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Hypocrellin B (HB), a perylenequinone derivative, is
an efficient phototherapeutic agent. The chelation of
HB with Zinc ions (Zn?*) results in a metal chelate (Zn-
HB) which exhibits considerable absorption (Agax =
612nm) in the phototherapeutic window. The struc-
ture of this chelate has been characterized by UV-Vis,
IR and mass spectra. The redox potentials of the Zn-
HB chelate were Eox = +1.1V (vs. SCE) and E. =
—0.7V (vs. SCE) as measured using the circle volt
curve. The quantum yield of singlet oxygen generated
by the Zn-HB chelate was 0.86, which both the electron
spin trap (EPR) method and the chemical trap method
show to be about 0.1 higher than that of its parent
compound HB. In irradiated oxygen-saturated sol-
utions of Zn-HB chelate, superoxide radical anions
and hydroxyl radicals were detected by EPR spec-
troscopy using 5,5-dimethyl-1-pyrroline-N-oxide
{DMPO) as the spin-trapping agent.

Keywords: Hypocrellin B; Zinc ion; Chelate; Electron para-
magnetic resonance; Photodynamic activity; Singlet oxygen

INTRODUCTION

Photodynamic therapy (PDT) has received
increasing attention in recent years as a new
method for selective treatment of solid tumors.!"!
Although the tumor cure mechanism is likely to
require the interplay of several biological
responses, a key point remains the ability of the
photosensitizing agent to be retained to some
extent by the tumor and, upon absorption of light
to generate short-lived toxic species, in particular
singlet oxygen. Hypocrellins, natural perylene-
quinonoid pigments, including hypocrellin A
(HA) and hypocrellin B (HB) (Fig. 1), have been
proposed as potential second-generation
photosensitizers for PDT.>"*! These perylene-
quinonoid compounds have been used as
phototherapeutic agents for various skin dis-
eases and superficial tumors, and have been
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Hypocrellin B

taken orally as folk medicine for several
centuries in China.”! In addition, hypocrellins
have been reported to display photoinduced
antiviral activities against the human immuno-
deficiency virus (HIV-1), herpes simplex virus
Type 1, Sindbis virus, and vesicular stomatitis
(VSV) with the involvement of singlet oxygen,
i.e. the Type II mechanism./*~*!

The chelation of HA with the II A metal ions
has been investigated in recent years.'%!! The
results showed that the hypocrellins—metal
complexes possess similar photochemical,
photophysical and phototherapeutic properties
to their parent compounds. Although the com-
plexes have some qualities that are better than
hypocrellins such as bathochromic shift of the
absorption and higher water solubility, they have
shortcomings that may restrict their application
in PDT. For example, they are unstable and may
decompose to HA in solution.’”! Using AP* as
the chelation metal!'® improves the stability of
the chelate, but may cause some harmful effects.

To improve the absorption in the photother-
apeutic window (600-900nm) of the hypocrel-
lins, HB was chelated with zinc ion. The
photosensitizing activity of the Zn-HB chelate
was then evaluated using electron paramagnetic
resonance (EPR) and spectro-photometric
measurements to investigate the photosensitiza-
tion mechanism.

Zn-HB chelate
FIGURE1 Hypocrellin B structure and proposed Zn-HB chelate structure.

MATERIALS AND METHODS
Materials

Lithjum perchlorate (LiClO,) was purchased
from Merck and then dried for 12h at 200°C
before use. 5,5-Dimethyl-1-pyrroline-N-oxide
(DMPO) was purchased from the Aldrich
Chemical Company (Milwaukee, WI, USA).
2,2,6,6-Tetramethyl-4-piperidone (TEMP),
2,2,6,6-Tetramethyl-4-piperidone-N-oxyl radical
(TEMPO), p-benzoquinone and 9,10-diphenyl
anthracene (DPA) were also obtained from the
Aldrich Chemical Company. 1,4-Diazabicyclo
[2,2,2] octane (DABCO) and dimethylsulfoxide
(DMSO) were purchased from the Merck
Chemical Company (Darmstadt, Germany).
Superoxide dismutase (SOD), reduced gluta-
thione (GSH) and reduced nicotinamide adenine
dinucleotide (NADH) were obtained from the
Biotech Technology Corporation, Chinese Acad-
emy of Sciences (Beijing, China). Zinc chloride,
deuterated solvents, ethanol, N,N-dimethylfor-
mamide (DMF) and other reagents of analytical
grades were purchased from the Beijing Chemi-
cal Plant (Beijing, China).

Crude HA was prepared by acetone extraction
of Hypocrella bambusae (B. et Br) Sacc. The lipids
were removed by counter extraction with
petroleum ether. Further purification was carried
out on a silica gel column, followed by 1%
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potassium dihydrogen phosphate-silica gel thin-
layer chromatography and recrystallization from
acetone twice. HB was prepared by quantitative
potassium hydroxide dehydration of HA, fol-
lowed by neutralization with 10% hydrochloric
acid, chloroform extraction evaporation under
reduced pressure and recrystallization from
benzene-petroleum ether.

Preparation of the Chelate

200mg of HB (379 mmol) and reductant ZnCl,
were stirred in CHCl;. After 10 min, the mixture
was filtered. The filtrate was evaporated to
dryness under high vacuum. The residue
obtained was re-dissolved in ethanol and
dialysed against distilled water (or ethanol)
using membrane tubing (Spectrapor). After
dialysis, the solution was dried under vacuum
to obtain the desired Zn-HB chelate.

Methods

Absorption spectra were recorded with a
Shimadzu UV 160A UV-Vis spectrophotometer.
Fluorescence spectra were recorded with a
Hitathi MPF 4F spectrofluorimeter. Infrared
spectra were recorded with a Perkin—Elmer 983
grating spectrophotometer. Mass spectrum was
recorded with a Bruker BIFLEX III matrix
assisted laser desorption/ionization time of
flight mass spectrograph.

Electrochemical measurements were carried
out in 0.1 mol dm ~ solution of LiClO, in DMF at
25°C in a three-electrode measuring cell. Plati-
num flat with 0.8 mm diameter was used as the
working electrode with a platinum wire used as
the counter electrode. A NaCl-saturated calomel
electrode was used as the reference electrode.
The sweep rate was 45-mVs~!. The DMF was
dried and redistilled before use. All measure-
ments were carried out using a Model 551-poten-
tiostat and a 3036 XY recorder.

EPR spectra were obtained at room tempera-
ture (22-24°C) using a Bruker ESP-300E spec-
trometer operating at 9.8GHz, X-band with

100kHz field modulation (Faellanden, Switzer-
land). Photoinduced EPR spectra were obtained
from the samples (40 1) injected into quartz
capillaries designed specially for EPR analysis.
Anaerobic samples were made in cuvettes that
allowed purging of the reactive volume with
argon for 30 min in the dark. The samples were
immediately transferred to quartz capillaries
under argon. EPR spectra were recorded, stored
and manipulated using an IBM/PC computer. In
the DMPO spin trapping experiments, the
sample irradiations were performed inside the
microwave cavity as described previously.l"*! A
YAG-900 laser (532nm) was used (Spectro-
Physics Lasers, Mt. View, CA, USA) with an
intensity of 100mWcem 2 and a fluence of
20Jcm ™% The spectrum factor and hyperfine
splitting constants for the spin adduct could be
used to infer the existence of O, and OH.!
TEMP was also used as a spin trap to trap singlet
oxygen as proposed by Lion.!"!

The quantum yields of 'O,-generation by the
photosensitization were determined by DPA-
bleaching methods as well as TEMP spin
trapping. The details of the DPA-bleaching
method were described in an earlier report."®!
A medium-pressure mercury vapor lamp
(450W) was used as the light source. An
interference filter of 516 nm was used to isolate
the 516 nm emission wavelength of the lamp. The
reactions were followed spectrophotometrically
by observing the decrease in the 374 nm absorp-
tion peak of 9,10-DPA (where the sensitizers have
the lowest absorptivity) as a function of
irradiation time. Lower concentrations of photo-
sensitizer (50-70 n. M) were used to reduce the
autoquenching effect which occurs at higher
concentrations.

The efficiencies of the free radicals and the
active oxygen species generation by the Zn-HB
chelate and the HB were compared by
comparing their absorbance at 532nm with
identical illumination conditions. The ratio of
the molar extinction coefficients at 532 nm: 4164
for HB, 2577 for Zn-HB complex, gave the
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concentration ratio of HB and the Zn-HB
complex as 0.63:1.

RESULTS AND DISCUSSION

Chelation of HB with Zinc Ions

The absorption spectrum of HB in ethanol was
shown in Fig. 2, the maxima in the visible region
were at 467, 535 and 584nm. The addition of
ZnCl, led to a red shift and an increase in the
visible absorption of HB (Fig. 2) which implies
the chelation of HB with Zn**. The absorption
maxima of the chelate in the visible region were
at 485nm (& = 13877 Imol~'ecm™") and 612nm
(e=65421mol 'ecm™!). Only one group of
isosbestic points at 470, 505 and 590 nm were
observed within the examined spectral region
(400-700 nm), indicating that the reaction pro-
duced a single chelate.

The fluorescence excitation spectra of HB and
the HB-Zn chelate are shown in Fig. 3. The Zn-
HB spectrum has three bands (490, 570 and
615nm) which differed from those of HB (470,
550 and 580nm), also indicating that a chelate
was produced.

Figure 4 shows the IR spectra of HB (Fig.
4(a)) and the chelate (Fig. 4(b)). HB shows two
C=0 bonds in v=1691cm™! (acetyl group)
and 1611em ™' (quinonoid carbonyl group).!!
In the chelate, the bands are broadened and
the band at 1611cm™' shifted to 1593cm ™"
(Av = 18cm™!), suggesting that coordination of
HB takes place via the quinonoid carbonyl
oxygen.

The results obtained from the UV-Vis, IR and
mass spectra were used to propose a probable
structure (Fig. 1) for the chelate. Similar
structures have been proposed for HA chelates
with some non-transition metal ions!'”! and
Cu?".1"® Since none of the formula weights of
these chelates have been reported, matrix
assisted laser desorption/ionization time of
flight mass spectrum were used to determine
the molecular weight of the Zn-HB chelate
with 1183 recorded as the molecular ion peak,
which confirmed that the chelate in Fig. 1 was
obtained.

The Zn-HB chelate is soluble in polar organic
solvents, such as DMF and DMSO. Exposure of
the chelate to UV-Vis light for a long time at
room temperature does not markedly change
its absorption spectrum, indicating that the
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FIGURE 2 Changes in the absorption spectrum obtained by adding various amounts of Zn>* to an ethanol solution of HB

(5% 107> M). Arrows indicate the directions of the changes.
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FIGURE 3 Fluorescence excitation spectra of HB (a) and Zn-HB chelate (b). The excitation wavelength was 650 nm.

chelate has high photochemical stability in
neutral media. However, at higher tempera-
tures (above 70°C), the Zn-HB absorption
spectrum changes significantly due to the
demethylation of the methoxy groups in the
Zn-HB chelate.””!

Electrochemical Study of the Resulting Zn-HB
Chelate

Circle volt curves of HB and the Zn-HB chelate
showed well separated, diffusion controlled
monoelectronic cathodic waves with the peak
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FIGURE 4 IR absorption spectra in the region 2000-1000 cm ™! for HB (a) and Zn-HB chelate (b) as KBr discs.
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corresponding to the one-electron reduction of
the compound to the semiquinone anion
radical.

HB + e=HB"~ 1)
Zn-HB + e=[Zn-HB] "~ 2

The redox potentials are listed in Table I. As
shown, HB and the chelate exhibited similar
oxidation potentials but quite different reduction
potentials. The reduction potential of the Zn-HB
chelate was more negative than that of HB,
meaning that Eq. (1) proceeded more easily than
Eq. (2),*") i.e. HB obtains an electron more easily
than the Zn-HB chelate.

EPR Measurements of Free Radicals Produced
During Anaerobic Photosensitization of Zn-HB

[lumination of Zn-HB (5 mM) in an argon gassed
DMF solution for 1 min induced the generation
of a strong EPR signal as shown in Fig. 5.

No EPR signal was observed in the absence of
the photosensitizer or illumination. The signal
intensity increased rapidly with the Zn-HB
concentration (inset in Fig. 5). The EPR signal
intensity increased rapidly during irradiation
(Fig. 6) and decreased slowly in the dark.
Exposure of the sample to oxygen quenched the
EPR signal (Fig. 5(c)). The strong concentration
effect indicates that the Zn-HB anion signal
might be induced by self-electron transfer
between the ground and excited species, similar
to hypocrellins and some of their deriva-
tives’”’ ™! and that a similar mechanism is
involved (Eq. 3).

3[Zn-HB] + [Zn-HB] — [Zn-HB]~ + [Zn-HB]™" (3)

In general, the quinone radical cation is
difficult to detect in common organic solvents
owing to its strong oxidizing ability. Therefore,
the radical cation should be detected in solvents
with high ionization potential such as Freon-
11314 at low temperature so that the signal may

TABLE I Redox potentials of HB and Zn-HB chelate. (vs.
SCE)

EUX* E7€+
HB +1.10 -0.53
Zn-HB +1.10 —0.70

* Oxidation potentials
t Reduction potentials

be ascribed to the semiquinone anion radical of
the Zn-HB chelate. The following experiments
were performed to identify the signals in Fig. 5.
(a) Zn-HB (0.5 mM) in de-aerated DMF solution
was illuminated for 1min in the presence of
NADH (5 mM), a typical electron donor (D). The
EPR spectrum (Fig. 5(b)) was very similar to that
observed in the absence of NADH (Fig. 5(a))
except that the addition of NADH significantly
intensifies the EPR signal which indicates the
anionic character of the radical. (b) A series of
other electron donors, such as cysteine, GSH and
ascorbic acid, were used instead of NADH, with
similar results. These reductants, more electron-
rich than Zn-HB, may donate an electron directly
to the excited Zn-HB to form [Zn-HB] ™ (Eq. 4):

3[Zn-HB} + D —[Zn-HB]~ + D* ey

(c) The [Zn-HB]~ signal was quenched
significantly by oxygen, with the signal disap-
pearing completely when oxygen was bubbled
through the Zn-HB solution (Fig. 5(c)). Further-
more, with DMPO and oxygen present in the Zn-
HB solution, the EPR signal of the DMPO-
superoxide radical adduct was detected immedi-
ately, accompanied by a significant decrease or
disappearance of the Zn-HB EPR signal (Eq. 5):

[Zn-HB]~ + O = Zn-HB + O~ 5)

In accordance with the above observations, the
EPR signals shown in Fig. 6 can be safely
assigned to [Zn-HB] ™. In addition, the gener-
ation efficiencies of HB™ and [Zn-HB]~ on
illumination (Fig. 6) showed that the HB™
generation efficiency is twice that of the [Zn-
HB]~ generation, as explained by the
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FIGURES (a) Photoinduced EPR spectrum from a de-aerated DMF solution of Zn-HB (0.5 mM) on illumination (Aex = 532nm)
for 1 min. (b) Same as in (a) but in the presence of NADH (5 mM). (c) Same as in (a) but with oxygen bubbled through the solution
after illumination. Inset: dependence of the relative intensity of the [Zn-HB]~ EPR signal on the Zn-HB concentratlon ([Zn-HB]).
Instrument settings: microwave power, 8 mW; modulation amplitude, 0.97 G; scan width, 20 G; receiver gain, 1x10°.
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FIGURE 6 Dependence of the EPR signal intensity of [Zn-
HBI"™ on irradiation time (Ax = 532nm) by photolysis of de-
aerated DMF solution containing Zn-HB (0.5mM) (line B).
Line A: Same as in line B but the Zn-HB replaced by HB
(0.3mM) (a.u., arbitrary unit). Instrument settings:
microwave power, 8 mW; modulahon amplitude, 0.97G;
scan width, 20G; receiver gain, 1x10°.
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FIGURE 7 (a) EPR spectrum of DMPO-superoxide radical
adduct produced from irradiation (Aex = 532nmy) of oxygen
saturated DMF solution of Zn-HB (0.5mM) and DMPO
(50mM). (b) Dependence of the DMPO-superoxide radical
signal intensity on the irradiation time: line 1, for a solution of
Zn-HB (0.5mM) and DMPO (50 mM); line 2, same as line 1
but with Zn-HB replaced by HB (0.3mM); line 3, in the
absence of Zn-HB, oxygen or illumination; line 4, same as line
1 except with SOD (25 pgml™ 1 was added; line 5, same as
line 1 except with NADH (4 mM) added. Instrument settings:
microwave power, 8 mW; modulanon amplitude, 0.97 G; scan
width, 60G, receiver gain, 5x 10*.
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electrochemical study which showed that HB
produced electrons more easily than the Zn-HB
chelate.

Generation of Superoxide Anion Radical (O, )
By Zn-HB Chelate

The previous measurements showed that the
photoinduced EPR signal of [Zn-HB] ™~ shown in
Fig. 5(a) and (c) disappeared when oxygen was
bubbled through the de-oxygenated Zn-HB
solution. When DMPO and oxygen were intro-
duced into the reaction system, a new EPR signal
appeared suggesting the oxidation of [Zn-HB] ™
by the dissolved oxygen and the formation of
another radical that could be spin trapped by

106
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FIGURE 8 (a) EPR spectrum of DMPO-OH adduct in
oxygen saturated DMF/water (v:v=9:1) solution
containing Zn-HB (5X10™> M) and DMPO (50 mM)
irradiated (Aex = 532nm) for 1min; (b) same as (a) but
irradiated for 2 min; (c) same as (b) except with ethanol (10 %)
added; (d) same as (b) except with SOD (40 pgml ') added;
(e) same as (b) except with catalase (25pgml™!) added.
Instrument settings: microwave power, 8mW; modulation
amplitude, 1.54 G; scan width, 100G; receiver gain, 1 x10°.

DMPO (Fig. 7(a)). This signal was characterized
by three coupling constants due to the nitrogen
and the two hydrogen atoms at the B and v
positions. The g factor and the determined
constants (g = 2.0056, aV = 13.0G, af =10.3G
and ! = 1.4G) were in good agreement with the
literature values for the DMPO-superoxide
radical adduct.” Control experiments (Fig.
7(b), line 3) confirmed that Zn-HB, oxygen and
irradiation were all necessary for production of
the EPR signal shown in Fig. 7(a). The addition of
SOD (25 pgml™") prior to illumination inhibited
the EPR signal intensity (Fig. 7(b), line 4),
whereas thermally denatured SOD had no effect
on the EPR spectrum. The EPR signal was also
suppressed by p-benzoquinone (5mM), an
efficient scavenger of O, .1%®! These observations
support the correct assignment of the EPR signal
in Fig. 7(a) to the DMPO-O; adduct.

The addition of DABCO (10 mM) and histidine
(10mM), commonly used to inhibit 'O,
-dependent reactions,””! does not reduce the
EPR signal intensity of the DMPO-O, adduct,
indicating that 'O, is not involved in the
formation of O, by the Zn-HB chelate. The
addition of electron donors, such as NADH
(4mM), GSH (5mM) or ascorbic acid (3mM),
greatly enhanced the EPR intensity of the
DMPO-0O, adduct (Fig. 7(b), line 5). Control
experiments ensured that no signal was obtained
without light, oxygen or Zn-HB in the presence
of the electron donors. The results suggest the
following processes for the formation of super-
oxide that occurs in the absence (Egs. 6 and 7) or
presence of electron donors such as GSH (Egs. 8
and 9):

3[Zn-HB] + Zn-HB — [Zn-HB}~ + [Zn-HB]*  (6)

[Zn-HB]™ + O = Zn-HB + O, )
}[Zn-HB] + D —[Zn-HB]~ + D ®)
[Zn-HB]~ + O, —[Zn-HB] + O, )

The consistent enhancement of the O,
formation by the electron donors with [Zn-
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HB]™ suggests that [Zn-HB]™ could be the
precursor for the formation of O, . The efficien-
cies of O, generation by HB and the Zn-HB
chelate, Fig. 7, shows that the HB efficiency was
higher than that of Zn-HB, which agrees with the
electrochemical results.

Transformation of O, into ‘'OH

The DMPO spin-trap method has been success-
fully applied to trap ‘OH and O, .[1428-30
Interaction of DMPO with ‘OH leads to the
formation of DMPO-'OH adduct signal with a
reaction constant of approximately
2x10°M™'s™! at pH 7.0.5

Irradiation of an  oxygen-saturated
DMF/water (v:v=9:1) solution containing
Zn-HB (5%x107°M) and DMPO (50mM) with
532 nm light produced a four-line EPR spectrum
(Fig. 8(a)) with an intensity ratio of 1:2:2:1 and
hyperfine coupling constants of a" =al =
14.9G showing that this radical species is the
DMPO-OH adduct.® The signal intensity
increased with prolonged irradiation of the
solution (Fig. 8(b)). When ethanol (10%, v/v)
was added, the EPR signal of the DMPO-CH
(OH)CH; adduct with a¥ =158G and af =
23.0G was observed (Fig. 8(c)).°!! These results
further confirm the assignment of the signal to
the DMPO-'OH radical adduct.

The formation of ‘'OH by Zn-HB depends on
the oxygen, light, DMPO and Zn-HB concen-
tration. To confirm whether the observed
DMPO-OH adduct of the spin trap unequivo-
cally proves the formation of "'OH, SOD and
catalase enzymes were used as probes. The
addition of SOD (40 ugml™!) inhibits the
formation of DMPO-OH adduct by over 50%
(Fig. 8(d)), indicating that superoxide radical
anion is involved in the formation of ‘OH by Zn-
HB. We have demonstrated that O; can be
generated from Zn-HB by photoexcitation in the
presence of oxygen (see above). In DMF/water
solution, O, formed after irradiation can then

undergo rapid dismutation to HO, and O, (Egs.
10 and 11).

O, + H" -HO, 10)
H,O+ HO; + 0; = H,0, + O, + "OH (11)

When catalase (25 pg ml ') was added to the
DME/water (v : v =9 : 1) solution of Zn-HB and
DMPO, no EPR signal was detected after
irradiation (Fig. 8(e)), confirming that
DMPO-OH does not arise from the decompo-
sition of DMPO-O; . These results support the
view that O, is involved in the formation of ‘OH
by Zn-HB and the later reaction is H,0;
dependent. Since trace amounts of transition
metal ions may be present in the solution, the
formation of ‘'OH photosensitized Zn-HB prob-
ably proceeds via the so-called Fenton reaction
(Egs. 12 and 13):

Fe** + O, = Fe’™ + Oy (12)
Fe’™ + H,0, —Fe** + OH +~ OH (13)

The overall reaction is then (Eq. 14):
H,0, +O; = OH+ "'OH+0O, (14)

Another possible pathway for the generation
of 'OH formed by Zn-HB may result from the
reaction of semiquinone radical anion with HyO,
(Eq. 15).

H,0, + [Zn-HB] " - OH + "OH + Zn-HB  (15)

The addition of DABCO (10 mM) and histidine
(10mM), which normally act as o, quench-
ers,*! did not reduce the EPR signal intensity of
the DMPO-OH adduct (not shown), indicating
that 'O, is not involved in the formation of
DMPO-OH.

Formation of 'O, By Zn-HB

It has been observed that 'O, is involved in many
photo-oxygenations sensitized by perylenoqui-
none pigments™* and may play the main role in
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photodynamic therapy.**=%¢ It has previously
been reported that TEMPO, a nitroxide radical
detectable by EPR, was generated from TEMP
and singlet oxygen.**!

As shown in Fig. 9(a), a spectrum having three
equal-intensity lines, characteristic of a nitroxide
radical, was recorded when an oxygen-saturated
DMF solution of Zn-HB (5% 10~ °M) and TEMP
(20mM) was irradiated at room temperature.
This spectrum was compared with that of the
radical from commercial TEMPO. The hyperfine
splitting constant and g factor of the photo-
sensitized oxidation product of TEMP by Zn-HB
were identical to those of commercial TEMPO
@Y =16.3, g = 2.0056). Further evidence to sup-
port the involvement of 'O, in the Zn-HB

206G
(2) —
50
3 ] ®
E 40 -
2
£ 304
=
g 20+
§1o-
2z ]
= - g
- L L | e L T ol L § v  §
0 1 2 3 4 5 6

Irradiation time (min)

FIGURE 9 (a) EPR spectrum of TEMPO formed during
irradiation (Aex = 532nm) of oxygen saturated DMF solution
containing Zn-HB (5X107°M) and TEMP (20mM) using
532nm light. (b) EPR signal intensity of TEMPO as a function
of irradiation time (line 1); Line 2, same as line 1 except that
the Zn-HB was replaced by HB (3 1073 M); line 3, same as
line 1 except NaN; (10mM) added; line 4, same as line 1
except with histidine (1 mM) added; line 5, same as line 1
except that Zn-HB, oxygen or illumination was omitted.
Instrument settings: microwave power, 8 mW; modulation
amplitude, 0.97G; scan with, 100 G; receiver gain, 1x10°.

photosensitization process was provided by the
following experiments. The presence of 'O,
scavengers (histidine or NaNj;) suppressed the
EPR signal (Fig. 9(b), line 3 and line 4). Analysis
of the effect of deuterium on the TEMPO yield
showed that the EPR signal intensity increased
about eightfold when DMF was replaced by fully
deuterated DMF as solvent (not shown). Similar
conditions but in the absence of Zn-HB, oxygen
or light did not produce TEMPO (Fig. 9(b), line
5). All of the results suggest that TEMPO is
derived from the reaction of TEMP with 'O,
generated by energy transfer from excited triplet-
state of Zn-HB to ground state molecular oxygen
(Eq. 16).

3[Zn-HB] + O, = Zn-HB + 10, (16)

To investigate further the photo-production of
10, by Zn-HB, the parent compound HB!"®! was
used as a reference to compare the photogenera-
tion quantum yield to TEMPO from TEMP. The
TEMPO signal intensities produced in each case
are proportional to their 'O,-generation quan-
tum yields (¢) with identical illumination of the
samples at 532nm. The previously determined
10,-generation by HB of 0.76"® and the data in

0.5+
0.4
0.3
0.2 1

g 0.1

0.04 3.4

(374 nm)

o 3 6 9 12 15 18
Irradiation time (min)

FIGURE 10 Photosensitized DPA-bleaching by measuring
the absorbance decrease (A A) at 374nm as a function of
irradiation time (Aex = 516 nm) for an oxygen-saturated DMF
solution of Zn-HB (5x%10 °>M) and DPA (0.5mM) (line 1);
Line 2, same as line 1 except with Zn-HB replaced by HB
(3X107°M); Line 3, same as line 1 except that Zn-HB, oxygen
or illumination was omitted; Line 4, same as line 1 except with
DABCO or histidine (5 mM) added.
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Fig. 9 were used to determine the 'O,-generation
quantum yield of Zn>*-HB as 0.86.

In addition, the photo-oxidation of DPA to its
endo-peroxide derivative by singlet oxygen (Eq.
17) was used to detect 'O, and to determine the
quantum yield of 'O, formed from photosensi-
tization using HB as a reference.'®! During the
sample measurements, the absorbances at
516 nm were adjusted to be the same. Figure 10
shows the rates of DPA-bleaching photosensi-
tized by Zn-HB and HB as a function of
irradiation time at 5l6nm oxygen-saturated
DME. Control experiments indicated that no
DPA-bleaching occurred when Zn-HB (or HB),
oxygen or irradiation was omitted (Fig. 10, line
3). The addition of DABCO or histidine (5 mM)
completely inhibited DPA-bleaching (Fig. 10,
line 4). These results show that DPA bleaching
results from the reaction of DPA with 'O, formed
by Zn-HB (or HB) photosensitization. The 'O,-
generating quantum yield of Zn-HB was
estimated to be 0.86, using that of HB (0.76) as
a reference.

CONCLUSION

A novel derivative of hypocrellin, Zn-HB chelate,
with a considerable absorption at 612nm was
obtained and characterized by UV, IR, and mass
spectrum. The mechanism of active oxygen
species generation by Zn-HB was investigated
using both an electron spin trap and a chemical
trap. The quantum yield 'O, generation by Zn-
HB was 0.86, which is higher than that of HB
(0.76). The results imply that the Zn-HB chelate is
a potential photodynamic therapeutic agent.
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