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Gene delivery that provides targeted delivery of therapeutic

genes to the cells of a lesion enhances therapeutic efficacy

and reduces toxic side effects. This process is especially

important in cancer therapy when it is advantageous

to avoid unwanted damage to healthy normal cells.

Incorporating cancer-specific ligands that recognize receptors

overexpressed on cancer cells can increase selective binding

and uptake and, as a result, increase targeted transgene

expression. In this study, we investigated whether a peptide

capable of homing to hepatocellular carcinoma (HCC)

could facilitate targeted gene delivery by cationic liposomes.

This homing peptide (HBP) exhibited selective binding to a

human hepatocarcinoma cell line, HepG2, at a concentration

ranging from 5 to 5,000 nM. When conjugated to a cationic

liposome, HBP substantially increased cellular internalization

of plasmid DNA to increase the transgene expression in

HepG2 cells. In addition, there was no significant

enhancement in gene transfer detected for other human

cell lines tested, including THLE-3, AD293, and MCF-7

cells. Therefore, we demonstrate that HBP provides

targeted gene delivery to HCC by cationic liposomes.

Keywords: Nonviral gene delivery, cancer-targeted gene
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Hepatocellular carcinoma (HCC) is the second deadliest

cancer worldwide, with a 5-year survival rate of 13.7%,

according to the Surveillance Epidemiology and End

Result 1975-2006 published by the National Cancer

Institute. The prognosis associated with HCC is poor

because HCC is usually detected during the metastatic

states of the disease in many patients, resulting in limited

treatment options. Currently, surgical resection and liver

transplantation are the primary treatment options for HCC.

However, surgical resection is limited by tumor size, the

presence of multiple lesions, and impaired function in the

case of cirrhotic livers. Alternatively, liver transplantation

is limited by a shortage of transplantable grafts [4, 9].

Furthermore, chemotherapy has been found to be intolerable

or ineffective in most HCC patients owing to underlying

cirrhosis and a myriad of drug resistance mechanisms [5,

10, 15, 18, 19]. Thus, it is critical to develop an effective

and tolerable systemic therapy to reduce the mortality of

HCC, especially metastatic HCC. 

Gene therapy has the potential to provide therapeutic

benefits to HCC patients [8, 12, 20, 23, 25, 26]. Many gene

therapy strategies that involve HCC focus on transduction

of tumor cells with transgenes, the expression of which

induces “suicide” of cancer cells using apoptosis-related

mechanisms [3, 22, 24]. The principle of suicide gene

delivery is that the gene delivered encodes an enzyme that

can transform a nontoxic prodrug into a toxic drug within

the transduced cells [2, 16]. In the case of HCC, effective

gene therapy would include the delivery of therapeutic

genes selectively to hepatocarcinoma cells. Thus, the

incorporation of HCC-specific ligands into a gene delivery

system would provide selective gene transfer to HCC and

improve therapeutic efficacy [28]. The phage-display libraries

have been extensively used to identify tumor-cell-specific

homing peptides for targeted drug delivery [6, 7, 14, 17,

27]. Some homing peptides have been conjugated to

liposomes to provide cancer therapy [1, 11, 14]. Zhang et

al. [27] have recently identified a peptide capable of homing

to HCC using in vitro selection of phage-display libraries

containing random peptides. Specific binding of a selected

peptide was demonstrated with hepatocarcinoma cells. In

the present study, we prepared a cationic liposome grafted

with this homing peptide (HBP) and tested the ability of

this system to selectively deliver plasmid DNA to HCC. 
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MATERIALS AND METHODS

Chemicals

Fetal bovine serum (FBS), 0.25% trypsin-EDTA, Dulbecco’s modified
Eagle’s medium (DMEM), and DMEM nutrient mixture F-12 (Ham)
(1:1) were purchased from Invitrogen (Carlsbad, CA, U.S.A.). Bronchial
Epithelial Cell Growth Medium (BEGM) was purchased from Lonza
Group Ltd. (Basel, Switzerland). 1,2-Dioleoyl-3-trimethylammonium-
propane (DOTAP), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy(polyethylene glycol)-2000] (DSPE-PEG), 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)
2000] (DSPE-PEG-maleimide), and cholesterol (Chol) were purchased
from Avanti Polar Lipids (Birmingham, AL, U.S.A.). Chloroform and
trifluoroacetic acid (TFA) of HPLC grade and 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) were obtained from Sigma
(St. Louis, MO, U.S.A.). DMSO of HPLC grade was purchased from
Alfa Aesar (Ward Hill, MA, U.S.A.), and HPLC grade acetonitrile
was purchased from Fisher Scientific (Pittsburgh, PA, U.S.A.). Bovine
serum albumin (BSA, 10%) in Dulbecco’s phosphate-buffered saline
(DPBS) was purchased from Thermo Scientific (Rockford, IL, U.S.A.).
D-Luciferin and luciferase from Photinus pyralis were obtained from
Roche Applied Science (Indianapolis, IN, U.S.A.). A 5.2-kbp plasmid
(pGL3 control) encoding the reporter gene, luciferase, was obtained
from Promega Corporation (Madison, WI, U.S.A.). Endotoxin-free
plasmids were purified from Escherichia coli using a Qiagen ultrapure
column according to the manufacturer’s instructions.

Cell Lines and Culture Condition

HepG2, human hepatocarcinoma cells, were purchased from ATCC
(Manassas, VA, U.S.A.) and cultured in DMEM supplemented with
50% Hams F-12 and 10% FBS. THLE-3 cells, normal human liver
cells, were also purchased from ATCC and were cultured according to
the ATCC guidelines with BEGM complete growth medium (without
gentamycin/amphotericin and epinephrine supplements), with 5 ng/ml
epidermal growth factor (EGF), 70 ng/ml phosphoethanolamine, and
10% FBS. AD293 cells, human embryonic kidney cells, were kindly
provided by Dr. Mahato from the University of Tennessee Health
Science Center and were maintained in DMEM (high glucose)
supplemented with 10% FBS, 2 mM L-glutamine, and 1 mM sodium
pyruvate. MCF-7 cells, human breast adenocarcinoma cells, were
purchased from ATCC and were maintained in MEM supplemented
with 10% FBS, 2 mM L-glutamine, 1.5 g/l sodium bicarbonate, 0.1 mM
nonessential amino acids, 1 mM sodium pyruvate, and 0.01 mg/ml
bovine insulin.

Peptide Synthesis and Purification

The wild-type homing peptide (HBP, Phe-Gln-His-Pro-Ser-Phe-Ile,
MW 875) was synthesized by standard Fmoc methods in collaboration
with the Molecular Resource Center at the University of Tennessee
Health Science Center (Memphis, TN, U.S.A.). A mutant peptide
containing the same amino acids, but in a scrambled sequence
(mtHBP, His-Ser-Ile-Pro-Phe-Gln-Phe), was also synthesized as a
non-targeting control. The change in the sequence of amino acids
did not affect the molecular weight, net charge, or the overall
hydrophobicity of the peptide. HBP and mtHBP were synthesized
with an additional Cys residue at the C-terminus of each peptide for
conjugation with liposomes (HBP-Cys and mtHBP-Cys, MW 978.2).
Peptides were also labeled with fluorescein carboxamide (FAM) at

the N-terminus for the convenience of quantification. Labeled
peptides were excited at 492 nm and detected at 518 nm.

Binding Specificity of HBP to Hepatocarcinoma Cells

HepG2, THLE-3, AD293, and MCF-7 cells were seeded at 3×
105 cells/well in 4-well culture slides. After 24 h, cells were washed three
times with DPBS and incubated with serum-free medium for 1 h at
37oC. Cells were then fixed in 4% formaldehyde for 15 min at RT and
washed three times with DPBS. After blocking with 1% BSA in PBST
(0.05% Tween 20 in DPBS) at 37oC for 1 h, cells were incubated with
FAM-HBP in the range of 5-5,000 nM at 37oC for 1 h. Another
group of HepG2 cells was incubated with FAM-mtHBP using the
same protocol. Cells were then washed three times with PBST,
mounted on glass slides with fluoromount-G, and observed with an
Olympus CKX41 fluorescent microscope with a U-MWB2 filter
(Ex 460/490, DM500, and BA520IF) (Olympus) for blue excitation.

Preparation and Characterization of HCC-Targeted Cationic

Liposome

A cationic liposome composed of DOTAP, Chol, DSPE-PEG, and
DSPE-PEG-maleimide at the mole ratio of 80:20:3:2 was prepared.
Lipids were dissolved in chloroform at a total concentration of
1.7 mM and mixed well. A thin lipid film was prepared by removing
the chloroform with argon gas. The lipid film was hydrated with
50 mM HEPES buffer (pH 6.5) and sonicated using a probe-type
sonicator (Sonicator 3000; Misonix, Inc., Farmindale, NY, U.S.A.)
for 6 min using a pulse method (5 s on and 1 s off) in an ice bath.
HBP-Cys in HEPES buffer was incubated with the pre-formed
liposome at a mole ratio of 4:1 (peptide:maleimide) overnight at RT.
Unconjugated peptides were removed by dialysis against HEPES
buffer overnight using cellulose dialysis membrane (MWCO: 12,000-
14,000) (Spectrum Laboratory Products, Inc., Gardena, CA, U.S.A.)
and were used for gene transfer. Conjugation efficiency was determined
indirectly by quantifying the unconjugated HBP. The conjugation
mixture was treated with 10% Triton X-100, analyzed by reverse-
phase HPLC (RP-HPLC) by using a C18 analytical column (250×
4.6 mm, pore size 300 Å, bead diameter 5 µm), and eluted at 1 ml/
min with 5-70% acetonitrile over 35 min in 0.1% TFA while
monitoring UV absorbance at 220 nm. The amount of HBP eluted
was determined using a standard curve based on the elution of 1-
20 nmoles of HBP standards, and was compared with the total
amount of HBP incubated with the cationic liposome. Alternatively,
FAM-labeled peptides were used to determine the conjugation
efficiency. Unconjugated peptides were separated from liposome by
using Centricon centrifugal filter devices (Centricon 100, MWCO
100,000; Millipore, Bedford, MA, U.S.A.) with centrifugation at
4,000 ×g for 15 min. Quantification of peptides was performed with
excitation at 492 nm and detection at 518 nm by a PerkinElmer LS 55
fluorescent spectrometer (Waltham, MT, U.S.A.). A cationic liposome
conjugated with mtHBP-Cys was also prepared as a non-targeting
control liposome and was characterized using the same procedures.
In addition, we prepared cationic liposomes composed of the same
lipids, but grafted with no peptide as a negative control. The particle
size and zeta potential were measured using quasi-elastic light
scattering with a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Southborough, MA, U.S.A.). Formed liposomes (22 µl≡38 nmoles
of total lipids) were mixed with pGL3 (2 µg) in DPBS (0.15 M, pH
7.4) to prepare DNA complexes at a 5:1 (NH3

+:PO4

-) ratio.
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Binding Specificity of Targeted Liposome-DNA Complexes to

Hepatocarcinoma Cells

HepG2 cells (2×105 cells/well) and THLE-3 cells (5.5×104 cells/well)
were seeded in 12-well plates. After 24 h, cells were incubated with
targeted or non-targeted liposome-pGL3 complexes for 2 h. pGL3
was labeled with fluorescein isothiocyanate (FITC) by using a Label
IT Fluorescein labeling kit (Mirus, Madison, WI, U.S.A.). Cells were
washed twice with ice-cold DPBS and lysed with 1 ml of lysis
buffer (25 mM Tris hydrochloride, pH 7.8, 1 mM EDTA, 8 mM
MgCl2, 1% Triton X-100). Cell lysates were centrifuged at 12,000
×g for 10 min to remove insoluble cell debris. DNA complexes
present in the lysates were measured by quantifying FITC at 518 nm
after excitation at 492 nm by using a PerkinElmer LS 55 fluorescent
spectrometer. 

Transfection Using the HCC-Targeted Liposome

HepG2 cells (1×105 cells/well) and THLE-3 cells (5×104 cells/well)
were plated in 12-well plates 24 h before transfection. Cells were
subsequently incubated with cationic liposome-pGL3 complexes (2 µg
of pGL3/well) in 1 ml of medium containing 10% FBS. After 6 h, the
medium was replaced with fresh culture medium. AD293 cells (4×
104 cells/well) and MCF-7 cells (7×105 cells/well) were seeded in 12-well
plates 24 h before transfection. Cells were incubated for 6 h with DNA
complexes containing 1 µg of pGL3 in 1 ml of culture medium
containing 10% FBS, and then were grown in fresh culture medium
for 24 h. Twenty-four hours after transfection, cells were harvested
and analyzed for luciferase expression and protein concentration, as
described below. Cells were washed twice with 1 ml of ice-cold
DPBS and treated with 0.1 ml of lysis buffer for 10 min at 4oC. Cell
lysates were centrifuged at 13,000 ×g for 10 min at 4oC. Luciferase
relative light units for each supernatant were detected by using a
Sirius Luminometer (Berthold, Munich, Germany) with 10-s integration
after automatic injection of 100 µl of 0.5 mM D-luciferin to 100 µl of
cell lysates. Relative light units were converted to nanograms of
luciferase by using a standard curve generated from luciferase standards
detected in HepG2 cell lysates. Protein concentrations were measured
by BCA assay using BSA as a standard [21]. The amount of luciferase
in each sample was normalized to milligrams of protein and
reported as the means ± standard deviation (SD) obtained from each
transfection performed in triplicate.

Competitive Inhibition of Gene Transfer by Free Peptides

HepG2 cells were cultured in 12-well plates (1×105 cells/well) overnight
before adding 0.5-500 µM HBP or mtHBP for 1 h at 37oC. Cells
were then incubated with the targeted liposome-pGL3 complex
(2 µg of pGL3/well) with 10% FBS. After 6 h, the medium was
changed, and 24 h after transfection, cells were harvested and analyzed
for luciferase expression and protein concentration by using the
same methods described above.

Statistical Analysis

Statistical significance of differences was analyzed using a two-
sided t-test, assuming equal variances. Differences were considered
significant when p<0.05. 

RESULTS

Selective Binding of HBP to HCC Cells

Cell-surface binding of HBP to various human cell lines

was evaluated to determine the binding selectivity of HBP

to hepatocarcinoma cells. HepG2, THLE-3, and AD293

cells were incubated with FAM-labeled HBP and observed

by a fluorescence microscope. As shown in Fig. 1 (left

panel), bright green fluorescence was detected in HepG2

cells incubated with 5 nM FAM-HBP. In contrast, an

absence of green fluorescence was observed in normal

liver cells (THLE-3) and normal kidney cells (AD293)

incubated with HBP at concentrations up to 50 µM. The

binding of HBP to another cancer cell line, MCF-7, was

also tested to determine whether the higher affinity of HBP

to HepG2 cells was the result of HCC-specific binding of

HBP or a higher rate of uptake of HepG2 cells. However,

there was no fluorescence associated with MCF-7 cells

incubated with HBP at concentrations ranging from 5 to

5,000 nM. Binding of a mutant peptide (mtHBP) to HepG2

cells was also tested. As shown in the right panel of Fig. 1,

mtHBP did not bind HepG2 cells, suggesting that HBP

selectively binds a cell-surface receptor on hepatocarcinoma

Fig. 1. Binding of HBP (50 nM) to various human cell lines (A) and binding of HBP and mtHBP, at 50 nM, to HepG2 cells (B). 
Peptides were labeled with fluorescein carboxamide (FAM) for detection by fluorescence microscopy. HepG2: human hepatocellular carcinoma cells;

THLE-3: human normal liver cells; AD293: human normal embryonic kidney cells; MCF-7: human breast adenocarcinoma cells. Upper panel: bright field;

lower panel: green fluorescence field. Magnification: 200×.
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cells in order to be internalized by receptor-mediated

endocytosis. Therefore, our results demonstrate that HBP

is an HCC-selective homing peptide. 

Characterization of the HCC-Targeted Cationic Liposome

A cationic liposome composed of DOTAP, cholesterol,

DSPE-PEG, and DSPE-PEG-maleimide was prepared for

gene delivery. HBP-Cys was conjugated to the pre-formed

liposome using a coupling reaction between maleimide

and the thiol group of Cys to prepare HCC-targeted

liposomes (Scheme 1). It has previously been shown that

both particle size and hydrophobicity play important roles

in the cell adhesion of particles [13]. Therefore, a non-

targeted liposome was prepared by conjugating mtHBP to

cationic liposomes, which provided a control liposome

with the same particle size and surface hydrophobicity as

the targeted liposome. Conjugation efficiency was determined

to be >95% for both targeted and non-targeted liposomes

based on the amount of unconjugated peptides detected

(data not shown). The mean particle sizes of the targeted

and non-targeted liposomes were 92 nm (polydispersity

index 0.414) and 107 nm (polydispersity index 0.343),

respectively, and the differences were not significant.

Conjugation of the peptides to the liposome did not

significantly change the particle size of the liposome

compared with the negative control liposome of which the

mean particle size was 103 nm with a polydispersity index

of 0.255. The amount of HBP associated with each liposome

was optimized at 2:100 (peptide to lipid, mole:mole) based

on the reproducibility of cell binding tests at this ratio, and

liposome-DNA complexes were prepared at 5:1 (NH3

+:PO4

-)

based on data from fluorescent dye exclusion assays that

detected maximal condensation of pGL3 achieved at this

charge ratio. 

HCC-Selective Gene Transfer by the Homing Peptide,

HBP

To determine whether HBP can provide selective gene

delivery to hepatocarcinoma cells, internalization of liposome-

DNA complexes by HepG2 and THLE-3 cells was tested.

pGL3, a plasmid encoding luciferase, was labeled with FITC

and complexed with targeted and non-targeted liposomes.

FITC-labeled pGL3-liposome complexes were then incubated

with HepG2 and THLE-3 cells. Internalization of pGL3

carried by targeted liposome was 2-fold greater than the

internalization of pGL3 associated with non-targeted liposome

in HepG2 cells, whereas the targeted liposome did not

improve the internalization of pGL3 by THLE-3 cells (Fig. 2).

Cationic liposomes can deliver plasmid DNA to various

types of cells in culture without help of a targeting ligand

owing to their nonspecific electrostatic binding to cell

membranes. The nonspecific binding decreases substantially

when the liposomes are pegylated; however, background

levels of binding and subsequent gene transfer are still

observed. To evaluate nonspecific bindings of the targeted

and non-targeted liposomes to the cells, we compared their

levels of cellular internalization with the levels of the

negative-control liposome composed of the same lipids but

grafted with no peptide. In THLE-3 cells, the absolute

levels of internalization of the targeted- and non-targeted

liposomes were not significantly higher than the level of

the negative-control liposome, which indicates that the

targeted and non-targeted liposomes bound the cells via

nonspecific binding. In HepG2 cells, internalization of the

non-targeted liposome was not significantly greater than

that of the negative control liposome, whereas internalization

of the targeted liposome was significantly greater. The

results of these cellular internalization assays suggest that

hepatocarcinoma-specific transfection is facilitated by HBP.

We further evaluated transgene expression following

transfection using the targeted and non-targeted liposomes.

As shown in Fig. 3, luciferase expression in HepG2 cells

was 30-fold greater in transfection assays using the

targeted liposome than in transfections using the non-

targeted liposome. In contrast, luciferase expressions detected

Scheme 1. Formation of the HCC-targeted liposome. 
Cationic liposomes composed of DOTAP, Chol, DSPE-PEG, and DSPE-

PEG-maleimide were conjugated with HBP-Cys using a coupling reaction

between maleimide and the thiol group of Cys.

Fig. 2. Influence of HBP on the internalization of plasmid DNA
by human hepatocarcinoma cells (HepG2) versus normal liver
cells (THLE-3). 
Cells were incubated with FITC-labeled pGL3 complexed with targeted or

non-targeted liposomes for 2 h, followed by lysis with 1% Triton X-100.

pGL3 present in the cell cytosol sample was quantified by measuring FITC

fluorescence. Data represent the means ± standard deviation, n=3.
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in other cell lines after transfection with targeted and non-

targeted liposomes were not significantly different. We

also measured luciferase expressions by the negative-control

liposome to determine gene transfer via nonspecific

binding of the liposomes to the cells. In all the cell lines

tested, the non-targeted liposome did not significantly

enhance luciferase expression levels above the levels of

the negative-control liposome. Meanwhile, the targeted

liposome enhanced luciferase expression by 30-fold only

on HepG2 cells. These results confirmed that the enhanced

gene transfer by the HCC-targeted liposome occurred only

by the HBP.

 

Competitive Inhibition of Gene Transfer by Free HBP

We hypothesized that specific binding of targeted liposome

to hepatocarcinoma cells is due to the binding of HBP to a

hepatocarcinoma-cell-specific membrane receptor. To test

this, transfections were performed in the presence and

absence of free HBP plus the targeted liposome. As shown

in Fig. 4, free HBP inhibited luciferase expression in a

dose-dependent manner up to 80% at concentrations of 5-

50 µM. In contrast, addition of mtHBP to the transfection

medium at the same concentrations did not significantly

change luciferase expression levels. Therefore, these results

suggest that the competition between the targeted liposome

and free HBP for the same binding site on HepG2 cells

predicts that a receptor-mediated internalization process is

involved in the uptake of the targeted liposome. 

DISCUSSION

The main limitation in the use of gene therapy to treat

cancer has been the inability to target gene transfer

selectively to cancer cells. Specific targeting is particularly

important in the treatment of HCC, since it is critical to

save normal healthy liver cells and maintain the liver

function during a treatment that has severe side effects,

such as with “suicide” gene therapy. 

In this paper, the potential for a hepatocarcinoma-

homing peptide to provide targeted gene delivery to HCC

was investigated. HBP was first identified from in vitro

phage-display selection of a random peptide library performed

by Zhang et al. [27] and reported to selectively bind

hepatoma cells, including HepG2 and BEL-7402 cells,

over normal hepatocytes and non-hepatoma cancer cells

such as HeLa. To confirm the targeting capability of HBP

to hepatocarcinoma cells, the binding of HBP to several

human cell lines was tested. The results show that HBP

can selectively bind hepatocarcinoma cells but not other

cancer cells and normal cells. Furthermore, the low

binding affinity of the mutant peptide, mtHBP, to HepG2

cells suggests the presence of a HCC-specific cell surface

receptor. Additional studies are needed to identify this

possible cell surface receptor and characterize its pathological

and physiological roles in the biology of hepatocarcinoma

cells. Based on these studies, further improvements to a

gene delivery system for HCC could be developed, and

this work is ongoing in our laboratory. 

To develop a hepatocarcinoma-targeted gene delivery

system, HBP was conjugated to a cationic liposome. The

binding selectivity of the targeted liposome was evaluated

Fig. 3. Luciferase expression in human cell lines. 
Cells were transfected using targeted or non-targeted liposome-pGL3

complexes in the presence of 10% FBS. Luciferase expression was

measured 24 h after transfection. Data represent the means ± standard

deviation, n=3.

Fig. 4. Influence of free HBP and mtHBP on the transfection
efficiency of the HCC-targeted liposome. 
HepG2 cells were transfected with the targeted liposome in the presence of

0-50 µM free HBP (black bars) or free mtHBP (dashed bars). Luciferase

expression was measured 24 h after transfection. Data represent the means

± standard deviation, n=3.
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using assays of cellular uptake and transfection. Internalization

of plasmid DNA by HepG2 cells was improved 2-fold

using the targeted liposome compared with the non-

targeted liposome. As a result, transgene expression was

enhanced 30-fold. In contrast, gene transfer to normal liver

cells (i.e., THLE-3 cells) did not increase following transfection

with the targeted liposome and, correspondingly, transgene

expression was not improved. Transgene expression in

HepG2 cells was also found to be inhibited by free HBP in

a dose-dependent manner, whereas the control peptide had

no such inhibitory effect. These results clearly demonstrate

that hepatocarcinoma-selective gene delivery was achieved

using HBP, and further suggests the existence of a

hepatocarcinoma-cell-specific membrane receptor that binds

HBP.

In conclusion, we have demonstrated a HCC-targeted

gene delivery system involving a hepatocarcinoma-homing

peptide carried by cationic liposomes. Targeted gene

delivery increased the uptake of a reporter plasmid, and

increased transgene expression in hepatocarcinoma cells.

This hepatocarcinoma-targeted homing peptide needs to be

further investigated in animal models in order to develop a

clinically relevant in vivo gene delivery system for HCC. 
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