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Abstract: To develop a chitosan-based nonviral gene carrier capable of delivering genes
specifically into hepatoma cells, a bifunctional peptide composed of the TAT (transactivator
of transcription) peptide and luteinizing hormone-releasing hormone (LHRH) was conjugated
with low molecular weight chitosan, resulting in a TAT-LHRH-chitosan conjugate (TLC).
TLC/DNA nanoparticles (TLCDNPs) were characterized by agarose gel retardation, atomic
force microscopy, and dynamic light scattering analysis. In vitro targeting specificity and
transfection efficiency were analyzed with a GE IN Cell Analyzer 2000 High-Content Cellular
Analysis System. The results demonstrated that TLC had stronger DNA condensing power than
unmodified chitosan, and that TLCDNPs were of roughly round shape with average diameter
of 70-85 nm and zeta potential of +30 mV and were relatively stable in solution. The in vitro
study demonstrated TLC was highly selective for hepatoma cells and essentially nontoxic.
Keywords: nanoparticles, cancer treatment, gene therapy, hepatoma, targeted gene delivery

Introduction

Hepatocellular carcinoma (HCC) is the major primary malignant tumor of the liver.
Currently, it is the fifth most prevalent malignancy and the third leading cause of
cancer-related deaths worldwide.!? Despite advances in therapy against HCC such as
recent modifications in chemotherapy and modern surgical innovations, the overall
clinical outcome has not been substantially improved.* Long-term survival of patients
with HCC is uncommon due to the frequent presence of reoccurrence, metastasis,
or the development of new primaries.* Curative treatment such as hepatic resection
and liver transplantation can be utilized when HCC is diagnosed at an early stage.>®
Unfortunately, when diagnosed the vast majority of liver cancers are inoperable,””
and thus the patients have to receive chemotherapy, which has limited success due
to the fact that HCC is intrinsically resistant to standard chemotherapeutic agents.
Therefore, it is urgently needed to develop more effective cures for HCC patients, of
which gene therapy is among those with the most potential.'®'?

Gene therapy involves transferring genetic materials (DNA or RNA) into a target
cell so the diseased genes can be corrected. The difficulty of employing gene therapy
as a cure for HCC is the ability to design an efficient vector that is able to deliver
therapeutic genes specifically into the cancer cells but not the surrounding benign cells.
Cancer targeting is usually achieved by adding to the gene carriers a ligand moiety spe-
cifically directed to certain types of binding sites on cancer cells. Antibodies, epidermal
growth factor, aptamers, and small molecules such as galactose have been reported as
potential targeting moieties for specific delivery of genes and drugs to HCC cells.!!1319
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Overexpression of the luteinizing hormone-releasing
hormone (LHRH) receptor has been reported in breast,
ovarian, and prostate cancer cells,'*" whereas no detect-
able expression of LHRH receptors has been observed in
most visceral organs. Previous reports by Dharap et al'’*
and Tang et al® demonstrated that LHRH peptide could
be used as a targeting moiety on drug-delivery systems to
enhance drug uptake by breast, ovarian, and prostate cancer
cells, and reduce the relative availability of the toxic drug
to normal cells. These studies confirmed the high anticancer
activity of LHRH-targeted carrier—drug conjugates against
the aforementioned cancer cells, and that the cytotoxicity
of the LHRH-targeted conjugates against the human cancer
cells could be competitively inhibited by free LHRH peptide.
Tang et al further demonstrated that treating mice bearing
xenografts of human ovarian carcinoma with LHRH-targeted
carrier—drug conjugates led to a dramatic reduction in the
tumor size compared with untargeted carrier—drug conju-
gates. LHRH receptor was also reported to be overexpressed
in hepatocellular cells*'*? and thus could be used as a target
for hepatoma-specific gene or drug delivery.

Chitosan is a cationic polymer derived from chitin, a
naturally occurring polysaccharide, and has been exten-
sively studied in nonviral gene delivery owing to its
excellent biocompatibility and biodegradability, and low
immunogenicity.??® Unfortunately, gene delivery mediated
by chitosan is nonspecific and the transgenic efficacy is
considerably lower than what is needed for sufficient gene
delivery.?®* In order to improve the transgenic efficacy and
specificity, we conjugated low molecular weight chitosan
(LMWC) with the bifunctional peptide (TAT-LHRH)
composed of a cell penetrating peptide TAT (transactivator
of transcription) and an LHRH analog, and evaluated the
transgenic efficacy and hepatoma-targeting specificity of the
conjugate (TAT-LHRH-chitosan, known as TLC).

Materials and methods

Peptide synthesis

The bifunctional peptide (TAT-LHRH) used in the present
study, a fusion peptide composed of a TAT peptide derived
from human immunodeficiency virus (HIV)-1 linked through
a cysteine residue with a part of an LHRH analog (sequence:
pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-Arg-Gly-Cys-Arg-Arg-
Arg-Gln-Arg-Arg-Lys-Lys-Arg-NH,), was synthesized
by SBS Genetech Co., Ltd (Beijing, People’s Republic
of China) with a Liberty Microwave Peptide Synthesizer
(CEM Corporation, Matthews, NC, USA) and purified by
reverse-phase high performance liquid chromatography

(HPLC) using a C18 column (Waters Corporation, Milford,
MA, USA). The molecular weight of the peptide was
determined by liquid chromatography—mass spectrometry
(1100 Series Lc-MSD-Trap-VL machine; Agilent Technolo-
gies Inc., Santa Clara, CA, USA).

Synthesis and characterization of TLC

TLC was synthesized by covalently coupling a TAT-LHRH
peptide onto LMWC (MW: 5,000-8,000, degree of deacety-
lation of 90%; Golden-Shell Biochemical Co., Ltd., Yuhuan,
People’s Republic of China) with N-succinimidyl-3-
(2-pyridyldithio)-propionate (SPDP) (Thermo Fisher
Scientific Inc., Rockford, IL, USA) as the linking agent,
using the method described by Cumber et al.*! Briefly, LMWC
was dissolved in distilled water and reacted with 20 mM
SPDP in dimethyl sulfoxide for 1 hour, with the molar ratio of
primary amines in LMWC to SPDP being 3:1. After removing
the reaction byproducts and excessive nonreacted SPDP using
a desalting column (MW 5,000; Merck Millipore, Billerica,
MA, USA) pre-equilibrated with phosphate buffered saline —
ethylenediaminetetraacetic acid (PBS—EDTA), the reaction
mixture was mixed with peptide at the molar ratio of primary
amines (-NH,) to peptide being 3:1, followed by incubation
with stirring overnight at room temperature and purification
again as described above. The resultant TLC was characterized
with an infrared spectroscope (Nicolet 2000; Thermo Fisher
Scientific, Waltham, MA, USA). The substitution degree of
TLC was estimated by H-NMR (proton nuclear magnetic
resonance) spectroscopic analysis (Avance 600; Bruker
BioSpin AG, Fallanden, Switzerland), and the isoelectric
point of TLC was measured by acid-base titration using a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).*

Preparation and characterization

of TLC/DNA nanoparticles

Preparation of TLC/DNA nanoparticles

pEGFP-C1 plasmid (Clontech Laboratories, Inc., Mountain
View, CA, USA) was purified using EndoFree Plasmid Mega
Kits (Qiagen Co. Ltd., Shanghai, People’s Republic of China)
according to the manufacturer’s instructions. To prepare
the TLC/DNA nanoparticles (TLCDNPs), equal volume of
plasmid DNA solution and TLC solution in distilled water
were mixed together at an N/P ratio of 1:4, 1:2, 1:1, 2:1, 4:1.
or 10:1, followed by preheating at 37°C for 10 minutes and
subsequent vortexing for 40—-60 seconds.

Agarose gel retardation assay
For this assay, 15 uL each of TLCDNPs at different N/P
ratios were loaded into the sample well of agarose gel and
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electrophoresis was conducted in Tris-acetate/EDTA (TAE)
buffer at 60 V for 40 minutes using 0.25 mg/mL DNA ...«
(Tiandz Inc., Beijing, People’s Republic of China) as fluores-
cent dye, with unmodified LMWC/DNA nanoparticles at the
corresponding N/P ratios as the experimental control.

Atomic force microscopy and dynamic

light scattering

The size and surface morphology of TLCDNPs were ana-
lyzed with an atomic force microscope (AFM) (Nanoscope
Multimode AFM; Veeco Instruments Inc, Plainview, NY,
USA) in ScanAsyst mode. A Zetasizer Nano-ZS instrument
(Malvern Instruments) was utilized to measure the size dis-
tribution and zeta potential of the nanoparticles, with each
sample measured three times.

Stability of TLCDNPs

The tendency of TLCDNPs to aggregate in solution was
evaluated by measuring the nanoparticle size distribution
and zeta potential over time. Briefly, the nanoparticles were
suspended in distilled water and placed at room temperature,
and the size distribution and zeta potential were measured
after 1, 2, 3, 7, and 14 days using the Zetasizer Nano ZS
(Malvern Instruments). Each test was repeated three times
and the results were presented as the mean values of the
three measurements.

Cell lines and culture

Human hepatoma cell line BEL-7402 cells and human normal
liver cell line LO2 cells purchased from the Cell Bank of
Chinese Academy of Sciences (Shanghai, People’s Republic
of China) were maintained in RPMI-1640 medium (HyClone
Laboratories, Inc., Logan, UT, USA) supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, 100 units/mL peni-
cillin, and 100 pg/mL streptomycin, and incubated at 37°C
in a humidified incubator with 5% CO,.

Cytotoxicity assessment

The cytotoxicity of TLCDNPs was assessed using the Cell
Counting Kit-8 (Dojindo Molecular Technologies, Inc.,
Kumamoto, Japan) according to the manufacturer’s instruc-
tions. In brief, BEL-7402 or L02 cells were seeded in a 96-well
plate at a density of 8x10° cells/mL and grown overnight
at 37°C in a humidified 5% CO, incubator. Afterwards, the
cells were divided into three groups, two of which were treated
with TLCDNPs or lipoplexes (Lipofectamine® 2000 [ Thermo
Fisher Scientific]/DNA complexes) at various concentrations
(DNA concentrations of 5, 10, 20, and 50 ug/mL, respectively),

leaving one group of cells untreated. After 24 hours of
incubation, 10 uL of WST®-8 solution (Dojindo Molecular
Technologies, Inc., Kumamoto, Japan) was added to each well,
and the optical absorbance at 450 nm was measured 1 hour
later with a microtiter plate reader (Varioskan™ Flash;
Thermo Fisher Scientific). Cell viability was presented as the
ratio of OD,
untreated cells. Six wells were measured for each test.

of the nanoparticle-treated cells to that of the

Labeling of DNA with fluorescein Cy5

To assess the in vitro and in vivo delivery of plasmid
DNA by TLC, pGL3-control plasmid DNA (Promega
Corporation, Fitchburg, WI, USA) was labeled with Cy5 at
a0.25:1 (volume:weight) ratio of Label IT® Tracker Reagent
(Mirus Bio LLC, Madison, WI, USA) to DNA according to
the manufacturer’s instructions. Briefly, the DNA was incu-
bated with Label IT® Tracker Reagent at 37°C for 1 hour.
The labeled DNA was precipitated with two volumes of
ice cold ethanol and 0.1 volume of 5 M sodium chloride by
placing at —20°C for 30 minutes. The DNA was pelleted by
centrifugation at 12,000x g, 4°C, for 10 minutes, washed
with 70% ethanol and centrifuged again. The dried pellet was
reconstituted in sterile water at a concentration of 1 mg/mL
as verified by measuring the optical absorbance at 260 nm
using a NanoVue Plus Spectrophotometer (GE Healthcare
Bio-Sciences Corp., Piscataway, NJ, USA). The absence of
protein in the solution was confirmed by measuring optical
absorbance at 280 nm (A, /A, =1.82).

260

In vitro targeting specificity and

transfection efficiency of TLCDNPs

BEL-7402 cells or L02 cells were seeded in a 96-well culture
plate at the density of 5x10*cells/mL and incubated overnight
in a humidified incubator with 5% CO, at 37°C. To inves-
tigate the targeting specificity of TLCDNPs for hepatoma
cells, the cells were co-incubated with TLCDNPs prepared
with Cy5 labeled plasmid at an N/P ratio of 10:1 (DNA
content of 5 ug/mL), with the lipoplexes containing the
same amount of Cy5 labeled DNA as an experimental
control. After 24 hours of co-incubation, the cells were
washed two times with PBS and fixed in 4% paraformalde-
hyde for 10 minutes, followed by labeling the intracellular
microfilament with the phalloidin-fluorescein isothiocyanate
provided in the Actin-Tracker Green Kit (Beyotime Biotech
Inc., Jiangsu, People’s Republic of China) and subsequent
staining of the nucleus with 4’,6-diamidino-2-phenylindole
(DAPI; Beyotime Biotech Inc.). Internalization of TLCD-
NPs or lipoplexes by the cells was analyzed with the GE IN
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Cell Analyzer 2000 High-Content Cellular Analysis System
(GE Healthcare Bio-Sciences Corp.). To test the transfec-
tion efficiency of TLCDNPs, BEL-7402 or L02 cells were
incubated with TLCDNPs containing the luciferase-encoding
pGL3-control plasmid at an N/P ratio of 10:1 (DNA content
of 5 ug/mL). After 24 hours of incubation, the cells were
lysed with lysis reagent (Promega Corporation) and 20 uL.
of the supernatant was subsequently incubated with 100 uL.
of luciferase detection reagent followed by measuring with
a chemiluminometer (TD-20/20n; Turner BioSystems Inc.,
Sunnyvale, CA, USA).

LHRH receptor blocking

After being seeded and incubated in a 96-well plate as
described in the previous section, BEL-7402 cells were
co-incubated with 1 uM, 10 uM, and 50 uM LHRH analog
peptide (sequence: pGlu-His-Trp-Ser-Tyr-D-Trp-Leu-
Arg-Gly-NH,), respectively. Following removing the exces-
sive peptide at 1 hour post co-incubation, the cells were
co-incubated for 24 hours with TLCDNPs or lipoplexes con-
taining 5 ug/mL pGL3-control DNA. The internalization of
TLCDNPs or lipoplexes by the cells was analyzed by the GE
IN Cell Analyzer 2000 High-Content Cellular Analysis System
(GE Healthcare Bio-Sciences Corp.), as aforementioned.

Statistical analysis

Data were presented as the mean of six individual observa-
tions with standard deviation. The statistical analysis was
performed using the Bonferroni #-test. Statistical significance
was determined at P<<0.05.

Results

Identification and purity of the
synthesized TAT-LHRH peptide

The synthesized TAT-Cys-LHRH peptide was analyzed
with HPLC mass spectrometry to guarantee that a peak
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visible in the HPLC profile corresponds to the target mass.
As shown in Figure 1, mass spectrometry and HPLC analy-
sis demonstrated that the purity of the synthesized peptide
was up to 99%, and the molecular mass was 2,657 daltons,
which was identical to the expected molecular mass of the
target peptide.

Characterization of TLC

As designed in the current study, TLC should be formed
through the disulfide bond linkage between the sulfydryl
group from the cysteine residue in the peptide and the pyri-
dyldithiol group generated by the reaction of SPDP with
the primary amines (-NH,) in the chitosan. Therefore, the
number of primary amines should be reduced and the sec-
ondary amines would increase in the resultant conjugates.
Figure 2 shows the result of infrared spectroscopy analysis,
which revealed that the intensity of the primary amine bond
at 1,658.07 cm™ in the resultant TLC decreased while the sec-
ondary amine bond at 1,555.56 cm™ increased as compared
with the unmodified chitosan, indicating the successful con-
jugation of TAT-LHRH peptides with chitosans. As shown
in Figure 3, NMR spectroscopic analysis demonstrated
the spectrum of H on the benzene ring of tyrosine peak
at 6.8 ppm and that of the H on the primary amines of chito-
san at 4.8 ppm. It was estimated that the substitution degree
of TLC was about 3% according to the area ratio above the
peak. Data from Figure 4 reveal that the isoelectric point of
TLC was 11.3, which was significantly higher than that of the
unmodified chitosan,* suggesting that TLC would be more
positively charged than the unmodified chitosan.

Characterization of TLCDNPs

Agarose gel retardation was performed to analyze the
DNA-entrapping capability of TCL and it showed that the
DNA was completely entrapped in TLC at an N/P ratio
higher than 1:1 (Figure 5), while the DNA was completely
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Figure | Characterization of synthesized TAT-LHRH peptide by (A) mass spectrometry and (B) high performance liquid chromatography.
Abbreviations: TAT-LHRH, transactivator of transcription — luteinizing hormone-releasing hormone; Intens, intensity; AU, arbitrary units; M/Z, mass-to-charge ratio.
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Figure 2 Infrared spectra of (A) chitosan and (B) TAT-LHRH-chitosan.

Abbreviations: TAT-LHRH, transactivator of transcription — luteinizing hormone-releasing hormone; AU, arbitrary units.
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Figure 3 Nuclear magnetic resonance spectra of (A) chitosan and (B) TAT-LHRH-
chitosan.

Abbreviation: TAT-LHRH, transactivator of transcription — luteinizing hormone-
releasing hormone.
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Figure 4 Isoelectric point of TAT-LHRH-chitosan measured by acid-base titration.
Note: A Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was used.
Abbreviation: TAT-LHRH, transactivator of transcription — luteinizing hormone-
releasing hormone.

Figure 5 Gel retardation analysis of TAT-LHRH-chitosan/DNA complexes and
chitosan/DNA complexes.

Notes: (A) TAT-LHRH-chitosan/DNA complexes, lane | (N/P), 1:4; lane 2, 1:2;
lane 3, I:1; lane 4, 2:1; lane 5, 4:1; (B) chitosan/DNA complexes, lane | (N/P), I:1;
lane 2, 2:1; lane 3, 4:1; lane 4, 8:1.

Abbreviation: TAT-LHRH, transactivator of transcription — luteinizing hormone-
releasing hormone.
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Figure 6 Size (A) and zeta potential (B) of TAT-LHRH-chitosan/DNA complexes.
Note: Detected with a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
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Abbreviations: N/P, free molar ratio of NH2/PO4; TAT-LHRH, transactivator of transcription — luteinizing hormone-releasing hormone.

entrapped by the unmodified chitosan only when the
N/P ratio reached 8:1 or beyond, indicating the stronger
DNA-entrapping capability of TLC in comparison with
the unmodified chitosan. As shown in Figures 6 and 7, the
average diameter of the TLCDNPs was 70-87 nm, the poly-
dispersity index was about 0.12—0.4, and the zeta potential
was about +30 mV as demonstrated by Zetasizer Nano ZS
(Malvern Instruments), with roughly round and relatively
uniformed shape as characterized with an AFM. The cur-
rent study also investigated the stability of TLCDNPs in
water and it demonstrated that the size and zeta potential
of TLCDNPs were relatively stable during the 2 weeks of
observation (Figure 8).

Cytotoxicity assessment

Figure 9 shows that TLCDNPs at the concentrations with
DNA content of 20 pg/mL or less were essentially nontoxic
against either normal LO2 cells or BEL-7402 cells, whereas
lipoplexes at the concentration containing the same amount
of DNA were significantly more cytotoxic as compared with
TLCDNPs. It was interesting, however, to note that TLCD-
NPs at the concentration containing 5 (tg/mL DNA demon-
strated a stimulatory effect on the viability of L0O2 cells. It was

Figure 7 Morphologic observation of TAT-LHRH-chitosan/DNA complexes at
different N/P ratios with an atomic force microscope; (A) (N/P) 2:1, (B) 4:1, (C) 10:1.
Abbreviations: N/P, free molar ratio of NH2/P04; TAT-LHRH, transactivator of
transcription — luteinizing hormone-releasing hormone.

also worth noting that the viability of L02 cells was higher
than that of BEL-7402 cells at each TLCDNP concentration,
albeit the mechanism was unclear.

In vitro targeting specificity

of TLCDNPs for hepatoma cells

To investigate the targeting specificity of TLC for hepatoma
cells, both hepatoma cells (BEL-7402) and normal liver
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Figure 8 Stability of TAT-LHRH-chitosan/DNA complexes.

Notes: (A) Size; (B) zeta potential.

Abbreviations: N/P, free molar ratio of NH2/PO4; TAT-LHRH, transactivator of
transcription — luteinizing hormone-releasing hormone.
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Abbreviations: TLCDNP, transactivator of transcription — luteinizing hormone-releasing hormone (TAT-LHRH)-chitosan/DNA nanoparticle; Lipo 2000, Lipofectamine® 2000

(Thermo Fisher Scientific, Waltham, MA, USA)/DNA complexes.

cells (L02) were transfected with TLCDNPs or lipoplexes
prepared with fluorescein-labeled DNA. As shown in Figure 10,
analysis with the GE IN Cell Analyzer 2000 High-Content
Cellular Image System (GE Healthcare Bio-Sciences
Corp.) demonstrated that the amount of DNA delivered into
BEL-7402 cells by TLC was 14 times of that into L02 cells.
It also revealed that the transfection efficiency of TCL to
hepatoma cells was about 20-fold higher than that of the
commercial transfection reagent Lipofectamine 2000, which
demonstrated no significant specificity for hepatoma cells.
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Figure 10 Uptake of nanoparticles by BEL-7402 and LO2 cells.
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An LHRH receptor-blocking experiment was performed
to investigate the role that LHRH plays in the internalization
of TLCDNPs by hepatoma cells. The data from Figure 11
illustrate that the uptake of TCLDNPs by BEL-7402 cells
was inhibited by pre-incubating the cells with an LHRH
analog in a dose-dependent manner. Blocking the LHRH
receptor on BEL-7402 cells with 1 uM LHRH significantly
reduced the cellular uptake of TLCDNPs by more than 50%,
and pre-incubation with 10 uM or 50 uM LHRH almost com-
pletely blocked the cellular uptake of TLCDNPs, indicating
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Notes: (A) Images of BEL-7402 and LO02 cells treated under different conditions under High Throughput Screening; (B) mean fluorescence intensity. *P<<0.05 versus BEL
(TLCDNPs); “P<<0.05 versus BEL (TLCDNPs).

Abbreviations: BEL, BEL-7402; TLCDNPs, transactivator of transcription — luteinizing hormone-releasing hormone (TAT-LHRH)-chitosan/DNA nanoparticles; Lipo,
Lipofectamine® 2000 (Thermo Fisher Scientific, Waltham, MA, USA)/DNA complexes; DAPI, 4’,6-diamidino-2-phenylindole; FITC, fluorescein isothiocyanate.

submit your manuscript

2885

International Journal of Nanomedicine 2014:9
Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Liu et al

Dove

Figure 11 Effect of LHRH blocking on the uptake of nanoparticles by BEL-7402 cells.
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Abbreviations: LHRH, luteinizing hormone-releasing hormone; TLCDNPs, transactivator of transcription — luteinizing hormone-releasing hormone (TAT-LHRH)-chitosan/

DNA nanoparticles.

that the internalization of the TLCDNPs by BEL-7402 cells
was mainly mediated by LHRH.

In vitro transfection efficiency

of TLCDNPs for hepatoma cells

To learn whether the gene delivered by TLC could be
expressed in the target cells, both BEL-7402 and L02 cells
were transfected with TLCDNPs carrying the pGL3-control
plasmid DNA, which encodes luciferase. Figure 12 shows that
the luciferase activity in BEL-7402 cells was circa 110 times
higher than that in L02 cells. Along with the aforementioned
data, it indicated the superior selectivity of TLCDNPs for
hepatoma cells over normal liver cells.

4.5x10%
4.0><104-
3.5><104-
3.0><104-

In

2.5x104
2.0x10%
1.5x104
1.0x104
5.0x10°-

0.0

RLU/mg prote

BEL-7402 L02

Figure 12 Expression of the reporter gene in L02 and BEL-7402 delivered by TAT-
LHRH-chitosan/DNA complexes.

Abbreviations: TAT-LHRH, transactivator of transcription — luteinizing hormone-
releasing hormone; RLU, relative light units.

Discussion

Successful gene therapies for HCC entail developing gene
carriers with low cytotoxicity, high transgenic efficacy, and
strong targeting specificity for hepatoma cells. The current
investigation was designed to develop a chitosan based non-
viral gene carrier that is capable of delivering genes specifi-
cally into hepatoma cells. For this purpose, a bifunctional
peptide composed of a cell-penetrating peptide TAT and
a hepatoma-cell-targeting peptide LHRH was synthesized
and conjugated with LMWC. LMWC is more water soluble
than high molecular weight chitosan and thus makes the
process of preparing carrier/gene polyplexes easier to handle.
Unfortunately, the DNA-condensing power of LMWC is
much weaker compared with high molecular weight chitosan
as demonstrated in the present study by the gel retardation
analysis. It was also observed in our preliminary study that
the polyplexes formed between the unmodified LMWC and
plasmid DNA were unstable, with non-uniform shape and
much larger size (data not shown). Those reasons together
hinder the application of LMWC as a highly efficient gene-
delivery material. However, incorporation of TAT-LHRH
into LMWC resulted in a much more positively charged
TLC that showed a stronger DNA-condensing power, as
demonstrated in the present study.

The size of chitosan/DNA polyplexes is one of the
critical factors determining their transgenic efficacy both in
vitro and in vivo. As compared with larger-sized particles,
particles of smaller size are more likely to penetrate through
the blood vessel to approach the target tissues and to be
internalized by the cells.** The present study showed that
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the average diameter of TLCDNPs was 70-85 nm, which
was significantly smaller than DNA nanoparticles prepared
with unmodified chitosan as demonstrated in the previous
reports including ours.***¢ This is especially beneficial for
a gene carrier targeting liver cancer, since it is revealed
that particles with a diameter below 100 nm are required to
cross liver fenestra and reach the hepatocytes.’” As expected,
the polyplexes formed with unmodified LMWC and DNA
were unstable with non-uniform size (data not shown); this
made them unsuitable for further experiment such as gene
transfection. This phenomenon is not unusual since the
DNA-condensing capacity of LMWC is too weak to form
stable complexes with plasmid DNA of much higher
molecular mass. However, incorporation of TAT peptide
provides TLC with more positive charge and thus stronger
DNA-condensing power than the unmodified LMWC.

The stability of chitosan/DNA nanoparticles at physi-
ological pH is another important factor affecting the trans-
genic efficiency of the nanoparticles. Due to the weak acidic
property of chitosan, the optimal pH value for the formation
of chitosan/DNA nanoparticles is around 5.5, and the maxi-
mum transfection mediated by chitosan/DNA nanoparticles
is usually achieved at pH value lower than 7.2-2° The weak
acidic pH value of the chitosan/DNA nanoparticles hinders
their in vivo application for gene delivery since the physi-
ological pH value of human body is around 7.4, which might
unstabilize the nanoparticles. Therefore, it is crucial for the
nanoparticles to be stable at physiological pH. The stability
of TLCDNPs in water was tested by observing the changes in
their size and zeta potential, and, as expected, the size and zeta
potential of the nanoparticles was relatively stable for 2 weeks
at room temperature, indicating considerable stability of the
nanoparticles in water. The increased stability of TLCDNPs
is probably the result of the elevated isoelectric point of
TLC (11.3) as compared with that of unmodified chitosan
(6.3),%® which confers the TLC higher positive-charge density
and favors formation of more stable polyplexes with DNA at
physiological pH. It is worth mentioning that TAT peptide
plays an important role in the higher positive charge density
of TLC, since it contains eight positively charged amino acid
residues. This might be a significant advantage of TLC in
comparison with conjugation of chitosan only with LHRH or
other targeting moieties with lower positive charge density.

Cytotoxicity is one of the major concerns in the devel-
opment of gene-delivery vectors. Chitosan is generally
accepted as a nontoxic and safe biomaterial and a chitosan-
based wound-dressing material has been approved by the
US Food and Drug Administration.’® This is one of the

most significant advantages over other cationic polymers.
However, concern still remains, as some investigations dem-
onstrated increased cytotoxicity of polyplexes with increasing
charge density.*** Therefore, we compared the cytotoxicity
of TLCDNPs and lipoplexes at different concentrations with
DNA content ranging from 5 pig/mL to 50 pg/mL. TLCDNPs
at lower concentrations (containing 20 pg/mL or less DNA)
were found to be essentially nontoxic against either normal
liver cells or hepatoma cells, and were significantly less cyto-
toxic as compared with the lipoplexes at each concentration.
It was interesting to note that TLCDNPs at the concentration
containing 5 ug/mL DNA demonstrated a stimulatory effect
on the viability of normal liver cells; however, the underlying
mechanism remains unclear. It was also worth noting that
TLCDNPs demonstrated less cytotoxicity against normal
liver cells than against hepatoma cells, which would be
beneficial for their application as a hepatoma-targeting gene-
delivery vector.

Targeting specificity for hepatoma cells was crucial for
the clinical application of gene carriers for treating liver
cancer. The current study investigated both the in vitro and in
vivo targeting specificity of TLCDNPs for hepatoma cells. In
vitro study demonstrated that TLCDNPs were more selective
for hepatoma cells than normal liver cells, whereas lipoplexes
showed no obvious specificity for hepatoma cells over normal
cells. It also revealed that hepatoma cells took up much more
TLCDNPs than lipoplexes. All those observations indicated
that TLC was superior over Lipofectamine 2000 in terms of
both transfection activity and selectivity for hepatoma cells.
To learn if the gene delivered by TLC could be normally
expressed within the cells, both hepatoma and normal liver
cells were transfected with TLCDNPs carrying the pGL3-
control plasmid DNA encoding for luciferase, and it was
found that the luciferase activity in hepatoma cells was
circa 110 times higher than that in normal liver cells, further
supporting the superior selectivity of TLCDNPs for hepatoma
cells over normal liver cells.

Adherence of serum proteins onto the surface of nano-
particles might interfere with in vitro gene transfection as
well as in vivo gene delivery.* Therefore, it is crucial to
ascertain that the gene-delivery systems should be able to
effectively deliver genes into the cells in the presence of
serum proteins. High transfection efficiency of chitosan in
the presence of serum has been proved by several reports,
which is a key advantage over other nonviral vectors such
as polyethylenimine® and liposomes.* In the present study,
gene transfection was conducted in the presence of 10% fetal
bovine serum and, in line with the previous observations by
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others, it demonstrated that TLCDNPs were taken up by most
of the hepatoma cells whereas the lipoplexes were internal-
ized by only a scarce part of the hepatoma cells, indicating
that TLCDNPs were able to efficiently deliver genes into the
hepatoma cells even in the presence of serum proteins.

An LHRH-blocking experiment was performed to
investigate the role that LHRH plays in the internalization
of the TLCDNPs by hepatoma cells. It demonstrated that
pre-incubation of hepatoma cells with LHRH inhibited the
endocytosis of TLCDNPs in a dose-dependent manner.
In addition, almost complete blockage of nanoparticle
internalization was achieved by LHRH at a concentration
of 50 uM, indicating that TLCDNP internalization by
hepatoma cells was mainly mediated by LHRH. This would
explain why TLCDNPs remained efficient as a gene-delivery
vehicle even in the presence of serum protein, whereas lipo-
plexes failed to mediate a satisfying gene transfection.

In vivo DNA delivery by TLCDNPs was preliminarily
assessed in the nude mice subcutaneously implanted with
BEL-7402 cells stably expressing luciferase. Obvious accumu-
lation of fluorescent intensity was observed in the tumor areas
of mice administrated with fluorescence labelled-TLCDNPs
at 3 and 5 days after nanoparticle administration and no detect-
able fluorescent intensity was observed in other parts of the body
(data not shown), providing further evidence that TLC might
find great potential as a hepatoma-targeting gene carrier.

Conclusion

By conjugating LMWC with TAT-LHRH peptide, we have
developed an efficient gene carrier (TLC) that is highly
specific for hepatoma cells. The significant advantages of
the resultant TLC include (1) stronger DNA-condensing
power, which enables the formation of stable and smaller-
sized polymer/DNA nanoparticles, (2) promising transgenic
efficacy and high selectivity for hepatoma cells both in vitro
and in vivo, and (3) low cytotoxicity. However, several
hurdles remain to be overcome before the successful appli-
cation of the polymer in the gene therapy of HCC. Systemic
investigation is needed on the in vivo targeting specificity and
tissue/organ distribution as well as its immunogenicity.
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