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Abstract

Based on theoretical prediction of the molecular polarity, water-soluble sodium HB-14-carboxylate (SCHB) was prepared and its
photosensitization activity was evaluated. SCHB shows not only very good amphiphilicity but also much stronger absorption at
620 nm than its parents. In DMSOePBS (3:1 by volume) solution (pH 7.4) of SCHB, the photosensitization generated the

semiquinone anion radicals (SCHBc�) under anaerobic condition or superoxide anion radicals (O2c
�) in the presence of oxygen. In

the oxygenated PBS solution of SCHB, hydroxyl radicals (cOH) were photogenerated. In addition, SCHB could also be
photosensitized to generate singlet oxygen (1O2) with a quantum yield about 0.26. These findings suggest that SCHB can exert
photodynamic action via photosensitization.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, it has been realized that it is a new
strategy to develop specially used photodynamic medi-
cines according to the particularities of the diseases. Such
as, for photodynamic therapy of solid tumors, the
medicine should possess a strong light absorption on
the phototherapeutic window (600 nme900 nm), on the
other hand, for photodynamic therapy of superficial or
early stage tumors as well as vascularecapillary diseases,
occurred no deeper than 1 mm, the phototherapeutic
window should be on the range of around 500 nm
because a deeper penetrate light may be harmful to the
normal tissue. Hypocrellins, well known for their photo-
dynamic activities to tumors and viruses [1e3], possess
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the main absorption mainly over 450 nme550 nm, which
is shortcoming for phototherapy of solid tumors but
it coincides with the phototherapeutic window of
vascularecapillary diseases, such as, port wine stain
and age-related macular degeneration (AMD), as well as
the superficial or early stage tumors. On the other hand,
hypocrellins show very good cellular uptake but tend to
self-aggregate in blood as well as in aqueous solution,
while the completely water-soluble derivatives show very
poor cellular uptake so very low photodynamic activity
[4]. Therefore, to make a compromise between cellular
uptake (lipophilicity) and the fluent transportation in
vascular net (hydrophilicity) is an important factor for
hypocrellins to be clinically applicable [5]. In previous
work, we developed a theoretical method for prediction
of the polarity of a hypocrellin derivative, defined as an
averaged net charge/atom for each molecule. The
amphiphilicity of a molecule was evaluated by the
polarity based on the comparison of the calculated
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values with the available experimental partition co-
efficient between organic solvent and aqueous solution.
For about 50 compounds, the polarity values fall on
a range from 0.18 (liposoluble only) to 0.24 (water-
soluble only). The calculated values agree very well with
the experimental partition coefficients. It was predicated
that a derivative with the polarity value about 0.22 would
possess best amphiphilicity [6]. In the current work, the
polarity value of sodium carboxylate at position 14 ofHB
(SCHB) was estimated to be 0.219. Therefore, this
derivative was chosen as a candidate to be prepared. As
expected, the experimentally measured partition coeffi-
cient did agree well with the polarity value. Furthermore,
the chemical reactive species, semiquinone anion radi-
cals, superoxide anion radicals, hydroxyl radicals and
singlet oxygen, generated through photosensitization of
SCHB were detected by electronic paramagnetic reso-
nance (EPR) and spectrophotometric measurements.

2. Experimental

2.1. Materials and general methods

HB was prepared as described previously [7]. 5,5-
Dimethyl-1-pyrroline-N-oxide (DMPO), 9,10-diphenyl-
anthracene (DPA), 2,2,6,6-tetramethyl-4-piperidone
(TEMP) and 2,2,6,6-tetramethyl-4-piperidone-N-oxyl
radical (TEMPO) were purchased from Aldrich Chem-
ical Company. Catalase, Rose Bengal (RB), cytochrome
c (horse heart) and superoxide dismutase (SOD) were
purchased from Sigma Chemical Company. Cysteine,
reduced glutathione (GSH), reduced nicotinamide ade-
nine dinucleotide (NADH) were obtained from Bio-
chem. Technology Corporation, the Chinese Academy
of Sciences. 1,4-Diazabicyclo [2,2,2] octane (DABCO)
and diethylene triamine pentaacetic acid (DTPA) were
purchased from Merck Chemical Company. Other
agents of analytical grades were purchased from Beijing
Chemical Plant. HBO2H was synthesized according to
Ref. [8] and characterized by the use of IR, H NMR and
MS (FAB) spectroscopy. Phosphate buffer saline (PBS)
solutions under different pH value were prepared by
adjusting with 10 mM KH2PO4 and 10 mM Na2HPO4

solution. The working solutions were prepared immedi-
ately and water was freshly distilled before use. The
solutions were purged with oxygen, air or argon accord-
ing to the experimental requirements.

2.2. Spectroscopic and EPR measurements

The absorption spectra were recorded on a Shimadzu
UV-1601 spectrophotometer. A 450 W medium pressure
sodium lamp was used as light source and a long pass
filter was employed to eliminate light of wavelength
shorter than 470 nm. Fluorescence emission and excita-
tion spectra were obtained on a Hitachi F-4500
spectrofluorimeter.

The EPR measurements were performed on a Bruker
ESP-300E spectrometer at room temperature. Unless
indicated, the instrumental settings were: microwave
power, 10.02 mW (3.17 mW for the cOH signal);
modulation amplitude, 1.012 G; sweep width, 100 G
(50 G for semiquinone radical signal) and receiver gain,
1.0! 105 (1.0! 104 for cOH). A 532 nm YAG-900 laser
(Spectro-Physics Laser, Mountain View, CA, USA) was
used as the light source. Samples were injected into
quartz capillaries designed specially for EPR analysis.
Anaerobic or aerobic samples were prepared by purging
the reactive volume with argon or oxygen and stored in
the dark for 30 min. EPR signals were recorded and
manipulated in an IBM/PC computer. Kinetics of spin
adduct generation was studied based on the recorded
peak value of an EPR spectrum every 10 s.

3. Results and discussion

3.1. The preparation of SCHB and the partition
coefficients (PC)

SCHB was prepared through the reaction of HBO2H
(558 mg, 1 mMol) with NaOH (40 mg, 1 mMol) in
redistilled water (1 mL) with stirring vigorously for 1 h
at room temperature in the dark. The stored solution of
1 M SCHB was used for further dilution to any lower
concentrations with PBS or DMSOePBS mixed solu-
tion. Fig. 1B shows the absorption spectrum of SCHB
and also those of HBO2H under alkaline condition (pH
higher than 9.0) and in saturated NaCl solution. Based
on these, it is confirmed that SCHB obtained from the
above procedure is a new product instead of that formed
in different pH or ionic strength condition.

The values of partition coefficients (PC) were de-
termined by distribution of photosensitizers between the
n-octanol and PBS solution (pH 7.4) [5]. The PC values
for HBO2H, SCHB (Scheme 1), HA and HB were listed
in the Table 1. It can be seen that the hydrophilicity of
SCHB is enhanced greatly compared to HB and
HBO2H. It should be indicated that SCHB still
possesses superior distribution in organic phase, which
is beneficial to the cellular uptake. On the other hand,
SCHB can be easily dissolved in the aqueous phosphate
buffer solution, which is beneficial to transportation in
vascular net.

The absorption spectra of SCHB and HBO2H are
shown in Fig. 1A. Compared with that for HBO2H, the
absorption spectrum of SCHB does not change much,
however, a moderate-strength peak appears at 620 nm,
which is attractive for the therapy of solid tumors. The
fluorescent spectrum is mainly unchanged.
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3.2. Photo-induced generation of semiquinone anion
radicals by SCHB

As shown in Fig. 2A, irradiating the deoxygenated
DMSOePBS (3:1 by volume) solution (pH 7.4) of
SCHB (1 mM) produced a strong EPR signal
(gZ 2.0058). The control experiments proved that
illumination and SCHB were essential. With the
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Fig. 1. (A) Absorption spectra of HBO2H (–) and SCHB (d) in PBS

solution (pH 7.4) at the same concentration (1 mM). (B) Absorption

spectra of SCHB and HBO2H under different pH value solution or

saturated NaCl solution.
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Scheme 1.
addition of NADH (50 mM), a typical electron donor,
an EPR signal (Fig. 2B) similar to that in Fig. 2A was
produced but the intensity was enhanced significantly.
Control experiments showed that the signal did not
appear without SCHB or/and illumination. A series of
electron donors (D) with different redox potentials were
tested in place of NADH. The EPR signal was similar to
that in Fig. 2A but the intensities increased sharply with
the decrease in redox potentials of the donors (Table 2),
confirming the anionic nature of the radicals.

The signal in Fig. 2(B) could be readily ascribed to
the semiquinone anion radicals of SCHB (SCHBc�)
formed by the electron transfer from an electron donor
to the triplet SCHB [9e11].

The EPR signal intensity in Fig. 2A depends on
irradiation time, intensity (inset a) and SCHB concen-
tration (inset b). Considering the similarity, the radicals
may be ascribed to the semiquinone anion radicals of
SCHB (SCHBc�) generated via the self-electron transfer
between the excited triplet state and the ground state
species [4].

The EPR signal in Fig. 2A would disappear in the
oxygenated solution, as shown in Fig. 2C, while the
DMPO-O2c

� adducts were generated with the existence
of DMPO, further confirming the signal originated from
the semiquinone anion radicals of SCHB (SCHBc�).
Because of the anionic nature, the radicals are stable in
anaerobic and aprotic solvent, such as DMSO. In the
DMSOePBS (3:1 by volume) solution (pH 7.4), the
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Fig. 2. (A) EPR spectrum for deoxygenated DMSOePBS (3:1 by

volume) solution (pH 7.4) of SCHB (1 mM) under irradiation for

1 min with laser of 532 nm. (B) The same as (A) but with the presence

of NADH (50 mM). (C) The same as (A) but oxygen was bubbled

through the solution after illumination.

Table 1

Partition coefficients (PC) of hypocrellin dyes

Compound HA HB HBO2H SCHB

PC 41.6 [12] 46.4 [12] 11.598 4.25
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EPR signal of SCHBc� was still observable, however,
when the solution was replaced with the entirely
aqueous PBS solution, the signal for semiquinone anion
radicals was not detectable by EPR or spectrophotom-
eter [7,12].

It was reported that the anionic radicals of a photo-
sensitizer generated in the PBS solution could be
detected by using the spin counteraction of TEMPO
[9]. When the deoxygenated PBS solution (pH 7.4) of
SCHB (1 mM) and TEMPO (50 mM) was irradiated, the
EPR signal intensity of TEMPO decreased exponen-
tially with illumination time (Fig. 3), confirming the
photogeneration of SCHBc� in PBS solution. The
failure to detect SCHBc� by steady state EPR was most
likely due to the shorter lifetime in the PBS solution [13].

The decay kinetics of the semiquinone anion radicals
(SCHBc�) was studied by recording the decrease in EPR
signal intensity after illumination, shown in Fig. 4. The
decay curve (line 1) for SCHBc� in the deoxygenated
DMSOePBS (3:1 by volume) solution (pH 7.4) obeys
second-order kinetics in the absence of an electron
donor, described by Eq. (1), while the line 2 for that in
the presence of NADH also obeys second-order kinetics
but with much faster decay rate. In fact, in the presence
of electron donor, SCHBc� should decay via the second-
and first-order kinetics described by Eqs. (1) and (2),
respectively. The observed second-order kinetic decay of
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Fig. 3. The decay of TEMPO (50 mM) signal intensity (I ) via spin

counteraction to SCHBc� photogenerated by SCHB (1 mM) in the

deoxygenated PBS solution (pHZ 7.4).

Table 2

Effect of electron donors with different redox potentials on the

intensity of the EPR signal intensity of the semiquinone anion radicals

Electron donor Signal intensity E(DcC/D) (V)

SCHB 162 e

Glutathione 245 0.87

Cysteine 318 0.63

NADH 467 0.28
SCHBc� suggested that Eq. (1) should be the dominant
pathway under our experimental conditions.

SCHBc
�
CSCHBc

�
/
HC

SCHBH2CSCHB ð1Þ

SCHBc
�
CD/

HC

SCHBH2CDC ð2Þ

3.3. Generation of superoxide anion radical (O2c
�)

by SCHB

As mentioned previously, the EPR signal for
SCHBc� would disappear in the oxygenated solution,
while an EPR signal with a feature of coupling with one
nitrogen and two hydrogen atoms at the b and g
positions appeared immediately in the presence of
DMPO (50 mM) (Fig. 5A and Fig. 6 line 1). The g
factor and parameters ( gZ 2.0048, aNZ 12.89 G,
ab

HZ 10.62 G, ag
HZ 1.45 G) were in good agreements

with those reported for DMPO-O2c
� radical adducts

[14]. Control experiments showed that SCHB, oxygen
and illumination were all necessary for the EPR signal
(Fig. 5D). Addition of SOD (20 mg/mL) inhibited the
EPR signal effectively (Fig. 5C and Fig. 6 line 2),
whereas thermally denatured SOD had no effect, further
confirming the formation of O2c

�.
Addition of DABCO (10 mM) or histidine (10 mM),

commonly used to inhibit 1O2-dependent reactions [15],
did not affect the EPR signal intensity, suggesting that
1O2 was not involved in the formation of O2c

�. The EPR
signal was greatly intensified (Fig. 5B and Fig. 6 line 3)
in the presence of NADH (50 mM). Control experiments
showed that light, oxygen and SCHB were all necessary
even in the presence of electron donors. The consistent
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Fig. 4. Line 1: Dependence of the reciprocal of the EPR signal intensity

(I) for SCHBc� on the time after irradiation in the deoxygenated

DMSOePBS (3:1 by volume) solution (pH 7.4) of SCHB (1 mM).

Line 2: The same as line 1 but in the presence of NADH (50 mM).
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enhancement effects of electron donors on the forma-
tions of O2c

� and SCHBc� suggested that O2c
� must

originate from SCHBc�. Besides, it may be also possible
that O2c

� is generated via the electron transfer from
electron donors or triplet photosensitizer to O2 [10,16].
Fig. 6 shows the dependence of the EPR signal intensity
on the irradiation time.

The reduction of Cyt Fe3C by O2c
� is usually used to

monitor the formation and accumulation of O2c
�

[11,17e21]. Fig. 7 shows the absorption spectra of
reduced cytochrome c in an oxygen-saturated
DMSOePBS (3:1 by volume) solution (pH 7.4) of
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Fig. 5. (A) EPR spectrum of DMPO-suprexoide radical adducts

produced by irradiation of the oxygen-saturated DMSOePBS (3:1 by

volume) solution (pH 7.4) of SCHB (1 mM) and DMPO (50 mM) for

1 min. (B) The same as (A) but in the presence of NADH (50 mM). (C)

The same as (A) but in the presence of SOD (20 mg/mL). (D) The same

as (A) but in the absence of SCHB, oxygen or irradiation.
 SCHB (1 mM) and cytochrome c (80 mM) under
irradiation. The increase in absorbance at 550 nm is
the characteristic of the reduction of Cyt Fe3C,
corresponding to the formation and accumulation of
O2c

�. Control experiments confirmed that SCHB and
light were essential for the reduction of cytochrome c.

3.4. Photogeneration of hydroxyl radicals cOH

When SCHB (1 mM) and DMPO (50 mM) were
dissolved in the PBS solution instead of PBS-DSMO
mixed solution, a four-line EPR spectrum (Fig 8A) with
hyperfine splitting constants of aNZ aHZ 14.87 G,
characteristic of the DMPO-cOH spin adducts
[22e25], was recorded under 1 min irradiation, while
the signal for DMPO-O2c

� disappeared. The signal
intensity increased with the concentration of SCHB
(Fig. 8B) and the irradiation time (Fig. 9 line 1). Control
experiments demonstrated that light, oxygen, SCHB and
DMPO were all necessary. Histidine and DABCO, 1O2

quenchers, did not have any effect on the EPR signal
intensity of the DMPO-cOH adducts, indicating that
1O2 was not involved in the formation of cOH [25].
When ethanol (0.1 M) was introduced into the solution
prior to illumination, the signal of DMPO-cOH
disappeared while the EPR spectrum of DMPO-
CH3cCHOH adducts with aNZ 16.0 G and
aHZ 23.5 G appeared (Fig. 8E). When mannitol
(5 mM), a scavenger of hydroxyl radicals, was added
into the solution prior to illumination, the signal did not
appear. These suggested that DMPO-cOH was produced
via the reaction between DMPO and cOH, instead of the
decomposition of DMPO-O2c

�. The electron donors
significantly enhanced the signal intensity of DMPO-
cOH (Fig. 8D and Fig. 9 line 2). The concurrent
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enhancement effects of O2c
� and cOH suggested that

O2c
�, in turn SCHBc�, should be the direct and indirect

precursors of cOH, respectively. No EPR signal was
detected when catalase (50 mg/mL) was added, suggest-
ing that the cOH generation was H2O2 dependent.

SOD (30 mg/mL) inhibited the signal of DMPO-cOH
(Fig. 8C and Fig. 9 line 3), suggesting involvement of
O2c

� in the formation of cOH. When DTPA (up to
5 mM), a chelator of iron for preventing from further
reaction with H2O2 [26], was added into the solution
prior to illumination, the EPR signal of DMPO-cOH
was inhibited but not disappeared completely (Fig. 10).
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Fig. 8. (A) The EPR spectrum of DMPO-cOH adducts formed by

irradiation of oxygen-saturated PBS solution (pH 7.4) containing

SCHB (1 mM) and DMPO (50 mM). (B) The same as (A) but with

1.25 mM SCHB. (C) The same as (A) but in the presence of SOD

(30 mg/mL). (D) The same as (A) but in the presence of NDAH

(50 mM). (E) The same as (A) except that ethanol (0.1 M) was added

prior to irradiation and then the sample was kept in the dark for 2 min.

These observations suggested that hydroxyl radicals
could be formed via not only the Fenton HabereWeiss
reaction or O2c

�-driven Fenton reaction but also the
reaction (3).

SCHBc
�
CH2O2/SCHBCHOcCOH� ð3Þ

Based on the above discussions, it can be suggested
that cOH is formed from H2O2, in turn formed via
a rapid dismutation of O2c

� to H2O2 and O2. The
inhibitory effect of catalase on the signal indicates that
the photogeneration of cOH is H2O2 dependent.

Briefly, it may be concluded that SCHBc�, O2c
� and

cOH can be generated via the photosensitization of
SCHB. Specially, the photogeneration of cOH by SCHB
was very efficient, which was not observed for the parent
compound HBO2H or HB.
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3.5. Formation of 1O2 by SCHB

It was reported that TEMPO, an EPR-detectable
nitroxide radical, was produced via the reaction of
TEMP with singlet oxygen [27], which is usually used for
monitoring the formation of singlet oxygen. When an
oxygenated PBS solution containing SCHB (1 mM) and
TEMP (20 mM) was illuminated at room temperature,
a typical three-line EPR spectrum of TEMPO was
observed (inset in Fig. 11). The signal intensity was
dependent on the irradiation time (Fig. 11). Control
experiment proved that SCHB, oxygen, light and TEMP
were all necessary for the signal, supporting generation
of 1O2 via photosensitization of SCHB.

The DPA-bleaching method [28] was adopted to
determine the quantum yield of 1O2 produced by
photosensitization of SCHB. Fig. 12 shows the photo-
sensitized DPA-bleaching by SCHB (line 2) and Rose
Bengal (RB) (line 1) in PBS solution (pH 7.4) under
a series of irradiation time. During the measurements,
the optical densities of the two dyes were adjusted to be
the same at 496 nm. Control experiments proved that no
DPA-bleaching would occur when the photosensitizer,
oxygen or irradiation was absent (Fig. 12, line 4). The
addition of DABCO or NaN3 (10 mM), the 1O2

quenchers, inhibited DPA-bleaching greatly (Fig. 12,
line 3), further supporting the formation of singlet
oxygen through energy transfer from triplet SCHB to
molecular oxygen. The quantum yield of 1O2 generated
by the photosensitization of SCHB was estimated to be
about 0.26 in PBS solution (pH 7.4) with RB (0.78) as
reference in the aqueous solution [29,30].
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4. Conclusion

In the current work, SCHB, a derivative of HB, was
designed and prepared. The new derivative is soluble in
aqueous PBS solution but also possesses a superior
distribution in organic phase, which agrees very well
with the theoretical prediction of the molecular polarity.
Further, it was confirmed that SCHBc�, O2c

�, cOH and
1O2 could be generated through the photosensitization
of SCHB. In aqueous solution, only cOH was detected,
which was not observed for the parent compound
HBO2H or HB in the similar conditions. Under the
experimental conditions, SCHBc�, generated via the
electron transfer between the triplet and the ground
state of the photosensitizer molecules, was proved to be
the main origin of O2c

� which in turn was the precursor
of cOH. It was observed that the photogenerated
SCHBc� would decay in second-order kinetics. The
quantum yield for photogeneration of 1O2, generated
through energy transfer from the triplet SCHB to
ground state oxygen molecules, was estimated to be
about 0.26 in PBS solution (pH 7.4). It can be concluded
that the photodynamic activity of SCHB involves in
both Type I and Type II mechanisms. Owing to its good
amphiphilicity (PCZ 4.25) and photosensitive activity,
the novel photosensitizer may be clinically usable for
photodynamic therapy of some kinds of vasculare
capillary diseases.
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