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ABSTRACT
Purpose Acid-labile nanoparticles are proposed to enhance the
tumor targeting and anti-tumor therapy of hydroxycamptothecin
(HCPT) in response to the acidic microenvironment within cells
and tumor tissues.
Methods HCPTwas entrapped into matrix polymers containing
acid-labile segments and galactose moieties (PGBELA) through an
electrospraying technique. The antitumor activities of HCPT-
loaded nanoparticles were evaluated both on HepG2 cells and
after intravenous injection into H22 tumor-bearing mice.
Results The electrosprayed nanoparticles were obtained with en-
hanced loading efficiency and extended release of HCPTcompared
with other nanoparticle preparation methods. The acid-lability and
targeting capability of PGBELA nanoparticles resulted in a 5 times
higher inhibitory activity after incubation in pH 6.8 media compared
to that of pH 7.4. Animal studies indicated that both the blood
circulation time and tumor distribution of PGBELA nanoparticles
were significantly increased. HCPT/PGBELA nanoparticles indicated
a superior in vivo antitumor activity and fewer side effects than other
treatments on the basis of tumor growth, animal survival rate, tissue
necrosis and cell apoptosis evaluation.
Conclusion Biodegradable PGBELA nanoparticles are capable
of achieving site-specific drug delivery by active targeting and
triggered release by acidic pH both in tumor tissues and after
internalization within tumor cells, thereby providing a novel
strategy for cancer treatment.
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INTRODUCTION

Liver cancer is becoming one of the most harmful diseases
and a significant threat to the public’s health, and there
are about 700,000 new cases per year globally (1). Liver
transplantation or surgical resection has been clinically
used in the treatment of primary liver cancer, but more
than 80% of hepatocellular carcinoma patients are not
eligible for surgical removal because their cancer is too
advanced or easy to spread to another part of the body.
Additional chemotherapy and biologic therapy has not
been shown to improve overall survival for patients,
making new therapeutic strategies an immediate need to
combat liver cancer (2). Historically systemic administra-
tion of chemotherapeutic drugs like hydroxycamptothecin
(HCPT), cisplatin, doxorubicin and 5-fluorouracil shows
good efficacy for cancer treatment, but there are several
limitations associated with cancer chemotherapy. One of
the well-known drawbacks is the lack of selectivity to
cancer cells leading to toxicity to many healthy tissues. There-
fore, the incorporation of therapeutic drugs into nanocarriers,
such as nanoparticles, liposomes, and micelles, has been
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explored to improve the accumulation of chemotherapeutic
agents in tumor sites through the enhanced permeability and
retention (EPR) effect, which results from the abnormalities of
tumor blood and lymphatic vasculature (3). To further
improve the delivery efficiency of the nanocarriers and
efficacy of the drug after traveling into the extravascular
space of the tumor, active targeting strategies have been
achieved through coupling with specific ligands, such as
vitamins, aptamers, lectins, carbohydrates, antibodies
and their fragments. These ligands provide preferential
accumulation of the nanocarriers in tumor tissues and
cancer cells, and the receptor-mediated endocytosis en-
hances the cellular uptake and enrichment in specific
cell organelles (4). The asialoglycoprotein (ASGP) recep-
tors on the hepatocellular carcinoma cell membrane
were able to specifically recognize β-D-galactose, which
has been widely investigated as a target agent to pro-
mote the accumulation in the tissue and enhance the
ligand-mediated cellular uptake and endocytosis (5).

The drug release from above nanocarriers is usually
realized by a passive diffusion both at the target site and
in the bloodstream during drug delivery, which becomes a
major challenge to improve the therapeutic efficacy. It is
optimal to achieve a rapid release upon reaching and
accumulating in tumor tissues and after being taken up
by cancer cells, while a minimal release during circulation
in the bloodstream or in normal tissues. Therefore, the
use of carriers responsive to stimuli, such as pH, temper-
ature, and specific enzymes is another promising targeting
approach (6). Studies on human patients and animal
xenografts revealed that the average pH in the tumor
environment (pHe) is in the range of 6.5 to 7.0 (with an
average of 6.8), compared with normal tissue of 7.4,
which is caused by up-regulated glycolysis and the pro-
duction of lactate and protons in the extracellular micro-
environments (7). There are also pH gradients in the
intracellular endosomal compartments that reach pH
levels of 5.0–6.5 (8). The heterogeneous variations of pH
between normal and tumor tissues and inside cancer cells
have often been targeted for therapeutic strategies in the
area of drug delivery. One of the pH-triggered strategies
entails the use of acid-labile functional groups that are less
stable at tumor pHe. The cleavage of the acid-labile
linkage results in either a decrease in matrix integrity
and release of loaded drug, or an exposure of targeting
ligands (9). Micelles, liposomes, hydrogels, and nano-
particles based on pH-sensitive polymers have been
designed to deliver drugs for treating cancer using pHe
as a stimulus (10). Duan et al. prepared chitosan-graft-
poly(N-isopropylacrylamide) nanogels with the loading of
oridonin, which displayed pH-dependent release behaviors
and higher cytotoxicity at pH 6.5 than at pH 7.4 to
HepG2 cells (11).

Nanoparticles are rapidly evolving as interesting and effective
nanocarriers in cancer chemotherapy. Numerous methods exist
for producing drug-loaded nanoparticles, such as solvent evap-
oration from single or double emulsions, nanoprecipitation,
and spray drying. However, some inevitable limitations are
associated with these methods. For example, emulsification
methods usually result in a broad particle size distribution, low
drug loading efficiency, low particle collection efficiency, and
tedious separation procedures of nanoparticles. In addition,
non-degradable additives such as surfactants and polymer
stabilizers are often required as emulsifiers (12). Lee et al.
indicated that the residual poly(vinyl glycol) around the
obtained nanoparticles obstructed the diffusion of the encap-
sulated drug, and restricted the complete release of the drug
(13). Electrospraying is an emerging technique for the rapid
and high throughput preparation of particles in the nano- to
micro-scale, and has potential advantages in cost and simplic-
ity in the preparation of polymer particles (14). A strong
electric field is applied during electrospraying to break up a
polymer solution containing drugs into a stream of finely
dispersed particles. The direct deposition of particles onto
the collector under the electric field usually leads to high
production efficiency, avoiding high shear forces and residual
surfactant on the nanoparticle surface (15). In addition,
electrospraying techniques can achieve a high loading capac-
ity and uniform drug dispersion in particle matrices with
minimal drug loss (16). Attempts have been made to examine
the process parameters on the characteristics of electrosprayed
nanoparticles, and evaluate preliminarily the efficacy of drug-
loaded nanoparticles. Ding et al. loaded Taxol into
polycaprolactone (PCL) microparticles with diameter of 1
−15 μm at a drug encapsulation efficiency of about 80% using
electrospraying, demonstrating the applicability of themethod
for fabricating drug-carrying particles (17).Wu et al. fabricated
doxorubicin-loaded nanoparticles through electrospraying,
indicating that the morphologies of electrosprayed particles
were greatly influenced by the molecular weight of the matrix
polymers and the concentration of polymer solutions (18).

As a derivative of camptothecin, HCPT possesses much
better antitumor efficacy against various solid tumors. But it
has not been widely used in clinic due to its insolubility in
water and in physiologically acceptable organic solvents. Fur-
ther, the hydrolysis of the lactone ring under physiological
conditions into an open carboxylate form compromises the
anti-tumor activity (19). Up to now many non-pH-responsive
formulations such as chemical conjugation, liposomes, mi-
celles, hydrogels and electrospun fibers have been developed
to improve the therapeutic efficacy and reduce the systemic
cytotoxicity (19). In our previous study, acid-labile segments
containing acetal groups were copolymerized with DL-lactide
by bulk ring-opening polymerization, and galactose was con-
jugated onto above polymers through click chemistry. The
breakdown of acetal linkages at mildly acidic pH resulted in
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the acid lability of the obtained polymers. Acid-labile micro-
spheres with the loading of pDNA polyplexes were obtained
with the size of 2−3 μm by double emulsion solvent evapora-
tion. Higher cellular uptake of microparticles and promoted
transfection efficiency of pDNA were achieved on liver mac-
rophages (20). In the current study, acid-labile nanoparticles
were initially evaluated for the antitumor efficacy, to take
advantage of the acid-lability, full biodegradable backbone
and targeting capabilities of the matrix polymer and the acidic
tumor pHe. HCPT-loaded nanoparticles were prepared by
electrospraying to enhance the particle collection and drug
loading efficiency. The drug release and polymer degradation
profiles were investigated in buffer solutions of different pH
values to reflect the responsiveness in the physiological pH 7.4,
endosomal pH and tumor pHe. The cellular uptake and
cytotoxicity of HCPT-loaded nanoparticles were examined
in vitro on HepG2 cells, and the antitumor activities were
evaluated on hepatic H22 tumor-bearing mice with respect
to the animal survival, tumor growth and cell apoptosis.

MATERIALS AND METHODS

Materials

Galactose grafted poly(benzaldehyde-polyethylene glycol)-
poly(DL-lactide) (PGBELA) was prepared through click re-
action of poly(4-propargyl-benzaldehyde-poly(ethylene gly-
col))-poly(DL-lactide) with 1-O-2-azidoethyl-β-D-glactose
(20). Poly(benzaldehyde-poly(ethylene glycol))-poly(D,L-lactide)
(PBELA) was obtained by copolymerization of DL-Lactide
with poly(benzaldehyde-poly(ethylene glycol)) (21). Poly(ethyl-
ene glycol)-poly(DL-lactide) (PELA) were prepared by bulk
ring-opening polymerization of DL-lactide/poly(ethylene gly-
col) (PEG) using stannous chloride as the initiator (22). Co-
polymers PGBELA, PBELA and PELA indicated weight-
average molecular weight (Mw) of 28.3, 30.6 and 29.3 kDa,
and polydispersity indices (Mw/Mn) of 1.24, 1.21 and 1.31,
respectively. HCPT was purchased from Sichuan Natural
Product Co. (Chengdu, China) and stored at −20°C. All the
electrophoresis reagents, bovine serum albumin (BSA) and
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were procured from Sigma (St. Louis, MO). Protein
molecular weight marker and RIPA lysis buffer were from
Beyotime Institute of Biotechnology (Shanghai, China). Rab-
bit anti-human procaspase-3 antibody was purchased from
Abcam Inc. (Cambridge, MA), and rabbit anti-mouse
caspase-3 antibody, goat anti-rabbit IgG−horseradish perox-
idase (HRP) and 3,3-diaminobenzidine (DAB) developer were
purchased fromBiosynthesis Biotechnology Co., Ltd. (Beijing,
China). All other chemicals and solvents were of reagent grade
or better, and purchased from Changzheng Reagents Co.
(Chengdu, China) unless otherwise indicated.

Preparation of Drug-Loaded Nanoparticles
by Electrospraying

HCPT-loaded PGBELA nanoparticles (HCPT/PGBELA)
were prepared by electrospraying as described previously
with some modifications (18). Briefly, HCPT was dissolved
in dimethyl sulphoxide (DMSO) at 10.0 mg/ml, and
PGBELA was dissolved in dimethyl formamide (DMF) at
50.0 mg/ml. The blend of polymer and HCPT solutions
(15/1, v/v) was placed into a 5-ml syringe and was continu-
ously pushed by a microinject pump (Zhejiang University
Medical Instrument Co., Hangzhou, China) at a flow rate of
3.0 ml/h. A high-voltage power supply (Tianjing High Volt-
age Power Supply Co., Tianjing, China) was used to gener-
ate a 20 kV potential difference, and a spraying distance of
10 cm was set between the syringe nozzle with the size of
0.55 mm and the grounded copper foil, which was immersed
in the collecting solution (20 ml) of water and ethanol (1/1,
v/v). A stable electrospray was produced from a Taylor
cone, and the nanoparticles were collected by centrifugation
and stored away from light at 4°C after lyophilization.
HCPT/PBELA and HCPT/PELA nanoparticles were pre-
pared following the same procedures, and blank PELA,
PBELA and PGBELA nanoparticles were prepared without
the addition of HCPT.

Characterization of HCPT-Loaded Nanoparticles

Scanning electron microscopy (SEM, FEI Quanta200, The
Netherlands) and transmission electron microscopy (TEM,
Hitachi H-600-4, Japan) were used to observe the morphol-
ogies of the nanoparticles obtained. The particle size and
zeta potential of nanoparticles were measured by a Nano-ZS
laser particle analyzer (Zetasizer Nano ZS, Malvern Co.,
UK). The HCPT entrapment in nanoparticles were deter-
mined with a fluorescence microscope (Leica DMR HCS,
Germany), which was operated with a Cy2 filter with the
excitation wavelengths of 340−400 nm and emission wave-
lengths of 450−600 nm. The loading amount and encapsu-
lation efficiency of HCPT were quantified by a
fluorospectrophotometer (Hitachi F-7000, Japan) with the
excitation wavelength of 380 nm and the emission wave-
length of 550 nm after being extracted from nanoparticles
as described previously (23).

In Vitro Drug Release and Matrix Degradation
of HCPT-Loaded Nanoparticles

The acid-lability was determined from HCPT release and
matrix degradation after incubating HCPT-loaded
PGBELA, PBELA and PELA nanoparticles in phosphate
buffer saline (PBS) of pH 7.4, 6.8 and 6.0 (23). Briefly,
nanoparticles with the loading of around 120 μg HCPT
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were immersed in buffer solutions, which were maintained in
a shaking water bath at 37°C and 120 cycles/min. At
predetermined time intervals the release media and
nanoparticles were separated from the well dispersed nano-
particle suspensions by centrifugation. Small aliquots of re-
lease media were retrieved, and the amount of HCPT re-
lease was measured with a fluorospectrophotometer as men-
tioned above. In separate experimental groups the recovered
nanoparticles were vacuum dried, and the mass loss was
determined gravimetrically by comparing with the initial
weight. The molecular weight of the recovered nanoparticles
was determined by gel permeation chromatography (GPC,
Waters 2695 and 2414, Milford, MA) using polystyrene as
the standard.

Cytotoxicity of HCPT-Loaded Nanoparticles

The inhibition of cell growth was determined on HepG2
cells (American Type Culture Collection, Rockville, MD)
after exposure to HCPT-loaded nanoparticles at pH 7.4
and 6.8. Briefly, HepG2 cells were cultured in pH 7.4 RPMI
1640 (Gibco BRL, Rockville, MD) containing 10% fetal
bovine serum (FBS, Gibco Invitrogen, Grand Island, NY).
The pH of the culture medium was adjusted to pH 6.8 with
0.1 M HCl, and no considerable pH drift in the culture
medium was observed during the cytotoxicity tests. The cells
were seeded at a density of 5000 cells/well in 96-well tissue
culture plates (TCP), and allowed to attach and grow in wells
for 24 h before drug treatment. Free HCPT and HCPT-
loaded nanoparticles that released an equivalent amount of
HCPT during 72 h (determined from in vitro release data)
were applied (23), and the cell proliferation without drug
treatment was set as the control. After incubation for 72 h the
cell viability was determined by the MTT assay as described
previously (20).

A procaspase-3 western blot was processed to investi-
gate the cell apoptosis induced by HCPT-loaded
nanoparticles. Briefly, HepG2 cells at a density of 5 ×
105 per well were cultured in pH 6.8 and 7.4 media in 6-
well TCP for 24 h. Cells were treated with free HCPT,
empty and HCPT-loaded PGBELA, PBELA and PELA
nanoparticles as above for 72 h, using untreated cells as
the control. HepG2 cells were then incubated with RIPA
lysis buffer, and the total proteins of the cell lysate were
determined by BCA protein assay kit (Pierce, Rockford,
IL). The proteins were separated by polyacrylamide gel
electrophoresis and transferred to a poly(vinylidene fluo-
ride) membrane (Immobilon-P, Millipore). The membrane
was blocked with BSA, followed by incubation with
procaspase-3 antibody at 4°C overnight. After incubation
with secondary HRP-conjugated antibody for 1 h, the
membrane was visualized with a DAB developer. Expres-
sion of β-actin was used as protein loading control.

Cellular Uptake of HCPT-Loaded Nanoparticles

The cellular uptake of nanoparticles was determined as
described elsewhere with some modifications (24). Briefly,
HepG2 cells were grown for 24 h on coverslips in a 24-well
TCP, and then incubated with HCPT-loaded PGBELA,
PBELA and PELA nanoparticles at a concentration of 4
μg/ml. In another experimental group galactose aqueous
solution was added into the media prior to the addition of
HCPT/PGBELA nanoparticles. After 4 h incubation, cells
were fixed using 4% paraformaldehyde, and photographed
using a confocal laser scanning microscope (CLSM, Leica
TCS SP2, Germany). Cells were lysed by 50 μl 0.5% Triton
X-100 for 2 h at 4°C, and the fluorescence intensity of the
cell lysate was measured as above. The cellular uptake effi-
ciency was obtained by comparing with the fluorescence
intensity of the nanoparticles added.

Treatment of Tumor-Bearing Animals
with HCPT-Loaded Nanoparticles

All animal procedures were approved by the University
Animal Care and Use Committee. The tumors were
established on Kunming mice (weighing 18–22 g, aged 6–
8 weeks, Sichuan Dashuo Biotech Inc., Chengdu, China) by
subcutaneous injection of mouse hepatoma H22 cells as
described previously (23). The tumors were allowed to grow
for around 10 days to reach the size of around 450 mm3.
Animals were treated by intravenous administration of free
HCPT, HCPT-loaded PGBELA, PBELA and PELA
nanoparticles with HCPT dose of 4.0 mg/kg body weight,
using empty PGBELA, PBELA and PELA nanoparticles and
saline as control. Nanoparticles were suspended in saline,
while free HCPT was dissolved in PBS containing DMSO
(5%, v/v), and each animal was administrated about 0.2 ml
through the tail vein.

HCPT Biodistribution in Tumor-Bearing Mice

HCPT-loaded nanoparticles and free HCPT were adminis-
tered into animals, and the HCPT distribution in different
tissues was evaluated as described previously (24). Briefly, at
predetermined time intervals (0.5, 4, 12, 24 and 48 h), blood
were collected to get plasma samples, and the animals were
sacrificed to retrieve heart, liver, spleen, lung, kidney and
tumor tissues, which were homogenized with saline and
acidified to pH 3.0 with acetic acid. HCPT was extracted
from the plasma and tissue homogenates by incubation with
a mixture of acetonitrile and methanol (1/1, v/v) to precip-
itate proteins. The fluorescence intensity of HCPT in the
extract was measured with a fluorospectrophotometer, and
calibrated by the extract efficiency. The calibration for each
tissue were established separately, which was obtained by the
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addition of known amounts of free HCPT to the plasma or
homogenate of tissues from untreated animals.

Anti-Tumor Efficacy of HCPT-Loaded Nanoparticles

The day when treatments started was defined as day 0, and
each group had 8 animals. The body weights, tumor volumes
and survival rate of animals were monitored every other day
after treatment. The length of the major axis (longest diam-
eter) and minor axis (perpendicular to the major axis) of the
tumor were measured with a vernier caliper, and the tumor
volume was calculated as described previously (23). The
number of live animals at each time point was plotted in
KaplanMeier survival curves, and a 50%mean survival time
was obtained for comparison of treatment efficacy. At day 20
after treatment, one animal from each group were randomly
chosen and euthanized to retrieve tumors. The excised tu-
mors were washed by saline, dried with filter paper, weighed
and photographed before fixation in 10% neutral buffered
formalin. Hematoxylin and eosin (HE) staining was
performed routinely on tissue sections, and observed with a
light microscope (Nikon Eclipse E400, Japan). Immunohis-
tochemical (IHC) staining of caspase-3 expression was
conducted to investigate the apoptosis of tumor cells as
described previously (23). The expression levels of caspase-
3 were compared by counting the apoptotic cells/100 cells of
five tissue sections.

Statistics Analysis

The statistical significance of the data obtained was analyzed
by the Student’s t-test. Data are expressed as mean ± stan-
dard deviation (S.D.). Probability values of p<0.05 were
interpreted as denoting statistical significance.

RESULTS AND DISCUSSION

Characterization of Electrosprayed HCPT-Loaded
Nanoparticles

Figure 1a and b show the typical SEM and TEMmorphologies
of HCPT-loaded PGBELA nanoparticles, indicating a distinct
spherical shape and smooth surface with an average size of
around 200 nm. As shown in Fig. 1c, all the nanoparticles
emitted blue fluorescent light, suggesting the presence ofHCPT
in nanoparticles. During the electrospraying process, others
have commonly used a grounded steel plate or aluminum-foil
to collect electrosprayed particles (25). In the current study, to
achieve a better separation from nonencapsulated HCPT, a
grounded copper foil immersed in water and ethanol (1/1, v/v)
was used to collect electrosprayed nanoparticles. In addition, to
determine the acid lability and targeting capabilities of

nanoparticles from different matrix polymers, the particle size
and drug loading amount of HCPT-loaded PELA, PBELA
and PGBELA nanoparticles were designed to be very similar.
Therefore, an orthogonal experimental design was applied to
quantitatively evaluate and statistically analyze the effects of
solution properties and processing parameters on the nanopar-
ticle properties, which is provided in the Supplementary
Material.

Table I summarizes the particle size, zeta potential and
HCPT loading amount of the nanoparticles obtained. There
was no significant difference among any of the parameters
(p>0.05). The obtained nanoparticles had diameters of 200
−300 nm, ensuring efficient cellular uptake (26). It should be
noted that the average size of nanoparticles dispersed in
water measured by laser diffraction was slightly larger than
those of dried nanoparticles observed by SEM and TEM.
Electrostatic charges were created on nanoparticles during
electrospraying to ensure a good dispersion (27), and the zeta
potentials of around −20 mV could prevent the aggregation
of nanoparticles in buffer solutions by the strong repellent
forces among particles (28). Derakhshandeh et al. encap-
sulated 9-nitrocamptothecin into poly(DL-lactide-co-
glycolide) (PLGA) nanoparticles with a size of around
210 nm by nanoprecipitation, indicating an optimal load-
ing efficiency of about 33% (29), which was significantly
lower than those of electrosprayed nanoparticles (Table I).
The electrosprayed liquid droplets were rapidly solidified
into nanoparticles while traveling to the collector, resulting
in high drug loading efficiency. In addition, during the
solvent evaporation from emulsion and nanoprecipitation
processes, the leakage of hydrophilic drugs into the dis-
persion phase led to low drug loadings into nanoparticles
obtained (30). Therefore, electrospraying should offer mo-
re advantages in the loading of hydrophilic compounds
into nanoparticles to promote the encapsulation efficiency.

In Vitro HCPT Release from Electrosprayed
Nanoparticles

The HCPT release behaviors from PGBELA, PBELA and
PELA nanoparticles were investigated under a simulated
physiological condition of pH 7.4 and in acidic buffers of
pH 6.0 and 6.8, representing the endosomal pH and tumor
pHe, respectively (31). Figure 2 shows the in vitro release
profiles of HCPT-loaded nanoparticles under these different
pH conditions. HCPT-loaded PELA nanoparticles showed
similar release behaviors in buffers of pH 7.4, 6.8 and 6.0,
indicating around 23% of burst release during 24 h incuba-
tion. The amount of sustained release was quite low during
the following incubation, at around 34%, 38% and 40%
after 24 days of incubation in pH 7.4, 6.8 and 6.0 buffers,
respectively (Fig. 2a). As shown in Fig. 2b and c, there was
40.2 ± 1.8% and 43.2 ± 2.0% of HCPT release from
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PBELA and PGBELA nanoparticles after incubation in
pH 7.4 for 24 days, which was close to that from
HCPT/PELA nanoparticles. However, over 90% of HCPT
release from PBELA and PGBELA nanoparticles was found
after incubation for 24 days in pH 6.8 and 6.0. In addition,
after incubation for 24 h in pH 6.8, HCPT/PGBELA
showed an initial burst release of 48.8 ± 2.3% (Fig. 2c),
which was significantly higher than 38.8 ± 1.6% of
HCPT/PBELA nanoparticles (Fig. 2b).

HCPT-loaded polymer nanoparticles or liposomes always
exhibit a significant burst release during the initial incuba-
tion, and it is one of the challenges to maintain the drug
concentration within a therapeutic window during a suffi-
cient exposure time. Miura et al. loaded camptothecin into
methoxyl poly(ethylene glycol)–poly(DL-lactide) nano-
particles with a size of around 250 nm using conventional
emulsification–evaporation method, indicating that more
than 90% of the loaded drug was released in 24 h (32). Even
PCL nanoparticles, which were considered to be slowly
degrading and hydrophobic delivery materials, released al-
most 100% of the loaded camptothecin after 72 h (33). The
sustained and slower release of electrosprayed nanoparticles
may be attributed to the fact that the drug was uniformly
dispersed within the polymeric matrix (16). In addition,
acidic pH is a common characteristic of human tumors,
and the increased acidity may be in fact essential in the
progression of tumor growth and metastasis formation (34).
As shown in Fig. 2, HCPT-loaded PGBELA and PBELA
nanoparticles indicated larger initial burst release and higher
sustained release rate in acidic buffers than those in neutral
buffers. The acid-lability provided the targeted release of
HCPT in response to the tumor stages of development,

which was beneficial to enhance the bioavailability of
antitumor agents in tumors while minimizing the exposure
to normal tissues.

In Vitro Degradation of HCPT-Loaded Nanoparticles

The degradation behavior of HCPT-loaded nanoparticles
was evaluated with respect to the mass loss, molecular weight
change and molecular weight polydispersity of the matrix
polymers. As shown in Fig. 3a, about 7−11% of mass loss was
found for PELA particles after incubation for 24 days in
buffer solutions of pH 7.4, 6.8 and 6.0, respectively, and
there were no significant difference among them (p>0.05).
However, about 20.9% and 23.5% of mass loss were detect-
ed for HCPT-loaded PBELA and PGBELA particles, re-
spectively, after incubation for 24 days in pH 6.8. The mass
loss became more significant in pH 6.0, at 25.0% and 26.7%
for HCPT-loaded PBELA and PGBELA nanoparticles, re-
spectively. Figure 3b shows the molecular weight reduction
of matrix polymers of nanoparticles. PELA nanoparticles
indicated about 10% of molecular weight loss in these buffer
solutions, and similar results were found for HCPT-loaded
PBELA and PGBELA nanoparticles after incubation in
pH 7.4. However, the incubation of HCPT-loaded PBELA
and PGBELA nanoparticles in acidic buffers led to signifi-
cantly higher molecular weight reduction than that of
HCPT/PELA nanoparticles. PBELA nanoparticles indicat-
ed around 21.7% and 26.3% of molecular weight loss after
incubation for 24 days in pH 6.8 and 6.0, respectively. The
molecular weight loss of HCPT/PGBELA nanoparticles was
around 24.5% and 29.0% after incubation in pH 6.8 and
6.0, respectively. A previous study indicated that the

Fig. 1 (a) SEM, (b) TEM and (c) fluorescence microscope images of HCPT/PGBELA nanoparticles. Bars represent 500 nm.

Table I Characterization of Electrosprayed HCPT-Loaded Nanoparticles

Nanoparticles Particle size (nm) Particle collection efficiency (%) Zeta-potential (mV) Loading amount (%) Loading efficiency (%)

HCPT/PELA 258±25 74.9±7.8 −24.1±1.9 1.03±0.02 78.7±4.4

HCPT/PBELA 235±23 78.3±6.4 −20.4±1.3 1.05±0.05 80.5±4.5

HCPT/PGBELA 229±25 74.3±4.8 −17.6±1.2 1.15±0.07 83.6±5.8
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degradation of PGBELA under acidic buffers initially oc-
curred on acetal linkages of triblock copolymers, followed by
the removal of galactose grafts and breakdown of polylactide
segments (20). Figure 3c shows the increase in the molecular
weight polydispersity for HCPT-loaded nanoparticles. The
molecular weight polydispersity of HCPT/PGBELA
nanoparticles increased from 1.40 to 1.62 after incubation
in pH 6.8, and to 1.67 after incubation in pH 6.0 for 24 days.

As indicated above, the incubation of HCPT-loaded
nanoparticles in pH 7.4 showed similar degradation behav-
iors, but PBELA and PGBELA nanoparticles showed a
higher degradation rate under acidic conditions, indicating
excellent acid-lability. In addition, PGBELA nanoparticles
showed higher degradation rate than PBELA, due to the
hydrophilic galactose grafts of PGBELA. The enhanced
matrix degradation was responsible for the larger initial

burst release and higher release rate of HCPT-loaded
PGBELA nanoparticles after incubation in acidic buffers
compared to PBELA nanoparticles (Fig. 2).

In Vitro Cellular Uptake of HCPT-Loaded
Nanoparticles

HepG2 cells with the expression of ASGP receptor were
used to evaluate the cellular uptake treated with different
HCPT-loaded nanoparticles. As shown in Fig. 4a, there was
no significant difference between HCPT/PELA and
HCPT/PBELA nanoparticles with the uptake efficiency of
around 32% (p>0.05). Significantly higher cellular uptake
efficiency of over 50% was detected for HCPT/PGBELA
nanoparticles after incubation with HepG2 cells (p<0.05),
which may be mediated by galactose grafts through the
ASGP receptor-mediated endocytosis. In order to confirm
this observation, free galactose was added to the cell suspen-
sion 30 min prior to the addition of nanoparticles. As shown
in Fig. 4a, the uptake efficiency of HCPT/PGBELA
nanoparticles into HepG2 cells was significantly decreased
to around 32%. Figure 4b shows the CLSM images of
cellular uptake of HCPT/PGBELA nanoparticles, which
appeared to be taken up by endocytosis and localized in
cytoplasm as evident by the distribution of blue fluorescence.
The decrease in the fluorescent intensity after the addition of
free galactose reflected the competitive binding of free ga-
lactose and galactose decorated nanoparticles with HepG2
cells. Therefore, HCPT/PGBELA nanoparticles can take
advantage of their passive targeting, due to the acid sensitiv-
ity to tumor environment, and active targeting, due to
receptor-mediated endocytosis, to improve the target thera-
py of liver cancer.

In Vitro Cytotoxicity of HCPT-Loaded Nanoparticles

In the current study, the in vitro cytotoxicity of HCPT-loaded
nanoparticles on HepG2 cells was tested at both pH 6.8 and
7.4. The cell survival rates were over 92% after incubation
with empty PGBELA, PBELA and PELA nanoparticles of
up to 1.0 mg/ml. Figure 5a summarizes the cell viability
incubated with HCPT-loaded nanoparticles during 72 h,
and the half maximal inhibitory concentration (IC50) was
determined to show the effectiveness to inhibit the growth of
tumor cells. The IC50 of free HCPT was 1.43 and 1.23
μg/ml when incubated with media of pH 7.4 and 6.8,
respectively. But the IC50s of HCPT/PELA nanoparticles
when incubated in pH 7.4 and 6.8 media were 0.798 and
0.595 μg/ml, respectively, which were about 2-fold lower
than those of free HCPT. The encapsulation into
nanoparticles was supposed to protect the structural integrity
of HCPT (35), resulting in the increased cytotoxicity at both
pH 7.4 and 6.8 compared with free drug. As shown in Fig. 5a,

Fig. 2 Percent release of HCPT from (a) PELA, (b) PBELA and (c)
PGBELA nanoparticles after incubation in buffer solutions of 7.4 (black
square), 6.8 (white circle) and 6.0 (white triangle) at 37°C (n=3).
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the IC50s of HCPT/PBELA nanoparticles were 0.587 and
0.204 μg/ml, and those of HCPT/PGBELA nanoparticles
was 0.407 and 0.083 μg/ml when incubated in pH 7.4 and
6.8 media, respectively, indicating 3−5 fold lower IC50s
after incubation in pH 6.8 than those in pH 7.4 media.
Considering that an equivalent amount of HCPT was dosed
in the cell viability tests for each nanoparticle formulation,
the pronounced cytotoxicity of acid-labile nanoparticles re-
lied on the drug release profiles. This may be partially
attributed to the accelerated release of HCPT triggered by
low pH both in culture media and endosome after internaliza-
tion within cells. Furthermore, HCPT/PGBELA nanoparticles
indicated over 2-fold lower IC50 against HepG2 cells than
HCPT/PBELA during 72 h incubation in pH 6.8 media. It
should be attributed to the significantly higher uptake efficiency
of PGBELA nanoparticles into cells (Fig. 4) and slightly higher
release rate of HCPT from PGBELA nanoparticles in acidic
solutions (Fig. 2).

It has been reported that the caspase activation is an impor-
tant step to induce apoptosis in human hepatoma tumor cells
by camptothecin treatment (36). Western blot of procaspase-3,
the proform of active caspase-3 in HepG2 cells was used to
examine the capability to induce apoptosis by HCPT-loaded

nanoparticles (37). As shown in Fig. 5b, compared to empty
nanoparticles and control group, HCPT-loaded nano-
particles and free HCPT resulted in decreases in the
procaspase-3 levels of cells when incubated in pH 7.4 media.
Moreover, when incubated under pH 6.8, HCPT/PGBELA
nanoparticles showed the strongest apoptosis induction capa-
bilities by prominent decrease of procaspase-3 among the
experimental groups.

Biodistribution of HCPT in Tumor-Bearing Mice

An optimal distribution of anticancer agents in vivo is essential to
improve the drug efficacy and, at the same time, to reduce side
effects. Figure 6 summarizes the distribution of HCPT inmajor
tissues for 48 h after intravenous injection of either free HCPT
or HCPT-loaded nanoparticles into H22 tumor-bearing mice.
As shown in Fig. 6a, HCPT accumulation in tumors reached a
higher level after 12 h injection of HCPT/PGBELA nanopar-
ticle than after injection of HCPT/PBELA, HCPT/PELA
nanoparticles or free HCPT (38). At 48 h after injection,
HCPT/PGBELA nanoparticles showed 2.4, 2.7 and 6.4 times
higher accumulation in tumors compared to HCPT/PBELA,
HCPT/PELA nanoparticles and free HCPT, respectively.

Fig. 3 (a) The mass remaining, (b) molecular weight remaining, and (c) molecular weight polydispersity increase of HCPT-loaded PGBELA, PBELA and
PELA nanoparticles after incubation in buffer solutions of pH 7.4 (black square), 6.8 (white circle) and 6.0 (white triangle) at 37°C (n=3).
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This can be attributed to the receptor-mediated targeting
(Fig. 4), and the accelerated release of HCPT from PGBELA

nanoparticles in response to the acidic environment of solid
tumors. As shown in Fig. 6b, HCPT concentrations in plasma

Fig. 4 (a) The uptake efficiency of
HepG2 cells after incubation for
4 h with HCPT/PELA, HCPT/
PBELA and HCPT/PGBELA
nanoparticles. To test the galactose
mediated targeting, 0.08 mol/l
galactose solution was added to
the cell suspension 30 min prior to
the addition of HCPT/PGBELA
nanoparticles (n=5). (b) CLSM
images of HepG2 cells after
incubation with HCPT/PGBELA
nanoparticles with or without the
addition of galactose solution. Bars
represent 20 μm.

Fig. 5 (a) In vitro cytotoxicity to
HepG2 cells (normalized to cells
without treatment) after incubation
in media of pH 7.4 and 6.8 and
treated by free HCPT (white circle),
HCPT-loaded PELA (black circle),
PBELA (black triangle) and PGBELA
nanoparticles (black down pointing
triangle) (n=5). (b) Western blot
of procaspase-3 extracted from
HepG2 cells after incubation in
media of pH 7.4 and 6.8 and
treated by free HCPT, HCPT-
loaded PELA, PBELA and PGBELA
nanoparticles, and empty PELA,
PBELA and PGBELA nanoparticles,
using untreated cells as control.
Total proteins were prepared from
cell lysate, and β-actin was used as
protein loading control.
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decreased with time for both HCPT-loaded nanoparticles and
freeHCPT, andwas detectable only during the first 12 h for free
HCPT. At 24 h after injection, HCPT concentrations in plasma
were 16.5, 6.49 and 4.36 ng/ml for HCPT-loaded PGBELA,
PBELA and PELA nanoparticles, respectively. The prolonged
retention period of HCPT levels in blood for nanoparticle
samples was partly due to the constant release of HCPT from
nanoparticles and the long circulation of nanoparticles (35). As
shown in Fig. 6b, compared with HCPT-loaded PBELA and
PELA nanoparticles, HCPT/PGBELA nanoparticles had an
extended retention time in systemic circulation, due to the
presence of hydrophilic galactose grafts on the nanoparticle
surface (39). This was crucial to promote a site-specific
delivery of HCPT/PGBELA nanoparticles into tumors me-
diated by galactose targeting groups. Thus the increased
residence of HCPT/PGBELA nanoparticles in systemic cir-
culation resulted in the remarkable increase in HCPT levels
in tumors at 48 h after injection (Fig. 6a). Figure 6c shows
the distribution of HCPT in heart, liver, spleen, lung and
kidney, indicating higher accumulation of HCPT-loaded
nanoparticles in these tissues compared to free HCPT.
The colloid nature and a relative large diameter of around
230 nm of HCPT-loaded nanoparticles enhanced the uptake

efficiency by reticuloendothelial system (RES) organs such as
the liver and spleen (40). As shown in Fig. 6c, a high HCPT
concentration accumulated in the livers of mice treated with
HCPT/PGBELA nanoparticles, which was a result of their
ability to target ASGP receptors on the membranes of hepa-
tocytes and liver macrophages. Additionally, the HCPT con-
centration in the lung was found to be several times higher for
the nanoparticles than free HCPT, due to the filtration effect
of the lung capillary bed (41).

In Vivo Antitumor Efficacy

The antitumor efficacy of HCPT-loaded nanoparticles was
evaluated with respect to the inhibition of tumor growth and
development, and the survival rate of animals. Figure 7a
summarizes the tumor growth curves after treatment with
HCPT-loaded nanoparticles, empty nanoparticles, free
HCPT and saline as the control. The subcutaneous tumors
grew rapidly, and the tumor volume indicated an over 9-fold
increase after 20 days in the saline group. There was no
significant difference in the tumor volumes of mice treated
with empty PELA, PBELA and PGBELA nanoparticles
(p>0.05). The tumor volume reached about 3650 mm3 after

Fig. 6 (a) HCPTconcentrations in
tumor and plasma, and (b) HCPT
concentrations in heart, liver, lung,
spleen and kidney of H22 tumor-
bearing mice after treatment with
HCPT-loaded PGBELA, PBELA
and PELA nanoparticles, and free
HCPT.
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20 days of treatment, which was slightly smaller than the
saline group, indicating no significant effect of empty
nanoparticles and their degradable products on the tumor
growth. The mean tumor volumes after 20 days of treatment
with free HCPT, HCPT/PELA, HCPT/PBELA and
HCPT/PGBELA nanoparticles were 3105, 2790, 2470 and
1743 mm3, which was a 590%, 520%, 450% and 280% in-
crease over the size before treatment, respectively. As shown in
Fig. 7a, the increase in the tumor volume of mice treated with
free HCPT for 12 days became accelerated compared with
HCPT/PELA nanoparticles. The continuous inhibition of tu-
mor growth in the nanoparticle groups was due to the sustained
release of HCPT from nanoparticles and the retention of struc-
tural integrity of HCPT released from nanoparticles (35). The
rapid tumor growth led to an increased acidity in the solid
tumors, which enhanced the degradation of acid-labile PBELA
and PGBELA nanoparticles (Fig. 3) and promoted the drug
release (Fig. 2), leading to the significant inhibition of tumor
growth compared with those of HCPT/PELA nanoparticles
(p<0.05). The tumor growth was significantly inhibited after
treatment with HCPT/PGBELA nanoparticles during the ob-
servation period compared with that of HCPT/PBELA
nanoparticles. This was also in accordance with the increased
accumulation of HCPT in the tumor (Fig. 6), enhanced cellular
uptake (Fig. 4) and triggered drug release in response to the low
pH environment in tumor tissues and intracellular compartment
(Fig. 2). As shown in Fig. 7b, the tumor weight at the time of
euthanasia showed the same trend. The animals treated with
HCPT/PGBELA nanoparticles had the lowest tumor weight
among all the treatment groups, demonstrating the greatest
inhibitory effect on tumor growth.

The burden of tumor growth and systemic toxicity deter-
mined the survival period of animals. Figure 7c summarizes
the survival rates of tumor-bearing mice from different treat-
ment groups. HCPT/PGBELA nanoparticles extended sur-
vival of mice compared to other groups (p<0.05), and the
50%mean survival time was 20 days, which was resulted from
the lower burden of tumor growth. The large tumor size after
treatment with empty nanoparticles and the high systemic
toxicity of free HCPT resulted in the 50% mean survival time
of 13−14 days. The gradual release of HCPT from PELA and
PBELA nanoparticles resulted in longer survival rates with the
50% mean survival time of 16−17 days.

Histological and IHC Evaluations of Tumors Retrieved

In order to clarify the antitumor efficacy of HCPT-loaded
nanoparticles, tumor tissues were retrieved after 20 days of
treatment for histological and IHC evaluations. Necrosis
within tumors represents a significant prognostic factor of
tumor volume after chemotherapy and the survival of pa-
tients (42). As shown in the representative HE staining im-
ages (Fig. 8a), a large amount of living cells (blue area) were

Fig. 7 (a) Tumor volume, (b) tumor weight on day 20 (numbers indicate
the tumor weight, bars represent 5 mm), and (c) survival curve of H22
tumor-bearing mice after treatment with HCPT-loaded PGBELA (black
square), PBELA (black triangle) and PELA nanoparticles (black circle), free
HCPT (black diamond), empty PGBELA (white square), PBELA (white trian-
gle) and PELA nanoparticles (white circle), and saline (white diamond) as the
control. *: p<0.05.
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Fig. 8 (a) Typical HE staining images, (b) IHC staining images of capase-3, and (c) percentage of apoptotic cells in tumors retrieved on day 20 after treatment
with HCPT-loaded PGBELA, PBELA and PELA nanoparticles, free HCPT, empty PGBELA, PBELA and PELA nanoparticles, and saline as the control. N
represents necrotic area. *: p<0.05. Bars represent 20 μm.
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present in tumors and showed obvious nucleolus cleavage and
high extent of malignancy after treatment with empty
nanoparticles. Necrotic region (pink area) can be obviously seen
in tumors after treatment with HCPT-loaded nanoparticles
and free HCPT. As shown in Fig. 8a, the necrotic area in the
tumor after treatment with HCPT/PGBELA nanoparticles
was larger than other groups, indicating the effectiveness of
nanoparticle accumulation within tumor tissues and sustained
release of HCPT from PGBELA nanoparticles within the
acidic environment of solid tumors.

The caspase family has been found to play a crucial role in
the execution of apoptosis, in which caspase-3 plays a central
role (43). As shown in the IHC staining profiles (Fig. 8b), the
caspase-3 expressions were stronger in tumors after treated
with HCPT-loaded nanoparticles and free HCPT than those
of empty nanoparticles and control. Figure 8c summarizes
the percent of apoptotic cells in tumors of different treatment
groups. HCPT-loaded nanoparticles induced a significantly
higher amount of apoptotic cells than free HCPT (p<0.05),
due to the local and gradual delivery of HCPT into tumors.
The enhanced release of HCPT from PBELA and PGBELA
nanoparticles in response to the acidic tumor environment
led to more apoptotic cells compared with HCPT/PELA
nanoparticles (p<0.05). The preferred accumulation and
uptake of HCPT/PGBELA nanoparticles into tumor cells
induced the most significant apoptosis among the treatment
groups, indicating the potential of acid-labile nanoparticles
containing targeting moieties to improve the efficacy of
antitumor treatment.

CONCLUSIONS

HCPT-loaded acid-liable nanoparticles were obtained
through electrospraying with an average diameter of
230 nm. The electrosprayed nanoparticles indicated en-
hanced drug loading efficiency and extended release of
HCPT compared with other nanoparticle preparation
methods. The promoted uptake of PGBELA nanoparticle
into HepG2 cells and accumulation into tumors of H22
tumor-bearing mice indicated the targeting capability of ga-
lactose moieties. Both the acid-lability and targeting capability
of PGBELA nanoparticles resulted in a 5 times lower IC50
after incubation in pH 6.8 media than that of pH 7.4. The
tumor growth, tissue necrosis, cell apoptosis and animal sur-
vival rate after intravenous injection of HCPT-loaded
PGBELA nanoparticles indicated a superior in vivo antitumor
activity and fewer side effects than other treatments.
Electrosprayed PGBELA nanoparticles suggest a new strategy
to achieve high chemotherapeutic efficacy through active
targeting to tumor sites and stimuli-responsive drug release
triggered by acidic pH both in tumor tissues and after inter-
nalization within tumor cells.
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