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a b s t r a c t

Despite advances in technology, neither conventional anti-cancer drugs nor current nanoparticle (NP)
drugs have gained substantial success in cancer treatment. While conventional chemotherapy drugs have
several limitations such as low potency, poor in vivo stability and limited bioavailability, non-specific
targeting of NP drugs diminishes their potency at actual target sites. In addition, the development of
drug resistance to anti-cancer drugs is another challenging problem. To overcome these limitations, we
aimed to develop a polymer-drug conjugate, which functions as an active NP drug and drug carrier both,
to deliver a chemotherapeutic drug for combination therapy. Accordingly, we made targeting NP carrier
of lithocholic acid-poly(ethylene glycol)-lactobionic acid (LPL) loading doxorubicin (Dox) to produce Dox/
LPL NPs. The cellular uptake of Dox/LPL NPs was relatively higher in human liver cancer cell line (SK-HEP-
1) due to galactose ligand-asialoglycoprotein receptor interaction. Consequently, the cellular uptake of
Dox/LPL NPs led to massive cell death of SK-HEP-1 cells by two different mechanisms, particularly
apoptotic activity by LPL and mitotic catastrophe by Dox. Most importantly, Dox/LPL NPs, when
administered to orthotopic xenograft model of liver cancer, greatly reduced proliferation, invasion,
migration, and angiogenesis of liver tumor in vivo. Thus, this study exemplifies the superiority of com-
bination therapy over individual NP drug or conventional small molecule drug for cancer therapy.
Overall, we present a promising approach of combinatorial therapy to inhibit the hepatic tumor growth
and metastasis in the orthotopic xenograft model mice, thus representing an effective weapon for cancer
treatment.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Cancer is one of the leading cause of deaths worldwide claiming
millions of lives each year with an estimated 600,000 deaths
attributable to liver cancer. Despite advances in technology,
chemotherapy has been remained as the standard of treatment for
most of the cancers. However, conventional chemotherapy drugs
, chocs@snu.ac.kr (C.-S. Cho).
have several limitations such as low potency, poor in vivo stability
and limited bioavailability [1]. It is because chemotherapy drugs are
usually non-specific small molecules that simply diffuse and
distribute freely throughout the body diminishing their potency at
actual target sites. In addition, non-specific targeting of chemo-
therapy drugs can damage rapidly proliferating normal cells [2].
Hence, the development of innovative anti-cancer drugs which are
much more effective and selective to the cancer cells are required
for the specific treatment of cancers.

Polymeric nanoparticles (NPs) have attracted significant interest
over the last two decades to overcome the limitations of conven-
tional drug delivery system [1,3]. The NPs offer great advantages
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over conventional drugs because they can be manipulated into
diverse shapes and sizes using a variety of polymeric materials
incorporating lipids, metals or chemical and biological substances
[4e6]. Besides, NPs can be tailored to achieve site-specific active
targeting, in contrast to passive targeting of conventional drugs, to
enhance the intracellular concentration of drugs in cancer cells
while avoiding toxicity to normal cells [7]. Currently, the develop-
ment of drug resistance to anti-cancer drugs is major challenging
problem [8,9]. One way to avoid the development of resistant
cancer cells is to give chemotherapy drugs in combination that
presumably circumvents the possibility of development of drug
resistance by acting on multiple molecular mechanisms [10]. The
other way is to deliver chemotherapy drugs in groups by using the
emerging field of NP-based drug delivery platforms. Themajority of
NPs for combinatorial drug delivery is primarily based on lipo-
somes, polymeric micelles, dendrimers and polymer-drug conju-
gates. However, polymeric NP drug delivery platform has been
rarely explored to use chemotherapy drug with polymer-drug for
combination therapy.

Usually, polymeric conjugates of drug (prodrug or permanent
drug) are built by attaching a small molecule anticancer drug or
therapeutic agent to a polymer, with either a labile or a permanent
linker. While the prodrug is made with labile linkage with drug for
easy hydrolysis to release active drug, permanent drug denotes the
drug conjugate with polymer with stable linkage that has thera-
peutic activity without breakdown of the linkage. These polymer-
drug conjugates have several advantages over their low molecu-
lar weight precursors. The main advantages include water solubi-
lity, higher stability, prolonged circulation half-life, lower
immunogenicity and specific targeting to tissues or cells [11].
Recently, lithocholic acid (LCA) has been reported to induce
apoptotic cell death to cancer cells, while sparing normal cells [12].
Although LCA appears a promising small molecule drug for the
treatment of cancers, it faces many challenges for in vivo use due to
its low solubility, short circulating half-life, and rapid clearance
from the body by renal filtration. In order to eliminate these types
of defects of LCA, we recently conjugated LCA with poly(ethylene
glycol)(PEG) as a permanent drug and the product exhibited higher
apoptotic activity than LCA itself [13]. Since the product self-
assembles to NP, it could be used as an efficient carrier to deliver
conventional anti-cancer drugs for combination chemotherapy.

Liver is one of the most important organs in the body that
metabolizes nutrients, detoxifies harmful substances, produces
vital enzymes and secretes bile acids to perform many vital func-
tions in the body. Liver is composed of parenchymal tissues mainly
comprising of hepatocytes which consist of numerous cell surface
receptors (asialoglycoproteins) that readily binds with carbohy-
drates such as galactose [14]. Receptor-mediated drug targeting is
of major interest in the field of drug delivery systems where drugs
can be delivered to the specific cells or tissues through specific
interaction between ligand and receptor on the cells [15e17].
Owing to specific interaction between galactose and asialoglyco-
protein receptors on liver cells, a number of NPs modified with
galactose have been utilized for liver-targeted drug delivery sys-
tems [18e20]. The results from these experiments suggest that the
surface characteristics of NPs greatly contribute to targeted-drug
delivery.

In this study, we used a polymer-drug conjugate, which func-
tions both as an active NP drug and a drug carrier, to deliver a
chemotherapeutic drug for combination therapy in order to sup-
press hepatic tumor growth and spontaneous metastasis in an
orthotopic mouse model of liver cancer. In addition, we studied the
underlying molecular mechanisms of combination drugs in the
suppression of proliferation, invasion, migration, and angiogenesis
of liver tumor in vivo.
2. Materials and methods

2.1. Materials

Lithocholic acid (LCA), lactobionic acid (LBA), N,N0-dicyclohex-
ylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), dimethylsulf-
oxide (DMSO), doxorubicin (Dox) hydrochloride, sodium dodecyl
sulfate (SDS), Fluorescein isothiocyanate (FITC) isomer I, 40,6-
diamidino-2-phenylindole (DAPI) dilactate and triethylamine
were purchased from Sigma-Aldrich (St. Louis, MO,USA). Diamino
poly (ethylene glycol) 6000 Da (PEG) was purchased from SunBio
(Anyang, Korea).

Antibodies of cyclin dependent kinase 4 (CDK4) and pro-
caspase-3 (Casp-3) were purchased from Cell Signaling (Danvers,
MA, USA) while antibodies of proliferating cell nuclear antigen
(PCNA), vascular endothelial growth factor (VEGF), cyclin B1, cyclin
dependent kinase 2 (CDK2), cytochrome c and actin were from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Fetal bovine serum
(FBS), penicillin/streptomycin were purchased from Invitrogen
(Carlsbad, CA, USA). All other chemicals were purchased from
Sigma-Aldrich unless otherwise specifically stated.

2.2. Synthesis and preparation of NPs

LPL was synthesized as previously described [21]. Briefly, LBA
(2 mM) was activated in the presence of DCC (4 mM) and NHS
(4mM) in DMSO (10ml) at room temperature for 18 h. The LBAwas
further reacted with diamino PEG (20 mM) for 4 h. The reaction
product was initially dialyzed against DMSO with a dialysis mem-
brane (Spectra/Por MWCO: 1000) for 24 h, and finally dialyzed
against water at 4 �C overnight. The product, LBA-PEG (LP), was
freeze-dried and conjugated with LCA under following condition.
First, LCA (50 mM) was activated in the presence of DCC (100 mM)
and NHS (100 mM) in DMSO (10 ml) with at room temperature for
18 h. The LCA was further conjugated with LP (10 mM) for 4 h. The
product, LPL, was first dialyzed against DMSO with a dialysis
membrane (MWCO: 1000) for 24 h, and finally dialyzed against
water at 4 �C overnight to obtain LPL NPs which were further
washed with water, freeze-dried and stored at �80 �C until use.
Similarly, PEG-LCA (PL) was synthesized and PL NPs were prepared
as described above. FITC-labeled LPL or PL was prepared as follows.
Twenty milligrams of LPL or PL and 1 mg of FITC was dissolved in
1 ml of DMSO and stirred for 4 h in dark at room temperature. The
reaction product was dialyzed in water at 4 �C for 24 h in dark to
obtain FITC-labeled LPL or PL NPs which were further freeze-dried
and stored at �80 �C until use. Similarly, Dox/LPL NPs were pre-
pared by following method. A mixture of Dox (5 mg) with trie-
thylamine (2.5 ml) was stirredwith LPL (20mg) in DMSO (5 ml). The
mixture was dialyzed against water with a dialysis membrane
(MWCO: 1000) at 4 �C for 6 h to obtain Dox/LPL NPs which were
further washed with water, freeze-dried and stored at �80 �C until
use.

2.3. Characterization of NPs

The size and surface zeta potential of the NPs were assessed
using a dynamic light scattering spectrophotometer (DLS 7000,
Otsuka Electronics, Osaka, Japan) and electrophoretic light scat-
tering spectrometer (ELS 8000, Otsuka Electronics) by dispersing
the NPs (1 mg/ml) in water. The morphology of NPs was visualized
using field-emission scanning electron microscope (FE-SEM)
(SIGMA, Carl Zeiss Microscopy GmbH, Jena, Germany). For SEM, the
dry NPs were dispersed on a grid with electric tape. A thin film of
platinumwas then sputtered onto the NPs on the grid using a high
vacuum coater Leica EM ACE600. The coated samples were
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observed and imaged with SEM.

2.4. Drug loading content and drug release test of NPs

The drug encapsulation efficiency was defined as the weight
percentage of Dox encapsulated in NPs relative to Dox initially
added for encapsulation while the drug loading content was
defined as the weight percentage of Dox in Dox-loaded NPs. A
standard curve of Dox was plotted by measuring the absorbance of
Dox at 480 nm by UVeVIS spectrophotometer (Tecan Infinite® 200
PRO series, Tecan Group Ltd. Mannedorf, Switzerland) to calculate
the encapsulation efficiency and loading content. The release of
Dox from Dox/PL and Dox/LPL NPs was performed by dialysis
method. Briefly, 10 mg of each NP sample was dispersed in 1 mL of
PBS buffer (pH 7.4) or acetate buffer (pH 5.5) including 0.05 wt%
SDS and transferred to Slide-A-Lyzer MINI Dialysis Unit, 2000
MWCO (Thermo Scientific, Logan, UT, USA). The dialysis unit was
inserted in a microcentrifuge tube containing the same PBS buffer.
The tube was inserted in a float, placed on a water beaker and
stirred with 100 rpm at 37 �C. The amount of Dox released in a
given time of interval was observed at 480 nm by UV-VIS spec-
troscopy. The release experiment was carried out in triplicates. The
release of Dox was quantified using the standard curve plot.

2.5. Cytotoxicity of NPs

Human liver cancer cell line SK-HEP-1 (Korean Cell Line Bank,
Seoul, Korea) was cultured in complete DMEM/high glucose me-
dium supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 mg/ml streptomycin at 37 �C in a humidified 5%
CO2 incubator. Cytotoxicity of NPs in SK-HEP-1 cells was deter-
mined by a methylthiazolyldiphenyl tetrazolium bromide (MTT)
assay. The cells were seeded in 24-well plates at an initial density of
10 � 104 cells/well in 1 ml of growth medium for 24 h. The cells
were treated with the different amount of NPs in Gibco Opti-MEM
reduced serum medium (Thermo Scientific, USA) for 4 h and
replaced by 0.5 ml fresh growth media. The cells were further
incubated for 24 h and then treated with MTT reagent for 3 h. The
cell viability was determined by measuring the absorbance at
570 nm using multimode microplate reader (Tecan Infinite® 200
PRO series).

2.6. Cellular uptake of NPs and subsequent detection of Dox

SK-HEP-1 cells were seeded in confocal dish at an initial density
of 20 � 104 cells/well in 2 ml of growth medium for 24 h. To
determine the cell specificity of the NPs, the cells were treated with
25 mM concentration of FITC-NPs in Opti-MEMmedium for 4 h. The
cells were washed, stained with DAPI and fixed with formalin prior
to observation by confocal laser scanning microscope (CLSM,
LSM710, Carl Zeiss Microscopy GmbH, Germany). To observe the
inhibitory effect of galactose on the receptor-mediated endocytosis
of LPL-core NPs, SK-HEP-1 cells were cultured as described before.
Various concentration of galactose (0, 0.1, 1, 10 mM) was treated to
the cells prior to the treatment with 25 mM concentration of Dox/
LPL NPs in Opti-MEM medium for 2 h. After incubation with the
NPs, the cells were collected and the amount of Dox was detected
by flow cytometry in a FACSCalibur™ flow cytometer (BD Bio-
sciences, Franklin Lakes, NJ, USA). The amount of Dox detection is
directly proportional to the uptake of Dox/LPL NPs.

On the other hand, to observe the cellular uptake of NPs and
subsequent release of Dox inside cells, the cells were treated with
different amount of Dox/LPL NPs in Opti-MEMmedium for 4 h. The
cells were replaced by fresh growth media and further incubated
for 18 h. The cells were washed, stained and fixed as above to
observe through CLSM. Quantitative analysis of the degree of up-
take of NPs was done by using ImageJ v1.36b software (http://rsb.
info.nih.gov/ij/).
2.7. Flow cytometric detection of apoptosis

To analyze apoptosis induced by NPs, SK-HEP-1 cells were
seeded in 6-well plates at an initial density of 20 � 104 cells/well in
2 ml of growth medium for 24 h. The cells were treated with the
optimized concentration of NPs in Opti-MEM medium for 4 h. The
cells were replaced by fresh growth media and further incubated
for 18 h. The cells were collected and stainedwith Ezway annexinV-
FITC apoptosis detection kit (Komabiotech, Seoul, Korea) according
to manufacturer's instructions. The incidence of apoptosis in cell
cultures was analyzed by flow cytometry.
2.8. Establishment of orthotopic xenograft mouse model of liver
cancer

The laboratory animal studywas approved by the Seoul National
University Institutional Animal Care and Use Committee (IACUC)
(SNU-150112-3-1). 7-week-old male nude mice (BALB/c, nu/nu)
were purchased from Central Lab Animal Co. (Seoul, Korea). They
were housed under a 12 h light/dark cycle with temperature of
23 ± 2 �C, a relative humidity level of 50 ± 20%, and fed with food
and water ad libitum. After 1 week of acclimation, the mice were
taken surgery for orthotopic tumor graft and randomly divided into
5 groups (4mice/group). To establish orthotopic xenograft model of
liver cancer, the mice were anesthetized using alfaxalone (60 mg/
kg; Alfaxan, Jurox) and xylazine (35 mg/kg; Rompun, Bayer). After
applying 70% ethanol and povidone-iodine to incision site for sur-
gical scrub and laparotomy, 3 � 106 SK-HEP-1 cells were injected
into the liver. The incision was closed and applied with antibiotic
ointment (Fig. S1). Eighteen days after the injection, the tumor
development in liver was examined.
2.9. Administration of NPs in vivo and histological examination

After confirmation of tumor development in mice, the mice
were administered with a dose of 200 mM of Dox/LPL NPs, 200 mM
of LPL NPs, 140 mM of LCA (equivalent amount of LCA content in
LPL), 9.6 nM of Dox (equivalent amount of Dox content in Dox/LPL)
in a volume of 0.2 ml saline via intraperitoneal (IP) injection for 4
weeks with a total of 7 doses at the interval of 4 days (Scheme 1).
Three days after the last dose of the treatment, the mice were
anesthetized for necropsy. Blood samples were collected from the
abdominal vein and sera were obtained by centrifugation at
14,000 rpm for 50 min and stored at �70 �C until use. Analyses of
serum aspartate aminotransferase (AST), and alanine aminotrans-
ferase (ALT) levels from the sera were performed by Neodin Vet-
erinary Science Institute (Seoul, Korea).

Livers were isolated from each group of mice and the tumor size
was measured with caliper and the volume was calculated as fol-
lows: tumor volume [mm3] ¼ (length [mm]) � (width
[mm])2 � 0.5. For the histological analysis, the liver tissues were
fixed in 10% neutral buffered formalin, paraffin-processed, and
sectioned. The sections were deparaffinized in xylene for 5 min
twice and rehydrated with 100%, 95%, 90%, 80%, 70%, and 50%
ethanol for 2 min each. Then, they were stained with hematoxylin
and eosin, mounted with Permount mounting medium (Fisher
Scientific, Fair Lawn, NJ, USA) and observed under a light
microscope.
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2.10. Western blot analyses

Livers were homogenized with lysis buffer and the protein
concentration of each tissue lysate was measured using Pierce™
BCA Protein Assay Kit (Thermo Scientific, USA). Equal amounts
(25 mg) of each sample were loaded and separated by 10e12% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE). Then the protein-loaded gel was transferred to a nitrocel-
lulose membrane using iBlot® 2 Gel Transfer Device (Life Technol-
ogies, Carlsbad, CA, USA). The protein expression analyses were
performed with antibodies of PCNA, VEGF, cyclin B1, CDK2, CDK4,
Casp-3, cytochrome c and actin. After incubating with corre-
sponding secondary antibodies conjugated with horseradish
peroxide, the Western bands were detected by using Image
analyzer ATTO EZ Capture MG (ATTO Corp., Tokyo, Japan) and
densitometric analyses of the bands were performed with CS
analyzer 3.0 program (ATTO Corp.).

2.11. Statistical analyses

Unless otherwise stated, independent experiments were run at
least in triplicate (n ¼ 3). The results were expressed as
mean ± standard deviation (SD). The statistical significance of the
differences was calculated by one-way analysis of variance
(ANOVA) or two-tailed unpaired Student's t-test using Graphpad
Prism 5 Software (San Diego, CA, USA). Statistical significance is
denoted by *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results

3.1. Preparation and characterization of NPs

LBA and LCA were successively conjugated at the two ends of
diamino PEG to produce LPL as described inmaterials andmethods.
Both LBA and LCA were activated with DCC/NHS to link covalently
with the amino groups of PEG. By similar reaction, PEG-LCA (PL)
was also synthesized. The successful synthesis of LPL and PL was
confirmed by proton nuclear magnetic resonance (1H NMR). The
corresponding methylene peaks of LCA, PEG and LBA are shown in
the 1H NMR spectrum of LPL (Fig. 1A) and PL (Fig. 1B). The peaks in
the spectrum were authenticated by comparing with the corre-
sponding peaks of 1H NMR spectrum of original compound of LCA
(Fig. S2), LBA (Fig. S3) and PEG (Fig. S4). The conjugation of LCA and
LBA in LPL was further confirmed by Fourier transform infrared
spectroscopy (FTIR). FT-IR spectrum with the peaks corresponding
to O-H bending vibration (3405 cm�1) of LBA, C-H stretching vi-
bration (2928 cm�1) of LCA, C-O-C stretching vibration (1101
cm�1) of PEG and C]O bending vibration (1107 cm�1) of amide
indicated the chemical bonds of LPL (Fig. 2A). Similar bands
Day 1 18 42

Injection of SK-Hep1 cells to establish orthotopic liver tumor

Treatment of drugs by IP injection for four weeks

Necropsy and collection of samples

Scheme 1. Schematic representation of in vivo experiment schedule. SK-HEP-1 cells
were injected into the liver of mice to develop orthotopic liver tumor. Eighteen days
after the tumor development, each group of mice received a total of 7 doses of drugs at
the interval of 4 days. Three days after the last dose treatment, mice were sacrificed to
collect liver tissues and blood samples.
appeared on FT-IR spectrum of PL (Fig. 2B). The mole% of conju-
gated molecules in the polymer was calculated by the integral
values of NMR spectra. Thus, LBA and LCA content in LPL was 9 and
69 mol%, respectively. Similarly, the LCA content in PL was 64 mol%.

Dox/LPL or Dox/PL NPs were prepared by dialysis method.
Briefly, a mixture of Dox and polymer at the weight ratio of 1:4 in
DMSO was put in a dialysis tubing and dialyzed against water to
produce NPs through self-assembly. The NPs thus formed were
freeze-dried to obtain solid NPs for further characterization. The
obtained NPs of Dox/LPL and Dox/PL were both solid powders but
orange-red in color in contrast to their polymer precursors which
were solid white powders (Fig. 3A).When suspended inwater, both
Dox/LPL and Dox/PL NPs formed homogenous suspension similar to
their polymer precursors. However, the suspensions of NPs with
LPL backbones exhibited slightly higher turbidity than that of NPs
with PL backbones (Fig. 3B).

Particularly, DLS is an important tool for determining the poly-
dispersity index (PDI) or variability in particle size. Hence, DLS
measures the agglomeration state of nanoparticles in suspension. If
the particles are unagglomerated, the size measured by DLS is often
similar or slightly larger than the SEM sizewith low PDI value. If the
particles are agglomerated, the size measured by DLS is much
larger than the SEM size with high PDI value. Hence, any solution
that contains larger particles will dominate the light scattering
signal and mask the presence of the smaller particles during DLS
measurement. Similarly, the hydrodynamic sizes of Dox/LPL, Dox/
PL, LPL and PL NPs are consistent with the PDI values of the same
particles. The larger the sizes of the particles, the higher the PDI
values. As a result, the PDI of Dox/LPL, Dox/PL, LPL and PL NPs, when
measured by DLS, was approximately 0.538, 0.383, 0.254 and 0.244,
respectively.

Interestingly, the shapes of the NPs with LPL backbone differed
from that of PL NPs when observed through SEM (Fig. 4). While PL
NPs had spherical shapes, LPL NPs had non-spherical shapes, pre-
dominantly nanodiscs that resemble with red blood cells (RBCs).
After loading Dox, the shapes of Dox/PL NPs were slightly modified
with increase in the volume of the spheres whereas Dox/LPL NPs
were preferably RBC-like nanodiscs with greater size than that of
LPL NPs. The exact sizes of the NPs were measured by DLS (Fig. 5).
The mean hydrodynamic diameter of Dox/LPL, Dox/PL, LPL and PL
NPs was approximately 916, 866, 355 and 310 nm, respectively.
Because the diameter of particles calculated by DLS is hydrody-
namic which considers the particles as spherical regardless of their
shape and approximate size, it is common that the hydrodynamic
size of NPs is typically larger than the actual one as that observed by
SEM. Consistently, the largest particle sizes of Dox/LPL NPs were
~500 nm when observed by SEM (Fig. S5). It is, therefore, we
considered the particles formed by LPL were nanoparticles, not
micelles, as LPL produced nanoparticles due to bulky group of LCA.
The surface zeta potentials of the NPs were given in Table 1.

3.2. Release test of Dox from NPs

Initially, the drug encapsulation efficiency and loading content
of Dox/LPL and Dox/PL NPs was calculated. The encapsulation ef-
ficiency of Dox/LPL and Dox/PL NPs was 95.6 ± 0.9% and 92.1 ± 3%,
respectively. The Dox content in Dox/LPL and Dox/PL NPs was
approximately 3.9% and 4.2%, respectively. The release of Dox from
Dox/PL and Dox/LPL NPs was performed in PBS buffer (pH 7.4) and
acetate buffer (pH 5.5). The release of Dox from these NPs was
negligible even after 5 days of incubation at both pH conditions. It
showed that these NPs were highly stable due to the tight packing
of Dox into the self-assembled LPL NPs. Further, the test was per-
formed with the same buffers including 0.05 wt% SDS to disas-
semble LPL NPs. The release of Dox from Dox/LPL NPs were around



Fig. 1. 1H NMR spectra of LPL (A) and PL (B). The characteristic peaks of LBA, PEG and LCA are depicted.
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50% in PBS buffer (pH 7.4) within 2 h while the release was
approximately 60% in acetate buffer (pH 5.5) in 2 h (Fig. 6). The
release of Dox from Dox/PL NPs was 44% and 57% in PBS buffer (pH
7.4) and acetate buffer (pH 5.5), respectively in 2 h. Although the
Dox release from NPs increased slightly with time after 2 h of in-
cubation, the release of Dox from NPs was pH dependent. The
release of Dox from NPs was also tested in the presence of serum
using Opti-MEMmedium. Addition of serummedium in the buffers
did not alter the release of Dox from NPs.
3.3. Cell specificity and cytotoxicity of NPs in vitro

To determine the cell specificity of NPs, SK-HEP-1 human
endothelial cell line derived from adenocarcinoma of the liver was
used. The cell line was cultured and maintained as described in
materials and methods. FITC-labeled NPs with liver-specific ligand
(LPL) or without ligand (PL) at 25 mM concentrationwere treated to
SK-HEP-1 cells to observe the cell-specificity of these NPs by CLSM
(Fig. 7A). Quantitative analysis of CLSM images exhibited that the
cellular uptake of FITC-LPL NPs was significantly higher than the
uptake of FITC-PL NPs (Fig. 7B). The results showed the marked
difference between the cellular uptake of NPs with or without
ligand indicating the receptor-mediated endocytosis of NPs. To
observe the ligand-receptor interaction on endocytosis, a compet-
itive binding experiment was performed where Dox/LPL NPs were
treated with SK-HEP-1 cells in the presence of different concen-
tration of galactose, and the uptake of NPs inside cells was analyzed
by flow cytometry. The results demonstrated that the higher the
concentration of galactose treatment to the cells, the lower the
uptake of Dox/LPL NPs inside cells (Fig. 7C). Since the pre-treatment
of galactose hindered the cells to uptake the LPL-core NPs, it was
obvious that the endocytosis of Dox/LPL NPs occurred through
galactose-asialoglycoprotein interaction. As a result, the cell
viability of SK-HEP-1 cells with the treatment of 25 mM concen-
tration of Dox/LPL and Dox/PL NPs was 20% and 80%, respectively
(Fig. 8A). Remarkably, Dox/LPL NPs exhibited significantly higher
cytotoxicity than Dox/PL NPs due to higher internalization of Dox/
LPL NPs through receptor-mediated endocytosis that subsequently
resulted in higher cytotoxic effect. Consistently, the cell viability of
HepG2 liver cancer cells treated with LPL and PL at 50 mM con-
centration was 20% and 65%, respectively due to the targeting
properties of LPL nanoparticles through asialoglycoprotein re-
ceptors [13]. The cell viability decreased drastically with increase
concentration of Dox/PL NPs used while high concentration of Dox/
LPL NPs treatment showed less changes in the cell viability as the
viable cells were very low even at the lowest concentration of Dox/
LPL NPs used.

To further compare the dose-dependent effects of NPs with
small molecule drugs, various concentrations of Dox, LCA, LPL and
Dox/LPL NPs were treated to the cells. Since LPL is the core of the
NPs, the concentration used for in vitro experiments was on the
basis of LPL. Thus, the amount of free Dox and LCA used were
equivalent to the amount present in Dox/LPL and LPL, respectively.
When 100 mM of LPL or Dox/LPL was treated to the cells, 70 mM of
LCA was used since LPL contains 70 mol% of LCA. Similarly, 4.8 nM
of Dox was used when 100 mM of Dox/LPL was treated to the cells.
When the cells were treated with 50 mM concentration of LPL or
Dox/LPL, the cell viability of SK-HEP-1 cells was approximately 50%
and 90% with LCA and Dox treatment, respectively while the cell
viability of SK-HEP-1 cells treated with LPL and Dox/LPL NPs was



Fig. 2. FTIR spectra of LPL (A) and PL (B). The characteristic IR peaks of LBA, PEG and LCA are indicated by arrowheads.
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Fig. 3. Physical properties of NPs in solid state (A) and aqueous suspension (B). PL (I), LPL (II), Dox/PL (III) and Dox/LPL (IV).

Fig. 4. SEM images of NPs. Dox/LPL (A), Dox/PL (B), LPL (C) and PL (D). Scale Bar ¼ 1 mm.
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20% and 15%, respectively (Fig. 8B). Although NPs and small
molecule drugs exerted cytotoxic effects in dose-dependent
manner, the efficacy of NPs seemed much higher than that of
small molecule drugs. Previously, the cytotoxicity of LPL NPs on
normal LO2 liver cells and HepG2 liver cancer cells was compared
[13]. At 50 mM concentration of LPL treatment, the cell viability of
LO2 and HepG2 cells and was 75% and 20%, respectively. The results
indicated that LPL NPs selectively killed cancer cells, while sparing
normal cells. In addition, the present data apparently indicated that
Dox/LPL NPs had higher efficacy than LPL NPs.
3.4. Delivery of Dox by NPs and mechanistic study of cytotoxicity
in vitro

To investigate the delivery of Dox by NPs inside cells in vitro, SK-
HEP-1 cells were cultured as described before. Various concentra-
tion of Dox/LPL NPs (5, 25 and 50 mM) in minimal medium were
treated to the cells for 4 h and further incubated with growth
medium for 18 h. The cellular uptake of NPs was observed by CLSM
(Fig. 9A). When the cells were treated with 5 mM concentration of
Dox/PL NPs, Dox was sparsely detected inside the cells possibly due
to low amount of NPs uptake. When the cells were treated with
higher concentration of NPs, the accumulation of Dox around nu-
cleus was clearly visible due to high binding affinity of Dox with
DNA. At 50 mM concentration of NPs treatment, Dox was densely
detected inside the nucleus (Fig. 9B). These results clearly illus-
trated that Dox/LPL NPs efficiently released Dox inside the cells.
Altogether, the accumulation of Dox inside the cells was directly
proportional to the concentration of NPs treated to the cells.

To elucidate the mechanism of cytotoxicity induced by NPs
delivery, Annexin V-FITC/PI assay was performed. SK-HEP-1 cells
were treated with 50 mM concentration of Dox, LCA, LPL or Dox/LPL
NPs as described above. The cells were then stained with Annexin
V-FITC/PI and analyzed by fluorescence-activated cell sorting
(FACS). The FACS data demonstrated that the apoptosis induced by
Dox was very low while the majority of LCA-treated cells followed
apoptotic pathway (Fig. 10A). Similarly, the cell death occurred by
LPL NPs primarily followed apoptotic pathway, and the induction of



Fig. 5. Size distribution of NPs. The mean hydrodynamic diameters of Dox/LPL (A), Dox/PL (B), LPL (C) and PL (D) were measured by DLS.

Table 1
Characterization of nanoparticles.

Nanoparticles Sizea [nm] Zeta potentialb [mV] Polydispersity indexa

Dox/LPL 915.9 ± 136.1 �9.345 ± 0.3 0.538
Dox/PL 866.6 ± 215.7 �9.855 ± 0.1 0.383
LPL 355.7 ± 39.7 �8.215 ± 1.2 0.254
PL 310.6 ± 39.0 �7.765 ± 0.3 0.244

a Values determined by DLS.
b Values determined by ELS.
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Fig. 6. Release profile of Dox from NPs at different pH.
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apoptosis by LPL NPs was greater than only LCA treatment
(Fig. 10B). Importantly, the flow cytometric data indicated that Dox/
LPL NPs induced maximum apoptotic cell death compared with
other groups resulting from combined effect of Dox and LPL.

3.5. Effect of NPs on tumor growth in liver in vivo

Orthotopic xenograft mouse models of liver cancer were
developed to investigate the in vivo efficacy of NPs. The body
weight of mice in each group were observed at the interval of 3e4
days after injecting SK-HEP-1 cells in liver to drug treatment period.
There was no significant loss in body weight of the mice in any
group after the treatment of drugs or NPs (Fig. S6). Following the
treatments of NPs in mice as described in materials and methods,



Fig. 7. Cell specificity of NPs. CLSM images of cell specificity of FITC-NPs treated at 25 mM concentration (A), Normalized FITC-NPs uptake (B) and Competitive inhibition of galactose
on cellular uptake of Dox/LPL NPs in SK-HEP-1 cells. Data were represented as mean ± SD (n ¼ 3, *p < 0.05, **p < 0.01 versus control).
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LPL, respectively. Data were represented as mean ± SD (n ¼ 3, *p < 0.05, **p < 0.01, ***p < 0.001 versus Dox).
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liver was isolated from each mouse to observe the tumor condition
and intrahepatic metastasis (Fig. 11A). Morphological analysis of
liver revealed that the number of tumor nodules (Fig. 11B) and
tumor volume (Fig. 11C) were relatively smaller in both LPL and
Dox/LPL NPs-treated groups compared to control group. Particu-
larly, the tumor volume prominently decreased in Dox/LPL NPs-
treated group. When compared between small molecule drugs,
the tumor number was lower in Dox treatment group, while tumor
volume was comparatively smaller in LCA treatment group. On the
contrary, the liver tumor volume of Dox-treated group was similar
to control group and the average number of tumor nodules in liver
of LCA-treated group was relatively higher than that of control
group. To assess the general state of the liver, blood sera from the
drugs or NPs-treated mice were collected and analyses of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
levels were performed. The results exhibited the presence of lower
quantity of ALT (Fig. 11D) and AST (Fig. 11E) in NPs or drugs-treated
mice than saline-treated group. Consistently, Dox/LPL NPs-treated
group had the lowest levels of both ALT and AST activities indi-
cating the normal state of livers on these treatment group. To
examine tumor margins or metastases, the liver tissues were
sectioned and stained for histology observation. When the sections
of liver tissues were observed under microscope, the margins of
tumor metastases were clearly visualized in the images (Fig. 11F).



Fig. 9. Fluorescent images of Dox released inside cells. SK-HEP-1 cells were treated with Dox/LPL NPs at various concentration for 4 h and the localization of Dox inside cells was
observed by CLSM (A) and normalized Dox uptake (B). Data were represented as mean ± SD (n ¼ 3, *p < 0.05, **p < 0.01, ***p < 0.001 versus control).

Fig. 10. Apoptosis detection by Annexin V-FITC analysis. SK-HEP-1 cells were treated with Dox, LCA, LPL and Dox/LPL at concentration of 50 mM for 4 h. The apoptotic cells were
depicted in FACS data (A) and the percentage of total cell populations undergoing apoptosis were measured (B). Data were represented as mean ± SD (n ¼ 3, *p < 0.05, **p < 0.01,
***p < 0.001 versus control).
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3.6. Effect of NPs on cell proliferation and angiogenesis in liver
in vivo

To determine the anti-tumor effect of NPs in orthotopic
xenograft model of liver cancer in vivo, liver tissues were homog-
enized, proteins were isolated and Western blots were performed
to detect the tumor proliferation and angiogenesis markers
(Fig. 12A). The protein expression levels of PCNA and VEGF were



Fig. 11. Effects of NPs on orthotopic liver tumor in mice. Orthotopic tumor and metastatic tumor nodules after the treatment (A), the red circles indicate the tumor nodules on the
liver. The number of tumor nodules in liver indicating intrahepatic metastasis (B). Calculated liver tumor volume (C). Serum analyses of liver damage indicators, ALT (D) and AST (E).
Histological examination of the liver tumors using Hematoxylin & Eosin staining (F), the arrows indicate the margin of tumor in liver tissue section. Data were represented as
mean ± SD (n ¼ 4, *p < 0.05 versus saline; #p < 0.05 versus LCA). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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comparatively smaller in NPs-treated groups than Dox or LCA-
treated groups. Notably, the expression levels of PCNA and VEGF
were remarkably low in Dox/LPL NPs-treated groups. Densito-
metric analyses of Western blots also confirmed that the treatment
with Dox/LPL NPs in the mouse models of liver cancer significantly
decreased the level of PCNA and VEGF expression (Fig. 12B).
3.7. Effect of NPs on cell cycle in liver in vivo

To determine the effect of NPs on cell cycle of liver tumor in vivo,
Western blot was performed to detect the expression levels of cell
cycle-related proteins such as cyclin B1, CDK2, and CDK4 (Fig. 13A).
As in previous results, the drugs treated with NPs formulations in
orthotopic mouse models of liver cancer had low cell cycle activity.
Specifically, the treatment of Dox/LPL NPs in the mouse models
significantly suppressed CDK2 and CDK4 expressions inhibiting
rapid cell cycle of tumor growth (Fig. 13B).
3.8. Effect of NPs on apoptotic protein expression in liver in vivo

To determine the mechanism of anti-tumor effect of NPs in vivo,
the protein expression levels of apoptosis-related proteins, cyto-
chrome c and Casp-3, in the liver tissues were observed byWestern
blot (Fig. 14A). The expression levels of these proteins were
significantly higher in LPL and Dox/LPL NPs-treated groups than
saline, Dox or LCA-treated groups (Fig. 14B). Interestingly, the
expression of Casp-3 in LCA-treated group was relatively higher
than Dox-treated groupwhile cytochrome c expressionwas slightly
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higher in case of Dox-treated group than LCA-treated group.

4. Discussion

Nanoparticle drug has received much attention in cancer ther-
apy following the first clinical approval of Doxil (PEGylated
liposome-encapsulated Dox) by the US Food and Drug Adminis-
tration (FDA) in 1995 [22]. Over the past two decades, a number of
NPs have been designed and developed for cancer drug delivery
[23]. However, the treatment of cancers with NPs, in practice, has
been confronted with limited success. It is understood that several
biological barriers hinder the successful delivery of NPs in vivo, but
the prime causes of hindrance are associated with the physical
characteristics of NPs such as shape, size and surface properties
which greatly contribute to non-specific distribution resulting
inadequate delivery of therapeutic drugs at cancer sites [24].
Therefore, rational design of NPs is critical to address the biological
barriers to successful cancer drug delivery.

Traditionally, chemotherapy drugs have been used as the prime
choice of treatment for most of the cancers, although the actual
efficacy of drugs rely on the accumulation of the drugs to a specific
site. The extensive use of chemotherapy drugs is primarily due to
their ability to arrest the normal functions of a cell by inhibiting
replication or inducing apoptosis [25]. Conversely, a number of
inherent nature of these small molecule drugs hinder their real
efficiency in cancer chemotherapy. These limitations, however,
have opened new avenue of anti-cancer drug delivery using com-
bination chemotherapy. In fact, chemotherapy drugs exert greater
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efficiency when given in combination. The rationale for combina-
tion chemotherapy is to use the combination of two or more drugs
with different modes of actions, thereby reducing the risk of
developing resistant cancer cells. The common combinations of
chemotherapy drugs include Dox, paclitaxel, cisplatin and cyclo-
phosphamide which have been extensively used to treat various
cancer types [26e28]. Recently, a new small molecule drug LCA has
been introduced in scientific literatures that induces apoptotic cell
death specifically to cancer cells [12]. However, LCA encounters
several hurdles for in vivo use due to its low solubility and rapid
elimination from systemic circulation. However, these types of
defects of small molecule drugs have been ameliorated by conju-
gation with PEG to enhance the solubility as well as molecular
weight of the drugs for greater retention in body fluids [29e31].

In this study, we developed a polymeric NP, a self-assembled
product of LPL, to deliver Dox (anti-cancer drug) for effective and
selective delivery to liver. LPL consists of LCA (anti-cancer drug) and
LBA (targeting ligand) at the two ends of PEG. LCA is a secondary
bile acid product that is formed by the action of intestinal microbial
enzymes in the gut and metabolized in liver [32]. LBA is a disac-
charide formed from gluconic acid and galactose which has high
binding affinity with asialoglycoprotein receptors on hepatocytes of
liver. Dox is a small molecule drug belongs to anthracyclines that
forms a ternary complex with topoisomerase-II and DNA to impede
cellular replication triggering cell death [33]. Depending upon the
doses, Dox activates different regulatory mechanisms to induce
either apoptosis or cell death through mitotic catastrophe [34].
Mitotic catastrophe is governed by numerous molecular players, in
particular, cell-cycle-specific kinases (such as cyclin B1-dependent
kinase CDK1) and cell-cycle checkpoint proteins [35]. On the con-
trary, LCA mainly triggers cell death through apoptosis which is
primarily dependent on the activation of Casp-3 and -8 in cells [36].

The main goal of this study was to develop a polymeric NP with
dual properties, in fact, to use a NP drug as a drug carrier (Scheme
2). Previously, we developed PL and LPL as active polymer-drugs
both of which self-assembled to NPs (300e400 nm) when
observed by DLS and TEM measurements. Surprisingly, when we
observed the same NPs by SEM, PL NPs had spherical shapes while
LPL NPs had non-spherical shapes that resemble with RBCs.
Consistently, Dox/PL NPs were spherical whereas Dox/LPL NPs were
mostly RBC-like nanodiscs. The distinct shape added an another
advantage to Dox/LPL NPs as drug carrier. The importance of NP
shape in cancer drug delivery has recently been recognized and it is
now acknowledged that the shape of NP plays a key role in drug
circulation time, biodistribution, cellular uptake and even targeting
in NP drug delivery [37,38]. Although recent advances in nano-
technology have enabled the modification of NPs with various
shapes and sizes, most current NPs designed for anti-cancer drugs
are formed in the spherical shape [39,40]. In contrast, bacteria and
viruses have evolved in non-spherical shapes enabling them to
evade an immune response [41]. Hence, there is a growing
awareness and interest that NPs with non-spherical shapes, that
mimic natural biological systems such as RBCs, might display
distinctly beneficial properties over identical nanospheres [42,43].
In fact, the unique morphological properties of RBCs offer them a
great advantage to routinely pass through blood vessels traveling
throughout the body.

Cells constantly internalize molecules from external environ-
ment to various intracellular compartments through endocytosis.
The efficiency of this process is increased when the receptors of
cells have high binding affinity with external molecules for inter-
nalization. The process of internalization through receptor-ligand
interaction is called receptor-mediated endocytosis. Therefore,
this route has been exploited to enhance the efficiency of drug
delivery into specific target cell types, including the
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asialoglycoprotein for hepatocyte targeting [44,45]. Despite
contradiction in the expression of asialoglycoprotein at low level in
extrahepatic cells such as intestine and kidney [46], many authors
used lactobionic acid for targeted delivery of anticancer drug to
hepatocarcinoma cells because of higher expression of asialogly-
coprotein on the surface of hepatocytes [47]. To verify the concept
of receptor-ligand interaction for targeted delivery of NPs, we
designed and synthesized LPL and PL, with and without ligand,
respectively. We further labeled LPL and PL with FITC. When these
FITC-NPs were treated to asialoglycoprotein expressing SK-HEP-
1 cells, the cellular uptake of FITC-LPL NPs by SK-HEP-1 cells was
remarkably higher in comparison with the uptake of FITC-PL NPs.
We further encapsulated Dox in LPL and PL NPs to produce Dox/LPL
NPs and Dox/PL NPs, respectively. Again, the cytotoxicity induced
by Dox/LPL NPs was much higher than that of Dox/PL NPs. The high
cytotoxic effect of Dox/LPL NPs to SK-HEP-1 cells was attributed to
high cellular uptake of these NPs by receptor-mediated endocy-
tosis. These results are consistent with our previous study of LPL
NPs which exhibited higher cytotoxicity than PL NPs in another
human liver cancer cell line HepG2 [13]. We had also observed
in vivo biodistribution profile of LPL NPs and confirmed the tar-
geting ability of LPL NPs to liver in the study. It is now evident from
our previous and current findings that the ligand can make marked
difference in endocytosis of NPs. Therefore, the properties of Dox/
LPL NPs are deemed to reduce the therapeutic dose as well as off-
target effects when applied for cancer therapy in vivo. Hence, we
did not use Dox/PL NPs for further in vivo experiment.

Prior to in vivo experiment, we investigated the mechanism of
Dox/LPL NPs-induced cell death of SK-HEP-1 cells. We first inter-
rogated and analyzed the rate of Dox delivery by Dox/LPL NPs in SK-
HEP-1 cells using confocal fluorescence microscopy. The confocal
microscopy images clearly demonstrated the increased accumula-
tion of Dox inside the Dox/LPL NPs-treated cells in concentration-
dependent manner. The images also highlighted the efficient
release of Dox from the Dox/LPL NPs inside the cells. The high
amount of Dox delivered inside cells is attributed to the enhanced
internalization of Dox/LPL NPs through endocytosis which subse-
quently resulted in high cytotoxicity. The high cytotoxic effect of
Dox/LPL NPs led us to investigate the mode of action of cytotoxicity.
Hence, we used flow cytometry to distinguish the cell populations
tending to apoptosis induced by Dox/LPL NPs, Dox and LCA indi-
vidually. The FACS data demonstrated a clear difference in cell
death induced by Dox and LCA. While the majority of cell death
induced by LCA followed apoptotic pathway, only a minor popu-
lation of cell death occurred through apoptosis with Dox treatment.
As in case of LCA, apoptosis was the main cause of cell death
occurred with LPL NPs treatment. Accordingly, Dox/LPL NPs caused
cell death jointly through apoptosis and mitotic catastrophe. Be-
sides, we previously observed that the cytotoxicity of LPL or LCA
was significantly higher in cancer cells than normal cells [13]. Due
to the fact that Dox/LPL NPs had similar properties with LPL NPs, we
speculated that Dox/LPL NPs would exert low toxicity to normal
cells in vivo.

To further examine pharmacological effects of Dox/LPL NPs
in vivo, we established orthotopic xenograft mouse model of liver
cancer. Orthotopic tumor models are deemed more clinically rele-
vant and comprehensive predictive models of drug test than con-
ventional subcutaneous xenograft tumor models because tumor
cells are directly implanted into the organ of origin in orthotopic
models to imitate and reflect the original condition of tumor
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growth, tumor distribution and metastases. Hence, we treated the
NPs or drugs to orthotopic tumor models through IP route for four
weeks. After the treatment, there were a noticeable difference in
number of tumor nodules and tumor volume in the liver of Dox/LPL
NPs-treated mice compared to control group. In agreement with
the in vitro results of cytotoxicity, Dox/LPL NPs greatly reduced the
tumor volume as well as the liver metastasis. The tumor volume
and metastasis in liver varied between Dox and LCA treatment,
probably due to their inherent mode of actions. We further tested
the general function of liver using blood serum samples from the
drugs-treated mice. The healthy state of livers in Dox/LPL NPs-
treated mice also verified the effective delivery of the drugs to liver.

We further analyzed tumor markers at protein level to detect
cancer activity in vivo. Particularly, we detected the expression
levels of PCNA and VEGF related with tumor proliferation and
angiogenesis in liver tissues of drugs-treated mice. While PCNA is
critical for cell survival, proliferation and cell cycle progression [48],
VEGF is important factor of angiogenesis in liver cancer that is
necessary to stimulate blood vessel growth for tumor and metas-
tasis [49]. These proteins can be down-regulated or over-expressed
in tumor tissues depending upon the effectiveness of treatment.
The lowest levels of PCNA and VEGF in Dox/LPL NPs-treated group
indicated that Dox/LPL NPs have the highest anti-proliferating and
angiogenetic effects on liver tumor and hence resulted in greater
efficacy in liver cancer treatment.

Generally, cancer alters cell cycle of mitosis leading to unre-
strained proliferation and increased expression of cell cycle regu-
latory proteins, such as cyclins and CDKs [50]. Therefore, we
detected the protein levels of key cell cycle-related proteins CDK4,
CDK2, and cyclin B1 in liver tissues after treatment. We observed
that the treatment with Dox/LPL NPs substantially suppressed cell
cycle activities in the liver tissues compared with saline, LCA, or
Dox treatment. Besides, Dox/LPL NPs-treated groups significantly
reduced CDK2 and CDK4 expressions arresting the rapid cell cycle
of tumor growth. Taken together, these results were also consistent
with small tumor volume in livers in Dox/LPL NPs-treated mice.

Normally, cell proliferation is offset by cell death through an
intricate cellular process of apoptosis in which the cell uses
specialized cellular machinery to eliminate itself. Deregulation in
apoptotic cell death machinery is a hallmark of cancer [51]. Most
anti-cancer drugs currently used in cancer therapy exploit the
intact apoptotic machinery to trigger cancer cell death. Cytochrome
c and Casp-3 are the fundamental regulators of apoptosis. Release
of cytochrome c from mitochondria is a central event in apoptotic
signaling to activate a caspase cascade leading to cell death [52].
The upregulated cytochrome c and Casp-3 in LPL and Dox/LPL NPs-
treated groups revealed that LPL and Dox/LPL NPs could potently
induce apoptosis in liver cancer to inhibit tumor growth. In addi-
tion, the results were consistent with the in vitro cell death
mechanism of LPL and Dox/LPL NPs.

In conclusion, we have successfully developed an efficient NP
delivery system for liver-targeted combination cancer therapy and
illustrated to suppress liver tumor growth in an orthotopic xeno-
graft model of liver cancer. This study further exemplifies the su-
periority of combination therapy over individual NP drug or
conventional small molecule drug for cancer therapy. It is antici-
pated that the combination therapy with different mode of actions
of drugs could be a promising therapeutic strategy toward specific
cancer treatment.
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