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The therapeutic efficiency of combined chemotherapy and gene therapy on human hepatocellular car-
cinoma HepG2 cells was investigated using double-walled microspheres that consisted of a poly(D,L-
lactic-co-glycolic acid) (PLGA) core surrounded by a poly(L-lactic acid) (PLLA) shell layer and fabricated
via the precision particle fabrication (PPF) technique. Here, double-walled microspheres were used to
deliver doxorubicin (Dox) and/or chitosan-DNA nanoparticles containing the gene encoding the p53
tumor suppressor protein (chi-p53), loaded in the core and shell phases, respectively. Preliminary studies
on chi-DNA nanoparticles were performed to optimize gene transfer to HepG2 cells. The transfection
efficiency of chi-DNA nanoparticles was optimal at an N/P ratio of 7. In comparison to the 25-kDa
branched polyethylenimine (PEI), chitosan showed no inherent toxicity towards the cells. Next, the
therapeutic efficiencies of Dox and/or chi-p53 in microsphere formulations were compared to free
drug(s) and evaluated in terms of growth inhibition, and cellular expression of tumor suppressor p53 and
apoptotic caspase 3 proteins. Overall, the combined Dox and chi-p53 treatment exhibited enhanced
cytotoxicity as compared to either Dox or chi-p53 treatments alone. Moreover, the antiproliferative effect
was more substantial when cells were treated with microspheres than those treated with free drugs.
High p53 expression was maintained during a five-day period, and was largely due to the controlled and
sustained release of the microspheres. Moreover, increased activation of caspase 3 was observed, and
was likely to have been facilitated by high levels of p53 expression. Overall, double-walled microspheres
present a promising dual anticancer delivery system for combined chemotherapy and gene therapy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Aberrations of the p53 pathway are a well-known feature of
many human tumors [1,2]. It is estimated that about 50% of the
human tumors containmutations in the p53 gene, of which 80% are
missense mutations found 97% of the time within the DNA-binding
domain [3]. Recent attempts in correcting malfunctioning p53 gene
through anticancer gene delivery have been reported to sensitize
cancer cells towards anticancer drugs [4e6]. This could potentially
overcome the poor tumor response in many cancer patients when
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cytotoxic drugs are given as the sole form of treatment [7]. In one
study, the simultaneous delivery of p53 gene and doxorubicin using
an oligopeptide amphiphile carrier resulted in a synergistic cyto-
toxic effect towards a human hepatocarcinoma cell line [5]. Simi-
larly, the codelivery of p53 gene and doxorubicin using a cationic b-
cyclodextrinepolyethylenimine carrier promoted the inhibition of
breast tumor growth in vivo and prolonged the survival time of
tumor-bearing mice [6]. Thus, the combination of gene therapy and
chemotherapy may increase the therapeutic efficacy in the treat-
ment of cancer patients.

The development of biodegradable polymeric microspheres for
codelivery of drugs and genes may offer new opportunities in
cancer therapy. Polymeric microspheres could allow predictable
release of drug/gene over time, prolong contact time of drug/gene
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with cancer cells and achieve effective synergies. Here, double-
walled microspheres with a polymer core surrounded by a shell
layer were introduced for combined chemotherapy and gene
therapy. These double-walled microspheres could encapsulate
small molecules and gene carriers in the core or shell phase, and
allow their release in various stages, thereby achieving synergistic
therapeutic effects [8e10].

In our previous work, we reported the production of mono-
disperse double-walled microspheres loaded with doxorubicin
(Dox) and chitosan-p53 (chi-p53) nanoparticles in the poly(D,L-
lactic-co-glycolic acid) (PLGA) core and poly(L-lactic acid) (PLLA)
shell phases, respectively [11]. The microspheres released chi-p53
nanoparticles first, followed by simultaneous release of Dox and
chi-p53 nanoparticles at a near zero-order rate. In this study, the
aim is to evaluate the therapeutic efficiency of these microspheres
in human hepatocellular carcinoma (HCC) HepG2 cells, which ex-
press wild-type p53. First, chi-DNA nanoparticles were character-
ized in terms of their particle size, zeta potential and degree of DNA
condensation as well as transfection efficiency and cytotoxicity in
HepG2 cells. Next, the therapeutic efficiencies of delivering Dox
and/or chi-p53 as free drug or microsphere formulations were
compared and evaluated in terms of growth inhibition, and cellular
expression of tumor suppressor p53 and apoptotic caspase 3 pro-
teins. Growth inhibition was determined by cell viability assay,
while expressions of p53 and caspase 3 were analyzed by enzyme-
linked immunosorbent assay (ELISA) and immunofluorescence
staining of treated cells.

2. Materials and methods

2.1. Materials

Poly(D,L-lactic-co-glycolic acid) (PLGA) copolymer (50:50 lactic acid:glycolic
acid; inherent viscosity (i.v.) ¼ 0.61 dL/g in hexafluoroisopropanol) and poly(L-lactic
acid) (PLLA) (i.v. ¼ 1.05 dL/g in chloroform) were purchased from Lactel Absorbable
Polymers (Pelham, AL). Poly(vinyl alcohol) (PVA) (Mw ¼ 25,000 Da), 88 mol% hy-
drolyzed, was purchased from Polysciences, Inc. (Warrington, PA). Doxorubicin, in
the form of hydrochloride salt with more than 99% purity, was purchased from LC
Laboratories (Woburn, MA). Medium molecular weight chitosan (Mw ¼ 190,000e
310,000 Da) with degree of deacetylation of 75e85% and polyethylenimine (PEI,
branched, Mw ¼ 25,000 Da) were purchased from SigmaeAldrich Corp. (St. Louis,
MO). Plasmid DNA (pCMV-pRL) of 4.1 kb size encoding Renilla luciferase protein
driven by CMV promoter was obtained from Promega Corp. (Madison, WI). Plasmid
DNA (pCMV-p53) of 5.2 kb size encoding tumor suppressor wild-type p53 protein
driven by CMV promoter was obtained from Clontech Laboratories, Inc. (Mountain
View, CA). Plasmid DNA of 2.7 kb size labeled with Cy�3 (pCy3) was obtained from
Mirus Bio LLC (Madison, WI). Dichloromethane (DCM), HFIP, sodium acetate and
sodium sulfate were acquired from SigmaeAldrich Corp. Phosphate-buffered saline
(PBS) with a pH of 7.4 was acquired from Mediatech, Inc. (Manassas, VA).

2.2. Synthesis and characterization of chi-DNA nanoparticles

2.2.1. Preparation of plasmid DNA
The pCMV-pRL and pCMV-p53 plasmid DNA were amplified in Escherichia coli

DH5a cells and purified using the HiSpeed Plasmid Maxi Kit (Qiagen, Inc.; Valencia,
CA). The DNA concentration was quantified by using the Quant-iT PicoGreen dsDNA
Kit (Molecular Probes, Inc.; Eugene, OR).

2.2.2. Preparation of chi-DNA nanoparticles
Chi-DNA nanoparticles were formed according to a previously reported tech-

nique [12]. A chitosan solution in 5 mM sodium acetate buffer, pH 5.5, and a DNA
solution (5 mM sodium sulfate solution, pH 7.0) were preheated to 50e55 �C sepa-
rately. Equal volumes of both solutions were quickly mixed and vortexed for 30 s.
The final volume of themixture in each preparationwas limited to less than 500 ml in
order to yield uniform nanoparticles. Chi-DNA nanoparticles with different N/P ra-
tios were prepared by varying the amount of polymer added to a constant amount of
plasmid DNA.

2.2.3. Particle size of chi-DNA nanoparticles
Particle size measurements of chi-DNA nanoparticles were performed by dy-

namic light scattering (DLS), using a 90Plus particle size analyzer (Brookhaven In-
struments Corp.; Holtsville, NY), at 25 �C with a scattering angle of 90� . The
nanoparticles were diluted in equal volume of 5 mM sodium acetate buffer and 5 mM
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sodium sulfate solution before measurement. Each sample was analyzed in ten
cycles (30 s for each cycle). The datawere expressed as mean and standard deviation
of three replicate samples.

2.2.4. Zeta potential of chi-DNA nanoparticles
Zeta potential measurements of chi-DNA nanoparticles were performed with

dilution in equal volume of 5 mM sodium acetate buffer and 5 mM sodium sulfate
solution, using a Nicomp 380 ZLS (Particle Sizing Systems; Santa Barbara, CA). The
measurements were performed at 25 �C with a scattering angle of 14.7� and electric
field strength of 2.5 V/cm. Each sample was analyzed in five cycles (60 s for each
cycle). The data were expressed as mean and standard deviation of three replicate
samples.

2.2.5. Morphology of chi-DNA nanoparticles
The morphological examination of chi-DNA nanoparticles was performed using

a JEOL 2100 Cryo transmission electron microscope (TEM) (JEOL Ltd.; Tokyo, Japan)
operated at 200 kV to achieve a high image resolution. All images were recorded
digitally using a Gatan UltraScan 2k � 2k CCD (Gatan, Inc.; Warrendale, PA).

2.2.6. Gel retardation assay of chi-DNA nanoparticles
The binding efficiency of chitosan with DNA was determined by agarose gel

electrophoresis. A series of chi-DNA nanoparticles of various N/P ratios, prepared as
described above, were loaded into the wells of a 1% agarose gel in Triseacetatee
EDTA (TAE) buffer. A 1:6 dilution of loading dye was added to each well and elec-
trophoresis was carried out at a constant voltage in TAE buffer. The agarose gel was
later soaked in ethidium bromide solution before visualizing the DNA bands under
an ultraviolet transilluminator. Images were acquired using a gel-doc system (Bio-
Rad Laboratories, Inc.; Hercules, CA).

2.3. Synthesis and characterization of Dox- and/or chi-p53-loaded double-walled
microspheres

2.3.1. Preparation of Dox- and/or chi-p53-loaded double-walled microspheres
Double-walled PLLA(PLGA) microspheres loaded with Dox and/or chi-p53 were

produced from our previous work [11]. Briefly, Dox solution was emulsified in 30%
(w/v) PLGA/DCM at a 2% (Dox/PLGA, w/w) loading, while chi-p53 nanoparticle so-
lution was emulsified in 5% (w/v) PLLA/DCM solution at a 0.04% (DNA/PLLA, w/w)
loading. The emulsified solutions were then passed through a coaxial nozzle of the
precision particle fabrication (PPF) apparatus to produce a jet of core PLGA sur-
rounded by an annular stream containing PLLA, protected by a 0.5% (w/v) PVA carrier
stream, and disrupted into uniform double-walled droplets by an ultrasonic trans-
ducer controlled by a frequency generator. The droplets were collected in 0.5% (w/v)
PVA, stirred continuously for w2 h, filtered, and rinsed with distilled water. The
microspheres were freeze-dried and sterilized using ethylene oxide before per-
forming in vitro cell culture experiments.

2.3.2. Laser scanning confocal microscopy
The intraparticle distributions of Dox and/or chi-pCy3 were examined using a

TCS SP2 laser scanning confocal microscope (Leica Microsystems GmbH; Wetzlar,
Germany). Microspheres were imaged using a 40� oil-immersion objective with
1.25 numerical aperture. Dox was excited with an argon laser at 488 nm, and the
fluorescence emission was collected at 500e545 nm. The pCy3 plasmid DNA was
excited with a heliumeneon laser at 543 nm, and the fluorescence emission was
collected at 545e600 nm. Optical cross-sections were taken at various depths for
each sample in order to determine drug distribution at the centerline of the mi-
crospheres. Images were captured using Leica confocal software.

2.3.3. In vitro drug release
Approximately 150 mg of microspheres was suspended in 5 ml PBS in centrifuge

tubes. The tubes were maintained at 37 �C with shaking at 240 rpm. At selected time
points, the tubes were centrifuged at 10,000 rpm for 10 min before 1 ml of super-
natant was collected and 1 ml of fresh PBS was replaced. The Dox concentration was
measured at excitation and emission wavelengths of 480 and 590 nm, respectively.
The DNA concentration was measured using the Quant-iT PicoGreen dsDNA Kit, at
excitation and emission wavelengths of 480 and 520 nm, respectively, after diges-
tion with chitosanase and lysozyme.

2.4. Cell culture and maintenance

The cell line used was HepG2 cells (ATCC Number: HB-8065�) and was derived
from the liver tissue of a 15 year old Caucasian American male with a well differ-
entiated hepatocellular carcinoma. The cells were cultured in growth medium
consisting of Dulbecco’s modified Eagle’s medium (DMEM) (Gibco; Life Technologies
Corp.; Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (HyClone;
Thermo Fisher Scientific, Inc.; Logan, UT) and 1% penicillinestreptomycin (PAN-
Biotech GmbH; Aidenbach, Germany) in a humidified incubator under the condi-
tions of 37 �C and 5% CO2. After reaching confluence, the cells were prepared by
washingwith PBS and detached from the flaskwith trypsineEDTA (PAA Laboratories
GmbH; Pasching, Austria).
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
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2.5. In vitro gene expression

To determine the efficiency of chitosan to induce gene expression in HepG2 cells,
the Renilla luciferase reporter gene (pCMV-pRL) was used to form chi-pRL nano-
particles at various N/P ratios. Briefly, cells were seeded onto 96-well plates at a
density of 12,000 cells per well, and cultivated in 100 ml of DMEM supplemented
with 10% FBS and 1% penicillinestreptomycin. After 48 h, the culture medium was
replaced with 50 ml of either fresh DMEM without FBS or DMEM with 10% FBS, and
50 ml of nanoparticle solution containing 0.2 mg of pCMV-pRL plasmid DNA added to
each well. Cells transfected with naked DNA were used as a negative control while
cells transfected with PEI-pRL nanoparticles formed at an N/P ratio of 10, the opti-
mum N/P ratio at which PEI induced the highest gene expression in the absence of
FBS, were employed as a positive control. After 6 h of incubation, the cells were
washed once with PBS, replaced with growth medium, and grown for another 42 h.
The gene expression was then determined using a Renilla Luciferase Assay System
(Promega Corp.; Madison,WI). The culturemediumwas removed, and the cells were
washed once with PBS, before 50 ml of lysis buffer was added to each well to lyse the
cells. After 15 min, 20 ml of cell lysate was mixed with 100 ml of luciferase substrate.
The relative light units (RLU) were measured using a luminometer (Lumat LB9507;
Berthold Technologies GmbH & Co. KG; Bad Wildbad, Germany) and normalized to
protein content measured using a Coomassie Plus (Bradford) Protein Assay (Thermo
Fisher Scientific, Inc.; Rockford, IL). The data were expressed as mean and standard
deviation of nine replicates.

2.6. Cytotoxicity of polymeric gene carriers

The cytotoxic effects of chitosan and PEI on HepG2 cells were determined using
a MTT cell viability assay. Briefly, cells were seeded onto 96-well plates at a
density of 12,000 cells per well. After 48 h, the culture medium was replaced with
50 ml of fresh DMEM with 10% FBS and 50 ml of either chitosan or PEI solutions of
various concentrations that correspond to N/P ratios of 1, 3, 5, 7, 10, 13, 15 and 20
(based on 0.2 mg of plasmid DNA) added to each well. For chitosan, the corre-
sponding concentration was 2.4, 7.3, 12.2, 17.1, 24.4, 31.7, 36.6 and 48.8 mg/ml at
each N/P ratio. For PEI, the corresponding concentration was 3.1, 9.4, 15.6, 21.9, 31.3,
40.7, 46.9 and 62.5 mg/ml at each N/P ratio. The untreated cells were used as a
control. After 6 h of incubation, the cells were washed once with PBS, replaced with
growth medium, and grown for another 42 h. The cell viability was then deter-
mined using a CellTiter 96� Non-Radioactive Cell Proliferation Assay (Promega
Corp.; Madison, WI). The culture medium was removed, and the cells were washed
once with PBS. After that, 100 ml of growth medium and 15 ml of dye solution were
added to each well, and the cells were further incubated for 4 h. During the 4 h
incubation, the living cells would convert the tetrazolium component of the dye
solution into a formazan product. Following that, 100 ml of solubilization solution
was added to each well, and the plate was incubated at 37 �C overnight to
completely solubilize the formazan product. The absorbance was measured at
570 nm with a reference wavelength of 650 nm. The cell viability was calculated as
[([Abs570]sample � [Abs650]sample)/([Abs570]control � [Abs650]control)] � 100%. The data
were expressed as mean and standard deviation of nine replicates.

2.7. Delivery of drug and/or gene

2.7.1. Cytotoxicity of Dox and/or chi-p53
To examine the viability of HepG2 cells resulting from short-term exposure to

Dox and/or chi-p53, cells were seeded onto 96-well plates at a density of 12,000 cells
per well and grown for 48 h. For Dox treatment, the cells were treated with 100 ml of
Dox (1, 5 and 10 mg/ml) for 3 h. For chi-p53 treatment, the cells were treated with
100 ml of chi-p53 (N/P ratio of 7; 50 ml of DMEM with 10% FBS and 50 ml of nano-
particle solution containing 0.2 mg of plasmid DNA) for 6 h. The N/P ratio of 7 was
chosen based on the optimal N/P ratio to induce the highest luciferase expression.
For combined Dox and chi-p53 treatment, the cells were first treated with 100 ml of
chi-p53 (N/P ratio of 7; 50 ml of DMEM with 10% FBS and 50 ml of nanoparticle so-
lution containing 0.2 mg of plasmid DNA) for 3 h, before 100 ml of Dox was added to
form a final drug concentration of 2, 4, 8 and 10 mg/ml. The cells with the Dox and
chi-p53 mixture were then incubated for another 3 h. The untreated cells were used
as a control. After the respective treatments, the cells were washed once with PBS,
replaced with growth medium, and grown for a total of 48 h, before the cell viability
was determined. The data were expressed as mean and standard deviation of nine
replicates.

To examine the long-term cytotoxic effect of Dox- and/or chi-p53-loaded
double-walled microspheres, cells were seeded onto 24-well plates at a density of
75,000 cells per well. After 48 h, the culture medium was replaced with 0.5 ml of
fresh growth medium containing various microspheres. The microsphere groups
included a control group (blank microspheres), a drug treated group (Dox micro-
spheres), a gene treated group (chi-p53 microspheres), and a combined drug and
gene treated group (Dox and chi-p53 microspheres). The Dox microspheres were
first suspended in PBS, incubated at 37 �C with shaking at 240 rpm for 26 days,
before they were centrifuged, washed using PBS and resuspended in growth me-
dium for cytotoxicity study. Equivalent amounts of free Dox and/or chi-p53 corre-
sponding to their amounts released from the microspheres after five days from
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in vitro release profiles were administered as free drug groups. In particular, for Dox
treatment, the cells were treated with 0.5 ml of Dox (0.9 mg/ml) for 3 h. For chi-p53
treatment, the cells were treated with 0.5 ml of chi-p53 (N/P ratio of 7; 0.25 ml of
DMEMwith 10% FBS and 0.25 ml of nanoparticle solution containing 1 mg of plasmid
DNA) for 6 h. For combined Dox and chi-p53 treatment, the cells were first treated
with 0.5 ml of chi-p53 (N/P ratio of 7; 0.25 ml of DMEMwith 10% FBS and 0.25 ml of
nanoparticle solution containing 1 mg of plasmid DNA) for 3 h, before 0.5 ml of Dox
was added to form a final drug concentration of 0.9 mg/ml. The cells with the Dox and
chi-p53 mixture were then incubated for another 3 h. The untreated cells were used
as a control. After the respective treatments in the free drug groups, the cells were
washed once with PBS, replaced with growth medium, and further incubated. The
cell viability for all the groups was determined one, three and five days after the
commencement of treatment. The data were expressed as mean and standard de-
viation of four replicates.

2.7.2. In vitro expression of p53 and caspase 3
After the short-term or long-term treatments described in Section 2.7.1, the

cellular expression of p53 and caspase 3 was evaluated by using a Pierce� Colori-
metric In-Cell ELISA Kit (Thermo Fisher Scientific, Inc.; Rockford, IL). Briefly, the cells
were fixed for 15 min using 4% methanol-free formaldehyde, permeabilized for
15 min using 0.1% Triton X-100, quenched for endogenous peroxidase for 20 min
using 1% hydrogen peroxide, and blocked for non-specific sites for 1 h using blocking
buffer. The cells were incubated with either anti-p53 or anti-cleaved caspase 3
antibody overnight, washed and detected using a horseradish peroxidase (HRP)-
conjugated reagent. Subsequently, the cells were washed after 1 h of incubation,
before color reactionwas achieved using tetramethylbenzidine (TMB substrate) and
stopped using acid solution (TMB stop solution). The absorbance was measured at
450 nm. Cells treated with all reagents except the primary antibody were used as a
control to account for non-specific signals. Whole-cell staining of the cells was also
performed using Janus Green solution to control for differences in cell plating, and
the absorbance was measured at 615 nm. The expression levels were calculated as
([Abs450]sample � [Abs450]control)/[Abs615]sample and normalized to the respective
control groups. The data were expressed as mean and standard deviation of three
replicates.

2.7.3. Immunofluorescence staining of p53 and caspase 3
To examine the cellular expression of p53 and caspase 3 using laser scanning

confocal microscope, cells were seeded onto 24-well plates with glass cover slips
(75,000 cells per well) and grown for 48 h, before receiving the respective treat-
ments described in Section 2.7.1. The immunofluorescence staining of p53 and
caspase 3 in the cells was performed by using Cellomics� p53 Detection Kit (Thermo
Fisher Scientific, Inc.; Rockford, IL) and Caspase 3 Activation Kit (Thermo Fisher
Scientific, Inc.; Rockford, IL), respectively. Briefly, the cells were fixed for 15 min
using 4%methanol-free formaldehyde, permeabilized for 15min using 0.1% Triton X-
100, and blocked for non-specific sites for 15 min using blocking buffer. The cells
were incubated with either p53 or caspase 3 primary antibody, washed, and stained
with Hoechst dye and DyLight� 549 conjugated goat anti-rabbit IgG secondary
antibody. The cells were washed before the cover slips were mounted onto micro-
scope slides and visualized using a Fluoview FV1000 laser scanning confocal mi-
croscope (Olympus Corp.; Tokyo, Japan) equipped with diode and heliumeneon
lasers tuned to 405 and 543 nm, respectively. Briefly, cells were visualized using a
60� water-immersion objective with 1.00 numerical aperture and under the
following calibrations: 4.0 ms/pixel sampling speed, line Kalman integration, 405 nm
laser (Hoechst) at 449 V with transmissivity of 1.0%, and 543 nm laser (DyLight�
549) at 807 V with transmissivity of 20.0% for p53 and at 686 V with transmissivity
of 20.0% for caspase 3. The fluorescence emission of the Hoechst dye was collected at
430e470 nm. The fluorescence emission of the DyLight� 549 dye was collected at
above 560 nm. The parameters were used for all the samples to ensure consistency.
Confocal images were captured using Olympus Fluoview software.

2.8. Statistical analysis

The comparison of means of multiple groups was done by one-way ANOVA
followed by Tukey post hoc test, whereas two groups were compared by Student’s
t-test. Differences were considered statistically significant when p < 0.05.
3. Results

3.1. Synthesis and characterization of chi-DNA nanoparticles

Chitosan is a linear polysaccharide which consists of randomly
distributed 2-N-acetyl-2-deoxy-glucose (N-acetyl-glucosamine)
and 2-amino-2-deoxy-glucose (glucosamine) residues with b-1,4-
linkage. The primary amine of chitosan has a pKa value of w6.5
[13]. Thus, at pH 5.5, most of the amino groups will be protonated,
and hence solubilizing chitosan in acidic solution, while at
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
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physiological pH, most of the positive charges will be neutralized,
and the hydrophobic chitosan becomes insoluble. This unique
property ensures that nanoparticles formed at low pH can remain
physically stable at physiological pH [12]. Furthermore, the hy-
drophobic nature of the nanoparticles at neutral pH suggests that
chi-DNA nanoparticles may offer an effective protection to the
encapsulated DNA from nuclease attack [12].

The N/P, amine-to-phosphate, ratio describes the molar quan-
tities of positively-charged polymer and negatively-charged DNA in
the formation of nanoparticle complex. This parameter affects the
complex size and overall charge which are critical factors in the
cellular uptake of nanoparticles. The size of chi-pRL nanoparticles
was w160 nm, and decreased slightly with increasing N/P ratio
from 1 to 13 (Supplementary Data, Fig. S1a). The zeta potential of
chi-pRL nanoparticles was slightly positive, which increased grad-
ually from w1.8 to 9.2 mV with increasing N/P ratio from 1 to 13
(Supplementary Data, Fig. S1a). The TEM image further confirmed
the presence of chi-pRL nanoparticles (Supplementary Data,
Fig. S1b). The degree of DNA condensation by chitosan was verified
by gel retardation assay (Supplementary Data, Fig. S2). The elec-
trophoretic mobility of DNA was completely retarded and
condensed by chitosan at N/P ratios 3 and above. This indicates that
chitosan could bindwith DNA effectively. Overall, the small size and
net positive charge of the chi-DNA nanoparticles may provide
desirable properties for cellular uptake and gene delivery.

In determining the optimal N/P ratio for gene delivery, the trans-
fection efficiency of chi-pRL nanoparticles was evaluated in HepG2
cells. As shown in Fig. 1, chitosan mediated the highest transfection
efficiency of w1.4 � 104 RLU/mg protein at an N/P ratio of 7. The
luciferase expression was enhanced by w19-fold in the presence of
serum than without serum. The luciferase expression induced by
chitosan was not comparable to that mediated by 25-kDa branched
PEI, whichwas higher byw34-fold. However, withw220-fold higher
luciferase expression than naked DNA, the results validate the appli-
cability of chitosan as an effective carrier for gene delivery.

The cytotoxicity effects of chitosan and PEI of various concen-
trations that correspond to N/P ratios from 1 to 20 were evaluated
in HepG2 cells. As shown in Fig. 2, chitosan remained non-toxic
even at high concentrations, and results were consistent with
Fig. 1. Expression of luciferase in HepG2 cells after transfectionwith chi-pRL nanoparticles in
units (RLU) were normalized to protein content. Data represent mean � standard deviation
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other reported studies [12]. In contrast, PEI showed an inverse
relationship between polymer concentration and cell viability.
Thus, despite its high transfection efficiency, the inherent toxicity
of PEI limits its clinical applications [14,15].

In comparison to chitosan, PEI could induce high gene expres-
sion. This has been attributed to its high buffering capacity, espe-
cially at the acidic pH found in the endosomal vesicles, which leads
to trapping of positive ions by the amines (proton sponge effect),
followed by subsequent endosomal rupture and escape into the
cytoplasm [16]. While positive charges can facilitate cellular uptake
by electrostatic interaction with negatively-charged cell mem-
brane, PEI’s positive charge density is one critical factor that is
thought to contribute to cytotoxicity [17]. Though themechanism is
not fully understood, it has been demonstrated that polycations can
cause significant membrane damage [18]. The minimal cytotoxicity
effect of chitosan shows its suitability for repeated or long-term
administration of chi-DNA nanoparticles for gene delivery.

3.2. Free drug (FD) formulations

3.2.1. Cytotoxicity of Dox and/or chi-p53
Fig. 3 shows the growth inhibition of HepG2 cells from com-

bined Dox and chi-p53 FD treatment in comparison to that from
Dox FD or chi-p53 FD treatment. The IC50 of Dox, inhibitory con-
centration at which 50% of the cells are killed, was found to
decrease from w4.5 mg/ml upon Dox FD treatment to w1.6 mg/ml
upon combined Dox and chi-p53 FD treatment. In the presence of
chi-p53, the IC50 of Dox could potentially be lowered byw3-fold to
achieve a comparable growth inhibition of cells.

3.2.2. Expression of p53 from free drug treatments
Fig. 4a shows the expression of tumor suppressor p53 protein at

6, 24 and 48 h after the start of free drug treatments. HepG2 cells
are known to express wild-type p53 gene, and the changes in
expression level resulting from the treatments were reported with
reference to the basal level by normalizing to the control group. For
each treatment, elevated p53 expression was observed at 24 h. By
48 h, cells treated with combined Dox and chi-p53 FD resulted in a
higher p53 expression than those treated with Dox FD or chi-p53
the absence and presence of serum at various N/P ratios from 1 to 20. The relative light
, n ¼ 9.

bicin-based chemotherapy and chitosan-mediated p53 gene therapy
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Fig. 2. Viability of HepG2 cells after incubation with chitosan or PEI polymer solutions of various concentrations that correspond to various N/P ratios from 1 to 20. Data represent
mean � standard deviation, n ¼ 9.
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FD. The expression level of p53 from combined Dox and chi-p53 FD
treatment was significantly higher than that from Dox FD treat-
ment (p ¼ 0.006), chi-p53 FD treatment (p ¼ 0.005) or untreated
cells (p ¼ 0.002). Immunofluorescence staining of p53 was also
performed at 48 h (Fig. 4b). Minimal p53 was expressed by un-
treated cells. The p53 was expressed in all treated cells, and lowest
number of cells was showed by Dox FD, and combined Dox and chi-
p53 FD treatments.

3.2.3. Expression of caspase 3 from free drug treatments
Fig. 5a shows the expression of apoptotic caspase 3 protein at 6,

24 and 48 h after the start of free drug treatments. Since cleavage of
caspase 3 occurs during apoptosis, the expression of cleaved
Fig. 3. Comparison of combined Dox and chi-p53 FD treatment with Dox FD or chi-p53
FD treatment on growth inhibition of HepG2 cells. Data represent mean � standard
deviation, n ¼ 9.
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caspase 3 is expected to be indicative of cells prepared for immi-
nent apoptosis and reflective of cellular cytotoxicity. The changes in
expression level resulted from the treatments were reported with
reference to the basal level by normalizing to the control group.
Caspase 3 was expressed at 6 h shortly after each treatment, with
the highest shown by combined Dox and chi-p53 FD-treated cells.
The expression level of caspase 3 from combined Dox and chi-p53
FD treatment was significantly higher than that from untreated
cells (p ¼ 0.025). Immunofluorescence staining of caspase 3 was
also performed at 6 h (Fig. 5b). No caspase 3 was expressed in
untreated cells. Significant caspase 3 was expressed in combined
Dox and chi-p53 FD-treated cells.

3.3. Microsphere (MS) formulations

Results indicated that combined Dox and chi-p53 FD treatment
achieved greater therapeutic efficiency than either Dox FD or chi-
p53 FD treatment. Due to the short and acute exposure of free
drugs, expression of p53 and caspase 3 occurred over a limited time
period. Thus, the combined treatment could greatly benefit from
the controlled and sustained release of microspheres. Based on our
previous work [11], therapeutic agents could be preferentially
loaded in the core phase (Dox, formulation B), or the shell phase
(chi-p53, formulation C), or both core and shell phases (Dox and
chi-p53, formulation D) of double-walled PLLA(PLGA) micro-
spheres as shown in Fig. 6a. The microspheres allowed the release
of chi-p53 nanoparticles first, followed by simultaneous release of
Dox and chi-p53 at a near zero-order rate (Fig. 6b). In this study,
formulation D microspheres were used to examine their cytotox-
icity effect, and the expression of p53 and caspase 3 in HepG2 cells.
The DoxMSwas first suspended in PBS for 26 days to bypass the lag
phase so that in combination with the chi-p53 MS, they could
deliver Dox (0.9 mg/ml) and chi-p53 (1.0 mg DNA) simultaneously
over a five-day period of study. Free drugs delivering equivalent
amounts of Dox and chi-p53 were used as controls for comparison.

3.3.1. Cytotoxicity of Dox- and/or chi-p53-loaded microspheres
Fig. 7 shows the viability of HepG2 cells at one, three and five

days after the treatment with Dox and/or chi-p53 either as free
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
ellular carcinoma, Biomaterials (2013), http://dx.doi.org/10.1016/



Fig. 4. (a) Expression of p53 in HepG2 cells at 6, 24 and 48 h after commencement of treatment. The cells were either untreated or treated with Dox FD (IC50, 2 mg/ml) and/or chi-
p53 FD (0.2 mg DNA). The absorbance values were normalized to cell number, followed by normalizing to the control group. Data represent mean � standard deviation, n ¼ 5.
Statistical significance (*p < 0.05) was determined by one-way ANOVA analysis as compared to the control, while (**p < 0.05) was determined by Student’s t-test comparison
between the two samples. (b) Immunofluorescence staining of p53 in HepG2 cells at 48 h after commencement of treatment. Scale bar ¼ 50 mm.
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drug or microsphere formulations. For chi-p53 groups, cells treated
with chi-p53 FD showed w100% viability the day after treatment.
Although cell viability decreased to w84% after three days, cellular
recovery was observed after five days. On the other hand, no sig-
nificant change in cell viability was observed in cells treated with
chi-p53MS. The cell viability decreased tow90% after five days. For
Dox groups, there was greater cytotoxicity effect than chi-p53
groups. While Dox FD-treated cells showed a decrease in viability
to w85% three days post-treatment, the Dox MS-treated cells dis-
played a more drastic drop to w45%. Further antiproliferative ef-
fects resulted in w82 and 21% viability after five days for Dox FD-
treated and Dox MS-treated cells, respectively. For combined Dox
and chi-p53 groups, cell viability immediately declined to w88%
one day after combined Dox and chi-p53 FD treatment. The decline
continued to w73%, and then to w65% after three and five days,
Fig. 5. (a) Expression of caspase 3 in HepG2 cells at 6, 24 and 48 h after commencement of t
chi-p53 FD (0.2 mg DNA). The absorbance values were normalized to cell number, followed
Statistical significance (**p < 0.05) was determined by Student’s t-test comparison between
after commencement of treatment. Scale bar ¼ 50 mm.
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respectively. In contrast, cells treated with combined Dox and chi-
p53 MS showed a decrease in viability fromw94, to 41, and then to
only 15% after one, three and five days, respectively.

Overall, the antiproliferative effect was more substantial in cells
treated with microspheres than those treated with free drugs. The
difference in cell viability between microsphere and free drug
treatments was most significant after five days when the equiva-
lent doses were achieved in microsphere groups. Regardless of
whether the cells were treated with free drugs or microspheres,
the combination of Dox and chi-p53 produced greater cytotoxicity
than either of the treatments alone. This implies that there is an
apparent advantage of combined Dox and chi-p53 treatment.
Taken together, the combined Dox and chi-p53 treatment by
means of microspheres produced the greatest antiproliferative
effect.
reatment. The cells were either untreated or treated with Dox FD (IC50, 2 mg/ml) and/or
by normalizing to the control group. Data represent mean � standard deviation, n ¼ 5.
the two samples. (b) Immunofluorescence staining of caspase 3 in HepG2 cells at 6 h

bicin-based chemotherapy and chitosan-mediated p53 gene therapy
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Fig. 6. (a) Transmitted light and laser scanning confocal (overlay) micrographs depicting blank and drug-loaded double-walled PLLA(PLGA) microspheres. The distribution of Dox in
formulations B and D microspheres is indicated in green. The distribution of chi-p53 nanoparticles in formulations C and D microspheres is indicated in red and yellow (coloc-
alization of red and green), respectively. Scale bar ¼ 50 mm. (b) In vitro Dox and chi-p53 release from double-walled PLLA(PLGA) microspheres. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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3.3.2. Expression of p53 from microsphere treatments
Fig. 8 shows the expression level of p53 in HepG2 cells at one,

three and five days after the treatment with Dox and/or chi-p53
either as free drug or microsphere formulations. Cells treated
with chi-p53 FD or chi-p53 MS did not show any significant in-
crease in p53 expression. Only slight elevation in p53 expression
was detected in chi-p53 MS-treated cells the day after treatment.
For treatments with Dox or in combination with chi-p53, the free
drug groups likewise had no appreciable increase in p53 expres-
sion. On the other hand, immediate upregulation of p53 byw3-fold
could be observed one day after treatment with either Dox MS or
combined Dox and chi-p53 MS. While a slight dip was observed on
the third day, p53 expression levels remained high at w2-fold
greater than that of the control group. On the fifth day, p53
expression level in combined Dox and chi-p53MS-treated cells was
higher than that in DoxMS-treated cells, resulting inw3.8-fold and
2.9-fold higher than that of the control group, respectively.

For free drug groups, p53 expressionwas observed one day after
treatment, particularly for Dox FD-treated, and combined Dox and
chi-p53 FD-treated cells as shown in Fig. 4, but it was not reflected
in Fig. 8. The p53 expression in Dox FD-treated, and combined Dox
and chi-p53 FD-treated cells may be dependent on the dose of Dox
used. On the other hand, the continual cellular exposure to Dox
contributed by the sustained release of microspheres was able to
stabilize high levels of p53 expression over the five-day period. In
addition, combined Dox and chi-p53 MS-treated cells demon-
strated significantly higher p53 expression than Dox MS-treated
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cells, suggesting that the enhanced expression was contributed
by the chitosan-mediated delivery of p53 plasmid DNA into the
cells.

3.3.3. Expression of caspase 3 from microsphere treatments
Fig. 9 shows the expression level of caspase 3 in HepG2 cells at

one, three and five days after the treatment with Dox and/or chi-p53
either as free drug or microsphere formulations. Cells treated with
chi-p53 FD or chi-p53 MS did not show any significant increase in
caspase 3 expression. Conversely, elevated levels were detected
in cells treated with Dox. Dox FD-treated cells showed at mostw1.4-
fold higher caspase 3 expression than the control group by the fifth
day, while combined Dox and chi-p53 FD-treated cells showed a
further increase fromw1.4-fold on the third day tow1.7-fold on the
fifth day. In contrast, cells treated with microspheres demonstrated
faster and greater caspase 3 activation. An immediate w1.5-fold
higher caspase 3 expression than the control group was first
observed the day after treatment, after which the level continued to
increase tow2.2-fold and 1.9-fold for DoxMS-treated, and combined
Dox and chi-p53 MS-treated cells, respectively. Though there was a
slight decline in caspase 3 expression on the fifth day for Dox MS-
treated cells, the level remained relatively high at w1.9-fold. On
the other hand, caspase 3 expression continued to increase to w2.4-
fold for combined Dox and chi-p53 MS-treated cells.

Unlike the caspase 3 expression profiles exhibited by the free
drug groups shown in Fig. 5, the delayed expression in Dox-treated
cells in Fig. 9 may be due to the lower cellular accumulation of Dox,
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
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Fig. 7. Viability of HepG2 cells at one, three and five days after commencement of treatment. The groups include blank and free drug (FD) groups (blank, chi-p53 FD, Dox FD, and
combined Dox and chi-p53 FD) as well as blank and drug-loaded microsphere (MS) groups (blank MS, chi-p53 MS, Dox MS, and combined Dox and chi-p53 MS). The free drug
groups represent equivalent amount(s) of Dox (0.9 mg/ml) and/or chi-p53 (1 mg DNA) released from the drug-loaded microsphere groups after five days determined from in vitro
release profiles. Data represent mean � standard deviation, n ¼ 4. Statistical significance (*p < 0.05) was determined by one-way ANOVA analysis as compared to the control group,
while (**p < 0.05) was determined by Student’s t-test comparison between the two samples.

Fig. 8. Expression of p53 in HepG2 cells at one, three and five days after commencement of treatment. The groups include blank and free drug (FD) groups (blank, chi-p53 FD, Dox
FD, and combined Dox and chi-p53 FD) as well as blank and drug-loaded microsphere (MS) groups (blank MS, chi-p53 MS, Dox MS, and combined Dox and chi-p53 MS). The
free drug groups represent equivalent amount(s) of Dox (0.9 mg/ml) and/or chi-p53 (1 mg DNA) released from the drug-loaded microsphere groups after five days determined
from in vitro release profiles. The absorbance values were normalized to cell number, followed by normalizing to the respective control groups. Data represent mean � standard
deviation, n ¼ 3. Statistical significance (*p < 0.05) was determined by one-way ANOVA analysis as compared to the control group, while (**p < 0.05) was determined by Student’s
t-test comparison between the two samples.
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Fig. 9. Expression of caspase 3 in HepG2 cells at one, three and five days after commencement of treatment. The groups include blank and free drug (FD) groups (blank, chi-p53 FD,
Dox FD, and combined Dox and chi-p53 FD) as well as blank and drug-loaded microsphere (MS) groups (blank MS, chi-p53 MS, Dox MS, and combined Dox and chi-p53 MS).
The free drug groups represent equivalent amount(s) of Dox (0.9 mg/ml) and/or chi-p53 (1 mg DNA) released from the drug-loaded microsphere groups after five days determined
from in vitro release profiles. The absorbance values were normalized to cell number, followed by normalizing to the respective control groups. Data represent mean � standard
deviation, n ¼ 3. Statistical significance (*p < 0.05) was determined by one-way ANOVA analysis as compared to the control group, while (**p < 0.05) was determined by Student’s
t-test comparison between the two samples.
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and hence, slow induction of apoptosis. Similar to the p53
expression profiles, further enhancement in caspase 3 expression
was achieved in combined Dox and chi-p53 MS-treated cells as
compared to that in Dox MS-treated cells. This indicates that the
combined Dox and chi-p53MS treatment induces greater apoptotic
activation, which is likely to be facilitated by the correspondingly
high p53 expression. Furthermore, the caspase 3 expression pro-
files are in agreement with the cytotoxicity analysis.

3.3.4. Immunofluorescence staining of p53 from microsphere
treatments

Fig. 10 shows the immunofluorescence staining of p53 in HepG2
cells one, three and five days after free drug and microsphere
treatments. Apart from the occasional fluorescent spots, the in-
tensity of p53 expression in Dox FD-treated or combined Dox and
chi-p53 FD-treated cells was generally low (Fig.10aec, Panels N and
T). On the other hand, the corresponding intensity in Dox MS-
treated or combined Dox and chi-p53 MS-treated cells was
brighter and more uniform across the cluster of cells (Fig. 10aec,
Panels Q and W), with the highest exhibited by combined Dox and
chi-p53 MS-treated cells on the fifth day (Fig. 10c, Panel W). The
results were consistent with the p53 expression profiles in Fig. 8.

During DNA damage, p53 gets imported into the nucleus, un-
dergoes tetramerization [19], and binds and activates DNA damage-
response genes [20]. It was found that the type of treatment
influenced the cellular localization of p53. For Dox FD-treated cells,
nuclear localization of p53 was observed on the first day, but by the
fifth day, the proteinwas foundmainly in the cytoplasm rather than
in the nuclei (Fig. 10aec, Panels O and U). In contrast, for Dox MS-
treated, and combined Dox and chi-p53 MS-treated cells, nuclear
localization of p53 was observed during the five-day period
(Fig. 10aec, Panels R and X). Since active p53 functions in the nuclei
during DNA damage, this explains the higher p53-mediated
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apoptotic signaling, and hence, higher cytotoxicity for the micro-
sphere groups (Fig. 7).

3.3.5. Immunofluorescence staining of caspase 3 from microsphere
treatments

Fig. 11 shows the immunofluorescence staining of caspase 3 in
HepG2 cells one, three and five days after free drug and microsphere
treatments. Similar to the p53 staining, the intensity of caspase 3
expression in cells treated with free drugs was generally low with
only sporadic spots of high intensity (Fig. 11aec, Panels N and T). In
contrast, the intensity in Dox MS-treated or combined Dox and chi-
p53 MS-treated cells was brighter and more widespread (Fig. 11ae
c, Panels Q and W), with the highest exhibited by combined Dox and
chi-p53 MS-treated cells on the fifth day (Fig. 11c, Panel W). The re-
sults were consistent with the caspase 3 expression profiles in Fig. 9.

As a critical apoptosis executioner, caspase 3 becomes activated
and then enters into the nucleus to cleave its nuclear substrates
[21,22], resulting in characteristic apoptotic nuclear changes such
as DNA fragmentation, chromatin condensation and nuclear
disruption [23e25]. Particularly, for the combined Dox and chi-p53
treatment, a majority of the cells were abnormally-shaped, and had
shrunken and strongly-stained nuclei (Fig. 11c, Panel X).

4. Discussion

The use of combination therapies has been proven effective for
the treatment of cancer. While chemotherapeutic drugs are usually
associated with undesirable side effects, the administration of
multiple agents directed at different targets and exhibiting
different toxicity profiles can enhance the therapeutic index either
in the form of better efficacy or in the form of comparable efficacy
and reduced toxicity [26]. Among various combination therapies,
studies on chemotherapy and p53 gene therapy are of particular
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
ellular carcinoma, Biomaterials (2013), http://dx.doi.org/10.1016/



Fig. 10. Immunofluorescence staining of p53 in HepG2 cells at (a) one day, (b) three days, and (c) five days after commencement of treatment. The groups include blank and free
drug groups as well as blank and drug-loaded microsphere groups. The cell nuclei were stained by Hoechst dye and indicated in blue. The p53 was stained by DyLight� 549 dye and
indicated in red. Scale bar ¼ 50 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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interest [5,6]. In this study, the aim is to evaluate the therapeutic
efficiency of Dox and/or chi-p53 when released in a controlled and
sustained manner from double-walled microspheres, and to
compare them with those from free drugs.
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It is evident that free drug administration can only provide a
short and acute cytotoxic effect on the cancer cells. Cellular re-
covery was observed five days post-treatment with free Dox, free
chi-p53, or their combination (Fig. 7) while the extent of
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
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Fig. 10. (continued).
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apoptosis from caspase 3 expression was relatively weak (Fig. 9).
These observations are indicative of the possible limitations in
systemic administration of drugs and are consistent with what is
observed in clinical practice [9,10]. The microsphere formulations,
on the other hand, can potentially impose greater cytotoxicity or
use lower dosage of drug to achieve a comparable cytotoxicity
level in the cancer cells. Notably, on the third day before the
prescribed dose of Dox was reached, there was already more than
50% decrease in cell viability after Dox MS or combined Dox and
chi-p53 MS treatment (Fig. 7). By the fifth day, the viability of cells
treated with Dox MS or combined Dox and chi-p53 MS was
significantly lower than those treated with free drugs (Fig. 7).
Similar findings were observed in other cancer cells treated with
drug-loaded microspheres [27,28].

Dox is a common drug used in the management of HCC that
causes DNA damage by intercalating with the base pairs of DNA and
inhibiting nucleic acid replication [29,30], and kills cancer cells
mainly by apoptosis [31]. Increased production of reactive oxygen
species is also associated with Dox-treated cells [32]. These cellular
stresses can activate p53 and halt cell cycle progression. Here, the
continual exposure of cancer cells to Dox via microspheres could
produce a long-term stressful environment and enable significantly
higher and sustainable p53 expression than free Dox (Fig. 8). The
upregulation of endogenous p53 in Dox-treated cells has a critical
role in apoptosis because of its involvement in DNA damage-
induced G1 arrest, apoptosis [33e35], and DNA repair [36]. The
appearance of the G1 arrest parallels p53 nuclear accumulation [31].
The arrest is believed to allow DNA repair tomaintain chromosomal
fidelity for survival [37]. Although the upregulation of p53 does not
always induce apoptosis [38], the corresponding trend of increasing
caspase 3 expression was observed over the five-day incubation
with Dox MS (Fig. 9). Similar trends of cellular apoptosis were
observed for other drug-loaded microspheres [9,10].
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The p53 gene is frequently mutated in HCC, and most HCCs
have defects in the p53-mediated apoptotic pathway although
they carry wild-type p53 [39]. The effective restoration of the p53
function could allow reestablishment of normal cell growth con-
trol and restore appropriate response to chemotherapeutic drugs
[35,40e42]. It is proposed that Dox-mediated apoptosis may be
further enhanced if p53 expression is promoted. Chi-p53 pro-
moted growth inhibition when combined with Dox, regardless
of the type of formulation (Fig. 7). Analysis of p53 expression
suggests that the higher level in combined Dox and chi-p53 MS-
treated cells than that in Dox MS-treated cells on the fifth day
was contributed by the exogenous p53 plasmid DNA from chitosan
nanoparticles (Fig. 8). The higher p53 expression also resulted in
a higher caspase 3 expression in the combined Dox and chi-p53
MS-treated cells than that in the Dox MS-treated cells on the
fifth day (Fig. 9).

Chitosan was shown to be effective in delivering the plasmid
DNA and inducing luciferase expression in HepG2 cells (Fig. 1).
However, when the luciferase genewas replacedwith the p53 gene,
an expected increase in p53 expression could not be detected
(Fig. 8), most likely because p53 expression is tightly regulated by
MDM2 (murine double minute 2) [43,44]. In normal unstressed
cells, p53 is an unstable protein with a short half-life that exists at
very low cellular levels owing to continuous degradation largely
mediated by MDM2. Hence, in the event of over-expression of p53
under unstressed conditions, MDM2 will facilitate its degradation
back to the basal level. Conversely, the presence of Dox-induced
DNA damage can lead to rapid stabilization of p53 via a block of
its degradation.

Here, we make use of the advantages of double-walled mi-
crospheres to allow a simultaneous release of Dox and chi-p53
at near zero-order rates [11]. Zero-order release rates are ad-
vantageous because a constant quantity of drug is being
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
ellular carcinoma, Biomaterials (2013), http://dx.doi.org/10.1016/



Fig. 11. Immunofluorescence staining of caspase 3 in HepG2 cells at (a) one day, (b) three days, and (c) five days after commencement of treatment. The groups include blank and
free drug groups as well as blank and drug-loaded microsphere groups. The cell nuclei were stained by Hoechst dye and indicated in blue. The caspase 3 was stained by DyLight�
549 dye and indicated in red. Scale bar ¼ 50 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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delivered with respect to time. If drug elimination is also at the
same constant rate, the drug concentration can, in theory, be
maintained within the ideal therapeutic window for maximum
efficacy. Overall, we demonstrated that the simultaneous
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delivery of Dox and chi-p53 at near zero-order rates via double-
walled microspheres was able to enhance growth inhibition,
provide sustained p53 expression and increase apoptosis in
HepG2 cells.
bicin-based chemotherapy and chitosan-mediated p53 gene therapy
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5. Conclusions

In this study, the simultaneous delivery of Dox and chi-p53
through sustained release from double-walled microspheres ach-
ieved a higher therapeutic efficiency in suppressing proliferation of
HepG2cellswhencompared toDox-orchi-p53-loadedmicrospheres,
or the corresponding free drugs. Moreover, cellular expression of tu-
mor suppressor p53 and apoptotic caspase3 proteinswasmaintained
at elevated levels during the treatment period. Thesefindings suggest
that double-walledmicrospheres can be an effective carrier to deliver
drug and gene simultaneously for improved cancer therapy.
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