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A novel delivery system for the hydrophobic photosensitizer, hypocrellin A, has been developed that uses
hypocrellin A nanoparticles prepared by a reprecipitation method. In comparison to the unmodified
photosensitizer, the hypocrellin A nanoparticles not only possess superior water solubility, higher water
and light stability but also display high singlet oxygen production and DNA photocleavage capability.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Hypocrellins such as hypocrellin A (HA) (Fig. 1) and hypocrellin
B (HB), a class of natural photosensitizers (PSs), have been studied
intensively in the field of photodynamic therapy (PDT) owing to
their very high singlet oxygen generation ability [1]. Originally,
hypocrellins were utilized as potent therapeutic agents for
vascular–capillary diseases or skin diseases such as white lesions of
the vulva, keloid, vitiligo, psoriasis, tinea capitis and lichen
amyloidosis [2,3]. Recently, it was reported that these natural per-
ylenequinonoid compounds could display light-induced antitumor
and antiviral activities, most notably against human immunodefi-
ciency virus (HIV) [4–6]. These significant biological activities have
renewed attempts to study the potential of hypocrellins in the
clinical application of PDT.

However, investigations have shown that, due to its hydro-
phobicity, i.e., poor-water solubility, the preparation of pharma-
ceutical formulations of hypocrellins was difficult. To solve this
solubility problem, approaches such as structural modifications
x: þ86 25 83598477.
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and complexations with metal ions have been attempted.
However, the resulting water-soluble derivatives show very poor
photodynamic activity in vitro due to their reduced cellular uptake
[7–12]. Alternatively, carriers such as surfactants, liposome,
amylase, butter oil and ceramic nanoparticles have been used to
deliver hyprocrellins [13,14]. Upon systemic administration, such
drug-doped carriers are preferentially taken up by tumor tissues.
But unfortunately, the preparation of the above delivery systems is
not only complicated but also can lead to side-effects, for example,
using surfactants in the preparation of surfactant-based drug
deliver system, tends to increase the systemic toxicity of the drug
formulation.

Therefore, the development of novel drug formulation and
delivery methods, without the addition of any external agents such
as surfactants or other carrier vehicles, has received intensive
attention. One method proposed for dispersion of hydrophobic
compounds in water is the ‘‘reprecipitation method’’ [15–19]. This
method is very simple, and the system has no external agents.

In this paper, it is reported that hypocrellin A nanoparticles
(HANPs), which have been successfully prepared through the rep-
recipitation method, can improve the water-solubility, stability, and
singlet oxygen quantum yield and photocleavage capability to DNA
effectively. To our best knowledge, this is the first report to use this
simple method with hypocrellin A.
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Fig. 2. TEM image of HANP.
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Fig. 1. Molecular structure of hypocrellin A (HA).
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2. Materials and methods

2.1. Reagents

9,10-Anthracendipropionic acid, dimethyl sulfoxide (DMSO),
ethidium bromide (EB) and calf thymus deoxyribonucleic acid (CT
DNA) were all purchased from Sigma–Aldrich Corporation. Hypo-
crellin A was isolated from the fungus sacs of Hypocrella bambusae,
and recrystallized twice from acetone before use. The purity of the
hypocrellin A sample obtained was greater than 98% (determined
by HPLC).

2.2. Preparation and characterization of HANP

HANP was prepared using the approach similar to that reported
by the Nakanishi group and the Prasad group [20,21]. A solution of
hypocrellin A in DMSO (200 mL, 3 mmol) was injected into 10 mL of
phosphate buffer (pH ¼ 7.4) at room temperature with controlled
stirring. After the formation of hypocrellin A nanoparticles, DMSO
was removed completely by dialyzing the solution against phos-
phate buffer in a 12–14 kDa cutoff cellulose membrane for 12 h. In
order to verify that the DMSO had been completely removed the
energy dispersion spectrum (EDS) was used to detect the sulfur
content of the samples before and after dialysis. The results indi-
cated that the sample contains sulfur before dialysis, but after
dialysis, the sulfur cannot be detected. Therefore, it indicates that
the DMSO can be removed completely through the dialyzing
method. Transmission electron microscopy (TEM) was employed to
determine the morphology and size of the aqueous dispersion of
nanoparticles, using a JEOL JEM 2020 electron microscope, oper-
ating at an accelerating voltage of 200 kV.

2.3. Light stability

The air-saturated solution of HANP or hypocrellin A was illu-
minated in a 1 cm cuvette by a high pressure mercury lamp (500 W)
and its UV–vis spectra from 350 nm to 800 nm were recorded every
minute.

2.4. Singlet oxygen detection

Singlet oxygen detection measurements were carried out in
a plastic cuvette using the disodium salt of 9,10-anthracendipro-
pionic acid (ADPA) as a singlet oxygen sensor [22]. In a typical
experiment, an aqueous solution of ADPA (150 mL, 5.5 mmol) was
mixed with HANP (3 mL). The control experiment used ADPA mixed
with aqueous solution of HA, which has been prepared by adding
small amounts of concentrated DMSO solutions of HA to phosphate
buffer. These solutions were irradiated with a 500 W high-voltage
mercury lamp with 470 nm cutoff filter. The optical densities at
378 nm (characteristic absorption peak of ADPA) were recorded
every 30 s using VARIAN Cary 5000 UV–vis spectrophotometer.

2.5. Photodegradation of CT DNA analysis

To study the PDT properties of HANP, the air-saturated buffer
solution of CT DNA (8 mmol/L) (10 mmol/L ammonium acetate,
100 mmol/L sodium chloride, pH ¼ 7.0) containing ethidium
bromide (16 mmol/L) was used as phototherapeutic target, after
adding HASN (HA) into the above solution, the mixture was irra-
diated with light above 470 nm, and the fluorescence spectrum of
the mixture was recorded every 1 min [23–25].

3. Results and discussions

3.1. TEM imaging of HANP

A TEM image of HANP prepared by reprecipitation method is
shown in Fig. 2. The particles are nearly cubical, having uniform size
distribution, with an average diameter of 100 nm.

3.2. Optical spectroscopy and stability

Between 350 nm and 800 nm, free HA has three characteristic
absorbance bands, located at 476 nm, 550 nm and 594 nm,
respectively (Fig. 3). After HA was converted into HANP, all the
three characteristic absorbance bands were slightly red-shifted to
483 nm, 552 nm and 596 nm, respectively. The intensity of the
latter two absorbance bands increased slightly. This phenomenon
indicated that the surroundings of HA molecules has been changed,
i.e., the HA molecules on the surface of nanoparticles can prevent
the inner HA molecules from water molecules, and the inner HA
molecules exist in the hydrophobic surroundings [26].

Furthermore, the absorption spectrum of two aqueous solutions
of HA and HANP has shown a remarkable difference after lifting to
stand for three days (Fig. 4). The absorption intensity of three
characteristic absorbance bands of HANPs has no obvious change
but that of the HA aqueous solution decreased in intensity. Thus,
comparing the changes in the absorption spectrum, it can be
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Fig. 3. Absorption spectra of HANP (1) and HA (2) in the aqueous solution.
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Fig. 5. Photobleaching percentages of HANP (1) and HA (2) with the irradiation time.
(inset picture: absorption spectra of HANP after irradiation with visible light for 0, 1, 2,
3, 4, 5 min).
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determined that HANP has excellent stability in the aqueous solu-
tion. This could be due to negative surface charges on HANP, which
is presumably derived from the deprotonation of the phenol
hydroxyls [18].
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3.3. Light stability

Most photosensitizers, including HA, will degrade during the
process of PDT by photobleaching. In this process, absorption
strength or fluorescence intensity will reduce [27]. Thus, the
medicine that is used in PDT must not only have a strong lethal
effect on cancer cell but must also have a slow photobleaching
speed [28].

In order to study the photostability of the HANP, photobleaching
experiments were carried out. When the air-saturated solution of
HANP (or HA) was irradiated by a high pressure mercury lamp, the
intensity of the absorption peaks decreased with the irradiation
time (Fig. 5: inset panel).

Under the same experimental conditions, photobleaching effi-
ciencies of HANP and free HA are 15.95% and 22.58%, respectively
(Fig. 5), which illustrate that HANP has better photostability than
HA due to the protection of the exterior HA molecules, and as
a consequence HANP is more suitable to be studied in PDT than HA.
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Fig. 4. Absorption spectra of aqueous solutions of HA (1) and of HA left to stand for 3
days (2).
3.4. Detection of singlet oxygen

Singlet oxygen is believed to be one of the reactive intermedi-
ates in PDT. Consequently, the quantum yield of 1O2 is an important
parameter to evaluate the application potential of the photosensi-
tizer in PDT. Thus, the ADPA bleaching experiment was carried out
to detect the 1O2 generation quantum yield of HANP, taking HA as
a reference. If the absorption intensity of ADPA continuously
decreased as the irradiated time increase, the generation of singlet
oxygen is confirmed (Fig. 6 inset panel). Because 1O2 can react
irreversibly with ADPA to produce the endoperoxide derivative of
ADPA (Scheme 1), and the 1O2 generation quantum yield can be
calculated through comparing the decrease of the absorption
intensity of ADPA [29].

ADPA bleaching experiments indicated that the 1O2 generation
efficiency of HANP is 1.08 (taking free HA as a reference) (Fig. 6).
After allowing HANP and HA to left to stand for 3 days, ADPA
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Fig. 6. Photosensitized ADPA bleaching by measuring absorbance decrease (6A) at
378 nm as a function of irradiation time. (1: HANP; 2: HA; 3: HANP was left to stand for
3 days; 4: HA was left to stand for 3 days) (inset picture: 0–6: absorption spectra of
ADPA in HANP system were irradiated for 0, 30, 60, 90, 120, 150, 180 and 210 s).
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Scheme 1. Reaction of ADPA with 1O2 to form the endoperoxide.
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bleaching of HANP and HA were detected again, and the calculation
results indicated that the 1O2 generation quantum yields of HANP
and HA were 1.03 and 0.34, respectively. These values indicate that
nanoparticulation can improve the 1O2 generation ability of HA
effectively. This greater ability to generate singlet oxygen and
improved stability suggests that HANP is a promising candidate for
use in PDT.
3.5. Photodegradation of CT DNA analysis

Hypocrellins were investigated as a potential DNA cleavage
agent. According to previous references, HA can abstract one
electron from DNA upon irradiation, and thus induce damage and
cleavage of DNA. One electron transfer from DNA to triplet HA will
result in the formation of two reduced forms of HA, HA�� and
HAH2, which are the precursors of superoxide anion radical (O2

��)
and hydroxyl radical (�OH). On the other hand, singlet oxygen (1O2)
is formed via the energy transfer from triplet HA to molecular
oxygen. These reactive oxygen species promote the cleavage of
DNA [30].

When irradiation was carried out in the HANP–EB–CTDNA
buffer aerobic solution with light above 470 nm, 36.88% binding
sites can be destroyed during 6 min, while only 25.74% binding sites
were damaged when free HA was used as the photosensitizer.
These results suggest that the photocleavage ability of HANP is
superior to free HA (Fig. 7), which is consistent with the 1O2

generation quantum yield results.
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Fig. 7. Photocleavage percent of CT DNA by HANP (1) or HA (2) detected by photo-
degradation percentage of ethidium bromide to the damaged CT DNA (inset picture:
photodegradation of CT DNA by HANP by irradiated for 0, 1, 2, 3, 4, 5 and 6 min).
4. Conclusions

In conclusion, HANP can be prepared through the reprecipita-
tion method greatly improving the water solubility, stability and
ability of singlet oxygen generation. Furthermore, the high 1O2

generation quantum yield of HANP results in a higher capability to
photocleave DNA than free HA. The properties of HANP make it
a likely prospect for application in the clinical therapy of PDT.
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