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Sonodynamic therapy (SDT) is a new approach for cancer treatment, involving the synergistic effect of
ultrasound and certain chemical compounds termed as sonosensitizers. A water-soluble phthalocyanine,
namely tetra-a-(3-carboxyphenoxyl) zinc(II) phthalocyanine (ZnPcC4), has been prepared and character-
ized. The interactions between ZnPcC4 and bovine serum albumin (BSA) were also investigated by
absorption and fluorescence spectroscopy. It was found that there were strong interactions between
ZnPcC4 and BSA with a binding constant of 6.83 � 107 M�1. A non-covalent BSA conjugate of ZnPcC4

(ZnPcC4–BSA) was prepared. Both ZnPcC4 and ZnPcC4–BSA exhibited efficient sonodynamic activities
against HepG2 human hepatocarcinoma cells. Compared with ZnPcC4, conjugate ZnPcC4–BSA showed a
higher sonodynamic activity with an IC50 value of 7.5 lM. Upon illumination with ultrasound, ZnPcC4–
BSA can induce an increase of intracellular reactive oxygen species (ROS) level, resulting in cellular
apoptosis. The results suggest that the albumin conjugates of zinc(II) phthalocyanines functionalized
with carboxyls can serve as promising sonosensitizers for sonodynamic therapy.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Sonodynamic therapy (SDT) is a new approach for cancer treat-
ment, which was developed on the basis of photodynamic therapy
(PDT) [1–3]. PDT utilizes the combined action of photosensitizer,
light, and molecular oxygen to eradicate cancer cells [4,5]. How-
ever, clinical application of PDT is limited to the treatment of
superficial and small solid tumors due to the poor tissue penetra-
tion of excitation light [6]. Similarly to PDT, SDT utilizes the com-
bined action of a sonosensitizer and low-intensity ultrasound to
cause cell and tissue damage. Ultrasound has an appropriate tissue
attenuation that lets it penetrate and reach deep-seated tissues
without losing ability to focus energy into small volume. This
unique advantage makes SDT more efficient for noninvasive treat-
ment of deep-seated tumors compared with PDT [7–10]. Accumu-
lating evidences indicate that SDT has a great potential in cancer
therapy [11–15].

The overall efficacy of sonodynamic therapy depends greatly on
the behavior of the sonosensitizer. To date, the most common
sonosensitizers are porphyrin derivatives such as hematoporphy-
rin (the first generation photosensitizer), portoporphyrin IX, and
ATX-70 (a gallium porphyrin complex) [7,16]. Nonetheless, these
porphyrin-based sonosensitizers have some shortcomings such as
skin photosensitivity and unsatisfactory sonocytotoxicity. Signifi-
cant efforts have therefore been put in new sonosensitizers which
have better sonochemical properties, higher tumor specificity, and
less skin photosensitivity.

Phthalocyanines have been proposed as highly promising
photosensitizers over the last three decades, owing to their intense
absorption in the red visible region, high efficiency to generate
reactive oxygen species, low dark toxicity, and low skin photosen-
sitivity [17–19]. However, the use of phthalocyanines as sonosen-
sitizers for SDT remains relatively little studied [20–23]. Herein, we
reported the preparation and in vitro sonodynamic activities of a
tetra-a-(3-carboxyphenoxyl) zinc(II) phthalocyanine (ZnPcC4)
and its bovine serum albumin conjugate (ZnPcC4–BSA). Zinc(II)
phthalocyanines functionalized with carboxyl(s) have been used
as efficient photosensitizers, due to their water solubility and high
singlet oxygen yield [24–26]. However, the sonodynamic activity
of this type of phthalocyanine has not been investigated. In addi-
tion, despite recent advances using serum albumin as the protein
carrier for anticancer drugs or photosensitizers to improve their
hthalo-
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passive targeting properties [27–29], to the best of our knowledge,
the application of serum albumin for delivery of sonosensitizer has
no precedents in the literature.
2. Experimental

2.1. General

All the reactions were performed under an atmosphere of nitro-
gen. N,N-dimethylformamide (DMF) was dried over molecular
sieves and further distilled under reduced pressure before use.
Potassium carbonate was activated by muffle at 300 �C under nor-
mal pressure. Chromatographic purifications were performed on
silica gel columns (100–200 mesh, Qingdao Haiyang Chemical
Co., Ltd., China) with the indicated eluents. Bovine serum albumin
was purchased from Sigma–Aldrich Co. All other solvents and
reagents were of reagent grade and used as received.

1H NMR spectra were recorded on a Bruker AVANCEIII 400 spec-
trometer (400 MHz). Chemical shifts were relative to internal SiMe4

(d = 0 ppm). Mass spectra were recorded on a Finnigan LCQ Deca
xpMAX mass spectrometer. IR spectra were recorded on a Perkin-
Elmer SP2000 FT-IR spectrometer, using KBr disks. Elemental anal-
yses were performed by Element Vario EL III equipment. Electronic
absorption spectra were measured on a Shimadzu UV-2450 UV–
vis spectrophotometer. Fluorescence spectra were taken on an Edin-
burgh FL900/FS900 spectrofluorometer. The fluorescence quantum
yields (UF) were determined by the equation: UF(sample) = (nsample

2 /
nref

2 )�(Fsample/Fref)�(Aref/Asample) UF(ref), where F, A, and n are the mea-
sured fluorescence (area under the emission peak), the absorbance
at the excitation position, and the refractive index of the solvent,
respectively. Unsubstituted zinc(II) phthalocyanine (ZnPc) in DMF
[UF(ref) = 0.28] was used as the reference [30]. The singlet oxygen
quantum yields (UD) was measured in DMF by a steady-state
method using 1,3-diphenylisobenzofuran (DPBF) as the scavenger
and ZnPc [UD(ref) = 0.56] as reference [31,32].

2.2. Synthesis of ZnPcC4
2.2.1. 3-(3-carboxyphenoxyl)phthalonitrile (a-C)
A mixture of 3-nitrophthalonitrile (0.87 g, 5 mmol), 3-hydroxy-

benzoic acid (0.69 g, 5 mmol), and anhydrous K2CO3 (2.07 g,
15 mmol) in dry DMSO (20 mL) was stirred at room temperature
for 24 h under nitrogen atmosphere. The reaction mixture was fil-
tered by sand core funnel and the filtrate was poured into ice water
(200 mL). Subsequently, HCl aqueous solution (2 M) was added to
the filtrate until pH = 1–3 to give white precipitate, which was col-
lected by filtration, washed with water until pH = 7 and dried in
vacuum. The crude product was purified by recrystallization with
DMF/water to afford white solid (1.11 g, 84%). Rf = 0.53 (EtOH). IR
(KBr, cm�1): 3078.4 (Ar–H); 1585.6, 1466.7, 1450.9 (C@C, Ar);
1303.7, 1278.7, 1208.9 (Ar–O–Ar); 2232.9 (C„N); 1688.8 (C@O).
MS (ESI): m/z 263.1 [M�H]�. 1H NMR (DMSO-d6, ppm): d 13.16
(br., 1H), 7.81–7.88 (m, 3H), 7.62–7.67 (m, 2H), 7.52 (t, J = 0.6 Hz,
1H), 7.32 (d, J = 4.2 Hz, 1H). Anal. Calcd for C15H8N2O3: C, 68.18;
H, 3.05; N, 10.60. Found: C, 67.99; H, 3.27; N, 10.86.

2.2.2. 1,8(11),15(18),22(25)-tetrakis-(3-carboxyphenoxyl) zinc(II)
phthalocyanine (ZnPcC4)

A mixture of 3-(3-carboxyphenoxyl)phthalonitrile (0.26 g,
1.0 mmol) and K2CO3 (0.14 g, 1.0 mmol) in n-pentanol (20 mL)
was stirred at 90 �C under nitrogen atmosphere for 15 min, and
then zinc acetate (0.11 g, 0.6 mmol) and 1,8-diazabicy-
clo[5.4.0]undec-7-ene (DBU) (0.4 mL, 2.6 mmol) were added. The
mixture was heated to reflux at 130 �C for 10 h. The solvent was
Please cite this article in press as: H.-N. Xu et al., Preparation and sonodynami
cyanine and its bovine serum albumin conjugate, Ultrason. Sonochem. (2014),
then removed in vacuum and the residue was treated with water
and acidified with HCl aqueous solution (1 M) to induce precipita-
tion. The precipitate was collected by filtration, washed with water
until pH 7, and dried in vacuum. The crude product was subjected
to column chromatography using DMF/ethyl acetate (1:3, v/v) and
then DMF as eluents. The last green fraction was collected, and
dried in vacuum to give dark green solid (0.10 g, 37%). Rf = 0.67
(MeOH). IR (KBr, cm�1): 3273.8 (O–H); 1702.1 (C@O); 3065.5
(Ar–H), 1577.3, 1481.1, 1440.2 (C@C, Ar); 1247.2 (Ar–O–Ar);
1129.7 (C–N). MS (ESI): m/z 1121.2 [M+H]+. 1H NMR (DMSO-d6,
ppm): d 9.10–9.28 (m, 2H), 8.68–8.75 (m, 1H), 8.55 (t, J = 8.2 Hz,
1H), 8.20 (t, J = 7.6 Hz, 1H), 8.07 (t, J = 7.6 Hz, 2H), 7.84–7.92 (m,
4H), 7.63–7.73 (m, 17H). Anal. Calcd for C60H32N8O12Zn: C, 64.21;
H, 2.87; N, 9.98. Found: C, 64.03; H, 3.01; N, 9.82.

2.3. Preparation of phthalocyanine-BSA conjugate

The non-covalent BSA conjugate of ZnPcC4 was prepared
according to the literature procedure [33]. The conjugate was
obtained by stirring a mixture of ZnPcC4 and BSA (molar ratio:
ZnPcC4/BSA = 2/1) in a phosphate buffered saline (PBS) at ambient
temperature overnight, followed by gel chromatography on a
G-100 Sephadex column using deionized water as eluent. The con-
jugate ZnPcC4–BSA collected as the first blue fraction was lyophi-
lized to remove water. The protein content in the conjugate was
calculated from the absorbance at 280 nm in a diluted PBS solution
(pH = 7.4) with reference to the corresponding molar absorptivity
of BSA (e = 4.85 � 104 M�1 cm�1). The phthalocyanine concentra-
tion was calculated from the Q band absorbance in a diluted
DMF solution with reference to the corresponding molar absorptiv-
ity (e = 2.19 � 105 M�1 cm�1).

2.4. In vitro studies

For in vitro studies, ZnPcC4 was first dissolved in DMF (1.0 mM)
and the solution was diluted to 80 lM with 0.5% (wt.) aqueous
solution of Cremophor EL (Sigma, 0.5 g in 100 mL of water).
ZnPcC4–BSA conjugate was dissolved in PBS with a concentration
of 80 lM. BSA was also dissolved in PBS with a concentration of
80 lM. These solutions were clarified with 0.45 lm filter, and then
diluted with the cellular culture medium (as described below) to
appropriate concentrations.

Human hepatocellular carcinoma HepG2 cells were obtained
from the cell bank of the Chinese Academy of Science, Shanghai,
China. The cells were maintained in RPMI 1640 medium (Invitro-
gen) supplemented with 10% fetal calf serum, streptomycin
(50 lg mL�1), and penicillin (50 units mL�1). The cells were incu-
bated at 37 �C in a humidified CO2 (5%) incubator, and the medium
was refreshed every 1–2 days. Cells in the exponential phase of
growth were used in the following experiments.

2.4.1. Sonodynamic activity assay
HepG2 cells were exposed to ultrasound after an incubation of

45 min with ZnPcC4–BSA, ZnPcC4, and BSA, respectively. The exper-
imental set-up for ultrasound exposure is showed in Fig. 1. The
transducer with a diameter of 45 mm was submerged in the stain-
less steel container filled with cold degassed water. Polystyrene
tube containing 0.5 mL of cell suspension (2 � 105 cells mL�1 in
RPMI 1640 medium) was fixed vertically on the focal area of the
transducer. The distance between the bottom of the polystyrene
tube and the transducer was 1 cm. The spatial average ultrasonic
intensity was 2.0 W cm�2 with a frequency of 1.0 MHz in continu-
ous waves and the ultrasonic time was set at 3 min. The ultrasound
system (Therapy Ultrasound 4150) was manufactured by the
CARCI Company. For all experiments, the cold degassed water
was used as the ultrasonic coupling medium, thereby reducing
c activities of water-soluble tetra-a-(3-carboxyphenoxyl) zinc(II) phthalo-
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Fig. 1. Diagram of ultrasonic exposure apparatus.
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thermal effect caused by ultrasound irradiation. All experiments
were randomly divided into eight groups: ZnPcC4–BSA mediated
SDT, ZnPcC4 mediated SDT, BSA mediated SDT, ultrasound treat-
ment alone, and the controls including ZnPcC4–BSA, ZnPcC4, and
BSA treatment alone and sham group. For the sham group, the cells
were not treated neither by ultrasound nor any compound incuba-
tion. All the experiments were performed in the dark.

The 3-(4,5-dimthylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) assay was used to determine the cell viability. After
SDT treatment, the treated cells or control cells (100 lL) were
seeded on a 96-well plate and incubated overnight at 37 �C under
5% CO2. The medium was then removed from each well. After that,
a 10 lL of MTT solution (5 mg mL�1 in PBS) and 90 lL of the med-
ium were added into each well, followed by incubation for 4 h at
37 �C under 5% CO2. Subsequently, the MTT-containing medium
was removed and 150 lL DMSO was added into each well. After
shaking for 10 min, the optical density (OD) at 490 nm was mea-
sured using microplate reader (MULTISKAN MK3, Thermo SCIEN-
TIFIC). The killing rate was calculated using the following equation:

Cytotoxicity ð%Þ ¼ ðOD sham group� OD treatment groupÞ
=OD sham group� 100%:
2.4.2. Apoptosis
After SDT treatment, HepG2 cells were seeded in 6-multiwell

plates and incubated for 24 h at 37 �C under 5% CO2. Apoptosis
was then analyzed using a flow cytometer (Coulter EpicsXL Beck-
man, USA) with Annexin V-FITC (fluorescein isothiocyanate) and
propidium iodide (PI) staining. Apoptosis Detection Kit (KeyGEN
BioTECH, Nanjing, China) was used in the present study. The
treated cells were trypsinized to obtain single cell suspension
and washed twice with PBS. The obtained cell pellets were re-
suspended in 500 lL of the binding buffer, and then added with
a mixture of Annexin V-FITC (5 lL) and PI (5 lL) working solution
and then incubated at 37 �C for 15 min. After that, the samples
were analyzed using the flow cytometer.

2.4.3. Evaluation of reactive oxygen species
Intracellular reactive oxygen species (ROS) production was

assessed with a flow cytometer by measuring the fluorescence
intensity of dichlorofluorescein (DCF) as described by other
researchers [34]. The probe 2,7-dichlorodihydrofluorescein diace-
tate (DCFH-DA) was purchased from Sigma and dissolved in DMSO
to produce a stock solution (1 mM). DCFH-DA, a non-fluorescent
Please cite this article in press as: H.-N. Xu et al., Preparation and sonodynami
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cell-permeant compound, is deacetylated by intracellular esterase
and converted to the reduced probe dichlorodihydrofluorescein
(DCFH), which can be rapidly oxidized to the highly fluorescent
product DCF in the presence of ROS. After SDT treatment, HepG2
cells were incubated with DCFH-DA (10 lM, dilute in serum-free
medium) for 2 h at 37 �C under 5% CO2. The cells were then washed
with PBS and analyzed immediately by flow cytometer through
FL-1 filter with an excitation wavelength of 488 nm.
2.4.4. Cellular uptake
HepG2 cells (2 � 105) were incubated with a solution of ZnPcC4

or ZnPcC4–BSA in the medium (10 lM, 1 mL) for 0, 15, 30, 45, 60,
and 75 min, respectively. In each time point, the cells were col-
lected by centrifugation (3 min, 3000 rpm) and washed with PBS.
After removing the PBS, the cells were lyzed with DMF (2 mL).
The mixture was sonicated for 10 min and then centrifuged at
15,000 rpm for 5 min. The fluorescence spectrum of the superna-
tant was recorded in an Edinburgh FL900/FS900 spectrofluorome-
ter (excited at 610 nm and monitored emission at 630–800 nm).
From the area of emission peak, the concentration of ZnPcC4 in
the solution was determined by comparison with a calibration
curve obtained with standard solutions of ZnPcC4. Each experiment
was repeated three times.
2.5. Statistics

Data were expressed as mean ± standard deviation (SD). Statis-
tical analyses were performed using Student’s t-test. P values less
than 0.05 were considered statistically significant.
3. Results and discussion

3.1. Synthesis and photophysical properties of ZnPcC4

Scheme 1 shows the synthetic route of tetra-a-(3-carboxyphen-
oxyl) zinc(II) phthalocyanine (ZnPcC4). Firstly, a nucleophilic
substitution reaction occurred between 3-nitrophthalonitrile and
3-hydroxybenzoic acid under alkaline condition to give the precursor
3-(3-carboxylphenoxy)phthalonitrile (a-C). The precursor a-C was
further underwent a cyclotetramerization in the presence of zinc
acetate and K2CO3 in n-pentanol using DBU as a catalyst to afford
the tetra-substituted phthalocyanine ZnPcC4. As reported previ-
ously [25,35], anhydrous K2CO3 was added to inhibit the possible
esterification between the carboxylic groups and the solvent of
n-pentanol. The prepared compounds were characterized by 1H
NMR, MS, elemental analyses, and FT-IR spectroscopic methods.

The photophysical and photochemical properties of ZnPcC4

were measured in DMF. As shown in Fig. 2A, ZnPcC4 gave a typical
absorption spectrum of non-aggregated phthalocyanines, exhibit-
ing a sharp and intense Q-band at 688 nm. Upon excitation at
610 nm, it showed a strong fluorescence at 702 nm with a fluores-
cence quantum yield (UF) of 0.11 relative to unsubstituted zinc(II)
phthalocyanine (ZnPc) (UF = 0.28) (Fig. 2B and Table 1). To evaluate
the photosensitizing efficiency of ZnPcC4, its singlet oxygen quan-
tum yields (UD) was also determined by a steady-state method
with 1,3-diphenylisobenzofuran (DPBF) as the scavenger. It was
found that ZnPcC4 is an excellent singlet oxygen generator with a
UD value of 0.53. The spectroscopic behavior of ZnPcC4 was further
investigated in aqueous solutions. As shown in Fig. 2A, two weak
and broad peaks at 651 nm and 697 nm were observed for ZnPcC4

in PBS solution, meanwhile, its fluorescence intensity was very
weak relative to that in DMF (Fig. 2B), indicating that ZnPcC4 is
aggregated in PBS [26].
c activities of water-soluble tetra-a-(3-carboxyphenoxyl) zinc(II) phthalo-
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Fig. 2. (A) Electronic absorption and (B) fluorescence emission spectra (excited at
610 nm) of ZnPcC4 and ZnPcC4–BSA (both at 3 lM) in DMF and PBS.

Table 1
Photophysical data of ZnPcC4 and ZnPcC4–BSA.

Compounds Solvents kabs

(nm)
kem

a

(nm)
e � 105

(M�1�cm�1)
UF

b UD
c

ZnPcC4 DMF 688 702 2.19 0.11 0.53
PBS 651, 697 711 – 0.01 –

ZnPcC4–BSA PBS 651, 701 711 – 0.02 –

a Excited at 610 nm.
b Using ZnPc in DMF as the reference (UF = 0.28) [30].
c Determined by using DPBF as chemical quencher, and using ZnPc in DMF as the

reference (UD = 0.56) [31,32].
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3.2. Interaction and conjugate of ZnPcC4 with BSA

BSA has been used as a carrier for targeted delivery of various
anti-cancer drugs [29]. To enhance the biocompatibility and selec-
tivity of phthalocyanine-based sensitizers, attempts were made to
prepare the BSA conjugate of ZnPcC4. We firstly analyzed the inter-
actions of ZnPcC4 with BSA by a fluorescence quenching method
[36–38]. Fig. 3A shows the change in the fluorescence spectra of
BSA in PBS upon titration with ZnPcC4. With the increasing of
ZnPcC4, the intrinsic emission band of BSA at 340 nm decreases
in intensity. As shown in the inset of Fig. 3A, the quenching data
follow the double logarithmic equation (Eq. (1)) [36,39], where
F0 and F are the intensities of fluorescence in the absence and
Please cite this article in press as: H.-N. Xu et al., Preparation and sonodynami
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presence of the quencher respectively, CQ is the concentration of
the quencher, KA is the binding constant, and n is the binding site
number. The binding constant KA and binding site number were
found to be 6.83 � 107 M�1 and 1, respectively:
lg
F0 � F

F
¼ lg KA þ n lg CQ ð1Þ

On the other hand, upon addition of BSA, the absorption peak at
652 nm of ZnPcC4 in PBS reduced in intensity gradually, while the
Q band at 696 nm correspondingly increased in intensity (Fig. 3B).
Both this observation and the high KA indicated that there was a
strong interaction between ZnPcC4 and BSA. Furthermore, the Job’s
plot with titrations (kabs = 699 nm) at the different concentrations
of BSA exhibited a maximum at about 0.5 mol fraction (see the
inset in Fig. 3B). This indicates that ZnPcC4 conjugated to BSA with
a 1:1 stoichiometry.

In view of the strong interaction between ZnPcC4 and BSA,
attempts were made to prepare their non-covalent conjugate
according to the literature procedure [33]. The conjugate was
obtained by stirring a mixture of ZnPcC4 and BSA (with a molar
ratio of 2) in PBS at ambient temperature overnight, followed by
a gel chromatography separation step. The molar ratio of phthalo-
cyanine to BSA was found to be 1:1 for the obtained ZnPcC4–BSA
conjugate, which is in accord with the result from the Job’s plot.

The non-covalent conjugate ZnPcC4–BSA was readily soluble in
water. Therefore, its spectroscopic properties were measured in
PBS. As shown in Fig. 2A, the Q-band of ZnPcC4–BSA conjugate
showed an obvious increase in intensity at 699 nm with slight
red-shift compared to that of ZnPcC4. Accordingly, the fluorescence
intensity of ZnPcC4–BSA conjugate at 711 nm in PBS was higher
than that of ZnPcC4 (Fig. 2B). Moreover, it is need to mention that
the spectrum of ZnPcC4–BSA remained virtually unchanged upon
standing for long time. These findings strongly suggest that ZnPcC4

is relatively non-aggregated in the protein cavity and ZnPcC4–BSA
conjugate is stable in PBS solution.
c activities of water-soluble tetra-a-(3-carboxyphenoxyl) zinc(II) phthalo-
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mean ± SD (n P 6). (A) The cells were incubated with ZnPcC4, ZnPcC4–BSA, and
BSA at the concentration of 10 lM for 45 min before ultrasound illumination. (B)
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Fig. 5. Cellular uptakes of ZnPcC4 (10 lM) and ZnPcC4–BSA (10 lM) by HepG2 cells
after 45 min of incubation.
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3.3. In vitro sonodynamic anticancer activities

The effects of ZnPcC4, BSA, and ZnPcC4–BSA against HepG2 cells
were examined in the absence and presence of ultrasound. In the
absence of ultrasound, ZnPcC4, ZnPcC4–BSA, and BSA (all at
10 lM) did not exhibited apparent cytotoxicity on HepG2 cells,
as shown in Fig. 4A. When ultrasound treatment alone was used,
the cell viability was found to be 86.6%. This suggests ultrasound
treatment alone caused slight cellular damage. In the presence of
ultrasound, the cell viability caused by BSA was found to be
82.3%, which is comparable with that induced by ultrasound treat-
ment alone (82.3% vs. 86.6%, p > 0.05). This indicates that BSA
hardly presents sonodynamic activity against HepG2 cells. When
HepG2 cells were treated with ZnPcC4 (10 lM) and ZnPcC4–BSA
(10 lM) in the presence of ultrasound, the cell viability decreased
to 52.0% and 22.9%, respectively. Clearly, both ZnPcC4 and ZnPcC4–
BSA exhibited significant sonocytotoxicities toward HepG2 cells
(p < 0.05 vs. ZnPcC4 alone, ZnPcC4–BSA alone, or ultrasound treat-
ment alone). By comparison, ZnPcC4–BSA showed a higher sonody-
namic activity than ZnPcC4 (p < 0.05). Further, the concentration-
dependent sonocytotoxicity of ZnPcC4–BSA toward HepG2 cells
was determined after 45 min of incubation and subsequent illumi-
nation with ultrasound. From the dose response curve (Fig. 4B), the
IC50 value, defined as the sonosensitizer concentration required to
kill 50% of cells, was calculated to be 7.5 lM for ZnPcC4–BSA.
These results indicate that the photosensitizer ZnPcC4 and its
BSA conjugate can serve as efficient sonosensitizers for SDT.
Please cite this article in press as: H.-N. Xu et al., Preparation and sonodynami
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To account for the different sonodynamic activities of ZnPcC4

and ZnPcC4–BSA, their cellular uptakes were compared by an
extraction method. In this method, DMF was used to lyze the cells
and extract the photosensitizer. Since the phthalocyanine can be
released from BSA cage in DMF, the relative fluorescence intensity
of extraction solution can reflect the difference of cellular uptake
c activities of water-soluble tetra-a-(3-carboxyphenoxyl) zinc(II) phthalo-
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Fig. 6. Flow cytometric analysis of the cell death mechanism induced by SDT treatment (1.0 MHz, 2.0 W cm�2, 3 min) on HepG2 cells with Annexin V-FITC and PI staining.
Fluorescence intensity for Annexin V-FITC is plotted on the X-axis, and fluorescence intensity for PI is plotted on the Y-axis. The bottom right quadrant of each panel shows the
early apoptotic cells (Annexin V-FITC positive, PI negative), while the top right quadrant of each panel shows the late apoptotic or necrotic cells (Annexin V-FITC positive, PI
positive). (A) Control group (ZnPcC4–BSA alone) and (B) ZnPcC4–BSA-mediated SDT.

Fig. 7. Flow cytometric analysis of intracellular ROS induced by SDT treatment (1.0 MHz, 2.0 W cm�2, 3 min) on HepG2 cells with DCFH-DA staining. Fluorescence intensity of
DCF is plotted on the X-axis, and the number of the cells is plotted on the Y-axis. (A) Control group (ultrasound alone) and (B) ZnPcC4–BSA-mediated SDT.
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between ZnPcC4 and ZnPcC4–BSA. Cellular uptake of ZnPcC4 and
ZnPcC4–BSA by HepG2 cells were rapid, which occurred after incu-
bation for 15 min and reached a plateau at 45 min. No further sig-
nificant uptake was observed over the subsequent 75 min. As
shown Fig. 5, after 45 min of incubation, ZnPcC4–BSA conjugate
showed about 1.6-fold higher cellular uptake toward HepG2 cells
than the free ZnPcC4, which probably results from the high affinity
of cancer cells for albumin [28]. Therefore, the higher sonocytotox-
icity of ZnPcC4–BSA compared with ZnPcC4 can be mainly attrib-
uted to its higher cellular uptake.
3.4. Apoptosis and intracellular reactive oxygen species (ROS)

In order to determinate the possible mechanism of sonodynam-
ic effects caused by ZnPcC4–BSA (10 lM), the flow cytometry with
Annexin V-FITC and PI staining was used to distinguish early apop-
tosis from late apoptosis or necrosis [40]. As shown in Fig. 6, the
percentage of cells at early apoptotic stage for ZnPcC4–BSA treat-
ment alone was 1.6%. However, the early apoptotic cell populations
for ZnPcC4–BSA-mediated SDT increased to 11.7%. These results
show that ZnPcC4–BSA-mediated SDT could induce apoptosis in
HepG2 cells. Nevertheless, the number of cells for ZnPcC4–BSA-
mediated SDT treatment reduced, suggesting that cell death is
not only the result of apoptosis.

Many current studies showed that the cellular toxicity of sono-
sensitizer could be attributed to the generation of intracellular ROS
after exposure to ultrasound [7]. We also attempted to examine
whether the intracellular ROS was involved in the process of
ZnPcC4–BSA (10 lM)-mediated SDT. The intracellular ROS was
evaluated using flow cytometry with DCFH-DA as a ROS probe.
Please cite this article in press as: H.-N. Xu et al., Preparation and sonodynami
cyanine and its bovine serum albumin conjugate, Ultrason. Sonochem. (2014),
As shown in Fig. 7, the fluorescence curves for cells treated by
ZnPcC4–BSA-mediated SDT shift to the right compared with that
for cells of control group. This indicates that ZnPcC4–BSA caused
an obvious increase of ROS generation in the presence of ultra-
sound. Therefore, it can be reasoned that ZnPcC4–BSA, upon
excited by ultrasound, can induce the generation of intracellular
ROS, which next leads to the apoptosis or/and necrosis of cancer
cells. However, the sonochemical mechanisms of ROS formation
induced by ZnPcC4–BSA need further investigation.

4. Conclusions

A new zinc(II) phthalocyanine tetra-substituted with carboxyl
groups at a-positions and its BSA conjugate were prepared and
characterized. The compound ZnPcC4 is an excellent singlet oxygen
generator with a UD value of 0.53. Both ZnPcC4 and ZnPcC4–BSA
exhibit efficient sonocytotoxicities against HepG2 human hepato-
carcinoma cells in the presence of ultrasound. By comparison,
ZnPcC4–BSA shows a higher sonodynamic activity with an IC50

value of 7.5 lM. To our knowledge, this is the first report about
serum albumin conjugates of phthalocyanine as novel sonosensi-
tizers. Further development of such serum albumin conjugates
with suitable phthalocyanine may lead us to find a promising
sonosensitizer for sonodynamic therapy of cancer.
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