction). When 13-Gly-DHB was illuminated with

visible light, the formation processes of semiquinone radical

anion and activated oxygen (
�
O2, O

�ÿ
2 ,

�
OH) were studied by

electron spin resonance (ESR) in detail. The formation

mechanisms of semiquinone radical anion, superoxide radi-

cal anion, hydroxyl radical and singlet oxygen were studied,

and the results show that both type I and type II mechanisms
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are involved in the photosensitization of 15-deacetyl-13-

glycine substituted hypocrellin B.

2. Materials and methods

HA and HB were extracted from fungus sacs of Hypo-

crella bambusae and were puri®ed by recrystallization from

acetone. 13-Gly-DHB (Fig. 1) was synthesized in connec-

tion with other work (Yu-zhu Song, Jing-yi An, Li-jin Jiang,

unpublished data). 5,5-Dimethyl-1-pyrroline-N-oxide

(DMPO), 2,2,6,6-tetramethyl-4-piperidone (TEMP) and

diethylenetriaminepentaacetic acid (DTPA) were purchased

from Aldrich. Superoxide dismutase (SOD), histidine, cat-

alase, cysteine and reduced glutathione were purchased from

Biotech Technology, Chinese Academy of Sciences. 1-

Benzyl-1,4-dihydronicotinamide (BNAH) was prepared

by the reduction of nicotinamide chloride with dithionite.

1,4-Diazabicyclo[2,2,2] Octane (DABCO) was obtained

from Merk. Sodium azide (NaN3), reduced nicotinamide

adenine dinucleotide (NADH), ethylenediaminetetraacetic

acid (EDTA), dimethyl sulphoxide (DMSO) and other sol-

ventsÐall of analytical gradesÐwere purchased from Beij-

ing Chemical Plant. Water was freshly distilled before use.

The solutions were purged with oxygen, air and argon

according to experimental requirements. The required

high-purity solvents were prepared by further puri®cation

of the commercial products, and no impurities were detected

by absorption and/or ¯uorescence spectroscopy.

Measurements of the ESR spectra were carried out on a

Bruker ESP 300 E spectrometer operating at room tempera-

ture (x band; microwave frequency, 9.5 GHz). Samples were

purged with oxygen or argon for 30 min in the dark accord-

ing to experimental requirements; thereafter, they (30 mg)

were injected quantitatively into specially made quartz

capillaries for ESR analysis. A 450-W medium-pressure

sodium lamp was used as a light source. A long pass ®lter

was employed to eliminate light of wavelengths <470 nm. In

all of these experiments, solutions were irradiated outside

the cavity in capillaries and the ESR spectra were recorded

within 3 min after exposure. The superoxide radical anions

(O2
�ÿ), and hydroxyl radicals (

�
OH) produced were identi-

®ed by means of spin-trapping method with ESR detection.

The reaction of 1O2 with TEMP in combination with ESR

detection [7] was used to determine the formation of 1O2 by

13-Gly-DHB.

3. Results and discussion

3.1. Photogeneration of semiquinone radical anion and

effect of electron donor

Irradiation of 13-Gly-DHB (1 mM) in an argon-gassed

dimethylsulphoxide (DMSO) solution for 1 min led to the

generation of a strong ESR signal as shown in Fig. 3

Fig. 1. Chemical structures of HA, HB, 13-Gly-DHB.

Fig. 2. Absorption spectra of HB (5 � 10ÿ5 M) and 13-Gly-DHB

(5 � 10ÿ5 M) in chloroform.
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spectrum A, with g � 2.0038. The hyper®ne structure of this

ESR spectrum was very similar to but simpler than that of

the semiquinone radical anion of hypocrellin B [8]. The

intensity of the signal increased rapidly during photoirradia-

tion and decreased very slowly in the dark. The intensity of

the ESR signal of the 13-Gly-DHB radical depended on the

presence of oxygen, the concentration of 13-Gly-DHB,

illumination time and intensity. When the sample was

exposed to oxygen, the ESR signal was quenched (Fig. 3,

spectrum B). But if the concentration of 13-Gly-DHB is high

enough (10 mM) and the illumination time is long enough

(5 min), the semiquinone signal can still be detected even in

aerated DMSO solution (Fig. 3, spectrum C). The strong

concentration effect indicated that 13-Gly-DHB radical

might be generated by self-electron transfer between the

ground and excited states according to [9].

13-Gly-DHB� � 13-Gly-DHB

! 13-Gly-DHB
�ÿ � 13-Gly-DHB

�� (1)

The ESR spectrum observed may be ascribed to the

semiquinone radical anion of 13-Gly-DHB (13-Gly-

DHB
�ÿ) because the radical cation of quinone is very

dif®cult to detect in common organic solvents and water

owing to its strong oxidizing ability [10]. In order to identify

this deduction, the following experiment was carried out.

13-Gly-DHB (1 mM) in DMSO was illuminated in the

presence of BNAH, a typical reductant, for 1 min, the ESR

signal of 13-Gly-DHB was intensi®ed signi®cantly (Fig. 3,

spectrum D). Moreover, in the presence of other reductants

such as cysteine, reduced glutathione, EDTA and NADH,

the ESR signal of 13-Gly-DHB radical was also intensi®ed.

These indicate the anionic character of the 13-Gly-DHB

radical.

In the presence of electron donor (D), 13-Gly-DHB may

be generated by as follows

13-Gly-DHB� � D! 13-Gly-DHB
�ÿ � D

�� (2)

It must be emphasized that 13-Gly-DHB
�ÿ was also

formed under aerobic conditions but is not observed due

to the rapid reaction with O2.

3.2. Spin trapping with DMPO

The ESR signal of the 13-Gly-DHB was quenched sig-

ni®cantly by oxygen. When oxygen was bubbled through a

solution of the 13-Gly-DHB, the signal of 13-Gly-DHB
�ÿ

disappeared completely. This observation indicated that the

oxidation of the semiquinone by dissolved oxygen took

place.

Irradiation of an aerobic 13-Gly-DHB DMSO (1 mM)

solution with visible light (� > 470 nm) in the presence of

DMPO (45 mM) immediately generated an ESR spectrum

of the DMPO±superoxide radical adduct. The typical spec-

trum of the adduct DMPO±O2
�ÿ was presented in Fig. 4,

spectrum A. This multiple ESR spectrum is characterized by

three coupling constants due to the presence of a nitrogen

atom and two hydrogen atom in the b and g positions. The

determined constants aN � 12:9; aH
b � 10:5; aH

g � 1:5 G

are in good agreement with the literature [11].

No signal of DMPO±O2
�ÿ was observed when any com-

ponent in the system was missing, i.e. oxygen, DMPO, light

and sensitizers were all necessary.

The ESR spectrum could be inhibited by the addition of

SOD (Fig. 4, spectrum B), a speci®c and ef®cient scavenger

for superoxide radical, which can inhibits the O2
�ÿ depen-

dent DMPO±O2
�ÿ adduct formation. This result con®rmed

the correct assignment of the ESR spectrum to DMPO±O2
�ÿ.

When BNAHÐa typical electron donorÐwas added, the

signal of the DMPO±O2
�ÿ was enhanced greatly (Fig. 4,

spectrum C). Analogous results were obtained when other

electron donors, such as reduced glutathione and NADH

replaced BNAH.

Illumination of an Ar-saturated DMSO solution contain-

ing a low concentration of 13-Gly-DHB (20 mM) with

visible light in either the presence or absence of electron

donor, no signal of 13-Gly-DHB
�ÿ was observed, owing to

the fact that self-electron transfer between the ground and

excited states of 13-Gly-DHB
�ÿ was dif®cult at low con-

centrations. Repeating this experiment with a high concen-

tration of 13-Gly-DHB, the ESR spectra of 13-Gly-DHB
�ÿ

and DMPO±Oÿ2 (after oxygen were bubbled) were obtained

immediately, because the addition of an electron donor

promotes both, the formation of 13-Gly-DHB
�ÿ and the

Fig. 3. (A) ESR spectrum from a deaerated DMSO solution of 13-Gly-

DHB (1 mM) on irradiation above 470 nm for 1 min; (B) same as spectrum

A, but oxygen was bubbled through the solution after illumination; (C)

ESR spectrum from a high concentration of 13-Gly-DHB (10 mM) after

oxygen was bubbled through the solution on irradiation above 470 nm for

5 min; and (D) same as spectrum A, but in the presence of BNAH (1 mM)

and irradiation for 30 s. Instrument setting: microwave power, 8.00 mW;

modulation amplitude, 0.102 G; scan range, 50 G; receiver gain, 1 � 105

(spectra A, B, and C); 1 � 104 (spectrum D).
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formation of DMPO±O
�ÿ
2 . This consistent environmental

effect suggested that 13-Gly-DHB
�ÿ is the precursor for the

formation of O2
�ÿ by 13-Gly-DHB. The following process

could rationalize the generation of superoxide:

13-Gly-DHB
�ÿ � O2 ! 13-Gly-DHB� O

�ÿ
2 (3)

It is very dif®cult to detect superoxide radical in water

even when high concentrations of DMPO (0.4 M) and 13-

Gly-DHB (10 mM) were used, and catalase (30 mg mlÿ1)

was added to minimize the signal from DMPO±OH.

Irradiation of an aerated solution (phosphate buffer:

DMSO 1 : 1 v/v; pH 7.4) containing 13-Gly-DHB

(0.5 mM) and DMPO (45 mM) led to the formation of a

large amount of DMPO-(
�
OH adducts. A four-line ESR

spectrum with hyper®ne splittings (aN � aH � 14.9 G) char-

acteristic of the DMPO±
�
OH spin adduct was recorded

(Fig. 5, spectrum A). The values of coupling constants were

in good agreement with those found in the literature [12±14].

The signal intensity increased with the concentration of 13-

Gly-DHB (Fig. 6) and the irradiation time (Fig. 7). Control

experiments ensured that no signal was obtained without

light, oxygen, 13-Gly-DHB or DMPO. On the other hand,

the singlet-oxygen-mediated oxidation of DMPO to radical

species has been reported in an aqueous solution [14]. To

check this mechanism, histidine and DABCO were used as
1O2 quenchers in competition experiments. The ESR signal

intensity of the DMPO±
�
OH adducts does not decrease,

indicating that 1O2 is not involved in the formation of

DMPO±
�
OH.

When ethanol was introduced into the system as
�
OH

inhibitor, the ESR spectrum of the DMPO±CH3
�
CHOH was

observed (aN � 15.8, aH � 23.0 G) (Fig. 5, spectrum B).

This competitive scavenging result clearly indicated the

formation and the trapping of freely diffusing
�
OH

during the irradiation of 13-Gly-DHB in the presence of

DMPO.

Fig. 4. (A) ESR spectrum of DMPO-superoxide radical adduct produced on irradiation of an oxygenated DMSO solution of 13-Gly-DHB (1 mM) and

DMPO (45 mM); (B) same as spectrum A, but in the presence of SOD (25 mg mlÿ1); (C) same as spectrum A, but in the presence of BNAH; and (D) same as

spectrum A, but argon was bubbled through the solution. Instrument setting: microwave power, 5.05 mW; modulation amplitude, 1.835 G; scan range, 100 G;

receiver gain, 2 � 105.
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We have demonstrated that O2
�ÿ can be generated from

13-Gly-DHB
�ÿ on photoexcitation in the presence of oxy-

gen. In aqueous solution, the O2
�ÿ formed after irradiation

can then undergo rapidly dismutation to H2O2 and O2:

O
�ÿ
2 � H� � HO

�
2 (4)

H2O� HO
�
2 � O

�ÿ
2 ! H2O2 � O2 � OHÿ (5)

It is also known that DMPO±O
�ÿ
2 decomposes to form

DMPO±
�
OH in aqueous solutions. In order to determine

whether the DMPO±
�
OH adducts originates from DMPO±

O2
�ÿ or from the direct addition of hydroxyl radical to

DMPO, the following experiments were carried out.

1. The addition of SOD (25 mg mlÿ1) to an oxygen-

saturated 13-Gly-DHB aqueous solution (0.5 mM)

containing DMPO (45 mM) prior to illumination

decreased the amount of DMPO±
�
OH signal intensity

to 50% of its value without SOD (Fig. 5, spectrum C),

whereas thermally denatured SOD had no effect on the

ESR spectrum, indicating that the superoxide radical

anion was involved in the formation of
�
OH by 13-Gly-

DHB.

2. When catalase was introduced in the system before

irradiation, the signal intensity of DMPO±
�
OH decreased

strongly with increasing amount of catalase and

30 mg mlÿ1 catalase can inhibit 40% ESR signal intensity

of DMPO±
�
OH (Fig. 5, spectrum D), but the heat inac-

tivated catalase without effect. These demonstrated that

H2O2 was involved in the formation of one part of the

observed
�
OH.

Fig. 5. (A) ESR spectrum produced from the irradiation of an oxygenated solution (DMSO±H2O) (1 : 1 v/v) containing 13-Gly-DHB (0.5 mM) and DMPO

(45 mM) above 470 nm for 2 min; (B) same as spectrum A, but in the presence of CH3CH2OH; (C) same as spectrum A, but in the presence of SOD

(25 mg mlÿ1); (D) same as spectrum A, but in the presence of catalase (30 mg mlÿ1); and (E) same as spectrum A, but with argon bubbled through the

solution. Instrument setting: microwave power, 5.05 mW; modulation amplitude, 1.835 G; scan range, spectrum A, C, and D: 100 G; spectrum B: 200 G;

receiver gain, 2 � 105.
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3. Since transition-metal ions may be present in the DMSO±

H2O solution in trace amounts as impurities, DTPA was

added to chelate them. The ESR signal intensity of

DMPO±
�
OH declined with increasing amount of DTPA

(Fig. 8).

The parallel observed effect of SOD, catalase and DTPA

(Table 1) suggested that
�
OH was generated via the Habar±

Weiss type reaction catalyzed by iron:

Fe3� � O
�ÿ
2 ! Fe2� � O2 (6)

Fe2� � H2O2 ! Fe3� � OHÿ ��OH (7)

and the reaction

Fe3� � 13-Gly-DHB
�ÿ ! Fe2� � 13-Gly-DHB (8)

might also take place in the system.

Since the formation of
�
OH could not be completely

suppressed by DTPA even though a large amount of DTPA

was added to the system (8 mM), it was expected that still

another pathway was involved in the formation of
�
OH from

13-Gly-DHB on photosensitization. Irradiation of an argon-

saturated aqueous solution containing 13-Gly-DHB (1 mM),

H2O2 (0.1 mM), DTPA (5 mM) and DMPO (45 mM) with

light of wavelength >470 nm, also generated an ESR signal

of the DMPO±
�
OH adducts. Accompanied by a strong signal

of 13-Gly-DHB
�ÿ at the high ®eld region (Fig. 9), this

suggested that the reaction

H2O2 � 13-Gly-DHB
�ÿ � �

OH� OHÿ � 13-Gly-DHB

(9)

was also involved in the formation of
�
OH from 13-Gly-

DHB on photosensitization. When 13-Gly-DHB was

omitted, no ESR signal was observed. When H2O2 was

omitted, only the signal of 13-Gly-DHB
�ÿ could be

observed. When DTPAwas omitted, the ESR signal intensity

of DMPO±
�
OH increased. The result indicated that DTPA

suppressed the catalytic activity of transition metal (present

as impurities) so that the catalyzed Fenton reaction could not

proceed.

3.3. Formation of 1O2 by 13-Gly-DHB

Lion et al [15] reported that TEMPO a nitroxide radical

detectable by ESR spectroscopy was generated from TEMP

and singlet oxygen, as shown in Eq. (10).

Fig. 6. Plot of the effect of various concentrations of 13-Gly-DHB on the

intensity of ESR signal of the DMPO±
�
OH adducts.

Fig. 7. Plot of the effect of irradiation time of 13-Gly-DHB (0.5 mM) on

the intensity of ESR signal of the DMPO±
�
OH adduct.

Fig. 8. Plot of the effect of various concentrations of DTPA on the

intensity of ESR signal of the DMPO±
�
OH adducts.

Table 1

Ralative intensity of the DMPO±OH signal intensity during 13-Gly-DHB

irradiation in the presence of inhibitors

Compound Concentration DMPO±OH

reduction (%)

SOD (mg mlÿ1) 25 50

Heat-inactived SOD (mg mlÿ1) 25 0

Catalase (mg mlÿ1) 30 40

Heat-inactived catalase (mg mlÿ1) 30 0

DTPA (mM) 8 80

Histidine (mM) 5 0

DABCO (mM) 5 0
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(10)

When an oxygenated ethanol-water (1 : 1 v/v) solution

containing 13-Gly-DHB (5 � 10ÿ3 M) and TEMP (0.5 M)

was illuminated at room temperature, a typical three-line

ESR spectrum of TEMPO (Fig. 10, spectrum A) with equal

intensities (aN � 16.3 G, g � 2.0056) was recorded. Photo-

sensitizers, oxygen and light are necessary to form TEMPO.

These data demonstrated that the formation of the nitroxide

radical is a photodynamic process. To provide further evi-

dence to support the involvement of 1O2 in the 13-amino-

acid substituted hypocrellin B derivatives in the photosen-

Fig. 9. ESR spectrum of DMPO±
�
OH adduct produced on irradiation of an Ar-saturated aqueous solution containing 13-Gly-DHB (1 mM), H2O2 (0.1 mM),

DTPA (5 mM) and DMPO (45 mM) for 30 s. Instrument setting: microwave power, 8.00 mW; modulation amplitude, 2.909 G; scan range, 200 G; receiver

gain, 1 � 105.

Fig. 10. (A) ESR spectrum produced by irradiation of an oxygenated ethanol±water (1 : 1 v/v) solution containing 13-Gly-DHB (5 � 10ÿ3 M) and TEMP

(0.5 M). (B, C, D) same as spectrum A, but in the presence of DABCO, NaN3 or histidine, respectively. Instrument setting: microwave power, 3.19 mW;

modulation amplitude, 1.032 G; scan range, 100 G; receiver gain, 2 � 103.
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sitization process, the following experiments were carried

out.

1. The effect of deuterium on yield of TEMPO was

studied. When the solvent ethanol±H2O was replaced by

fully deuterated ethanol±D2O as solvent, the intensity of

the ESR signal increased by about 10 times

(Fig. 11)[16,17].

2. NaN3, histidine, DABCO, are known to quench 1O2

[18,19]. In the presence of these 1O2 scavengers, the

ESR signals were suppressed (Fig. 10).

These two methods are powerful tools for diagnosing 1O2.

The results suggest that TEMPO is derived from the reaction

of TEMP with 1O2 generated by the irradiation of 13-Gly-

DHB.

4. Conclusion

The results of this work provide evidence for the gen-

eration of the following active agents in the 15-deacetyl-13-

glycine substituted hypocrellin B (13-Gly-DHB) in the

photosensitization processes:(a) 13-Gly-DHB
�ÿ under anae-

robic conditions is the precursor of O2
�ÿ;(b) O2

�ÿ can be

converted to OH via a Fenton reaction; and(c) 1O2.

It is inferred that both, electron transfer (type I) and 1O2

(type II) paths are involved, to different extents, in the

15-deacetyl-13-glycine substitution of hypocrellin B of

photosensitization.
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