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Article history: Multiple drug resistance (MDR) is a tough problem in developing hepatocellular carcinoma
Received 14 January 2019 (HCC) therapy. Here, we developed TPGS-coated cationic liposomes with Bcl-2 siRNA corona
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The Bcl-2 siRNA loaded in the liposomal corona was observed under transmission electron
microscopy. The stability and hemolysis evaluation demonstrated Bcl-2 siRNA/Dox-TPGS-
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intracellular Dox retention time and siRNA-corona did improve the internalization of Dox

SIRNA-corona from liposomes. In vitro and in vivo anticancer effect of this dual-functional nanostructure

Liposomes ) was examined in HCC-MDR Bel7402/5-FU tumor model. MTT assay confirmed the ICs, value
P-glycoprotein (P-gp) of Dox was 20-50 fold higher in Bel7402/5-FU MDR cells than that in sensitive Bel7402
Bcl-2 cells. Bcl-2 siRNA corona successfully entered the cytosol of Bel7402/5-FU MDR cells to

downregulate Bcl-2 protein levels in vitro and in vivo. Bcl-2 siRNA/Dox-TPGS-LPs showed
superior to TPGS- (or siRNA-) linked Dox liposomes in cell apoptosis and cytotoxicity assay in
Bel7402/5-FU MDR cells, and 7-fold greater effect than free Dox in tumor growth inhibition of
Bel7402/5-FU xenograft nude mice. In conclusion, TPGS-coated cationic liposomes with Bcl-
2 siRNA corona had the capacity to inhibit MDR dual-pathways and subsequently improved
the anti-tumor activity of the chemotherapeutic agent co-delivered to a level that cannot
be achieved by inhibiting a MDR single way.
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1. Introduction

The occurrence of multiple drug resistance (MDR) is generally
associated with cancer treatment failure of chemotherapy
[1]. MDR is frequently caused by long-term exposure to
cytotoxic drugs or intrinsic in some tumor cells [2]. There
have been various reports of MDR mechanisms, including
enhanced efflux or reduced uptake of chemotherapeutic
agents, activation of cellular anti-apoptotic defense proteins
or inactivation of apoptosis pathways, recovery of DNA repair,
and detoxification [3-6]. Vitamin E TPGS, i.e.,D-a-tocopheryl
polyethylene glycol 1000 succinate, was used to modify
nanoparticles by inhibiting a single mechanistic pathway
to overcome P-glycoprotein (P-gp) efflux [7]. However, the
overall MDR phenotype in a tumor could be resulted from a
combination of effects by various underlying mechanisms and
consequently to inhibit a single mechanistic pathway is often
not sufficient to overcome MDR [8-10].

We hypothesize that suppressing efflux pump such as P-
gp and anti-apoptotic protein such as Bcl-2 simultaneously
could improve anticancer effect through dual MDR reversal. To
test our hypothesis, we first developed TPGS-coated liposomes
with Bcl-2 siRNA-corona for simultaneous suppression of P-gp
and Bcl-2 and then tested whether this novel nanostructure
would enhance the efficacy of co-delivered chemotherapeutic
agent doxorubicin (Dox) in hepatocellular carcinoma (HCC)
Bel7402/5-FU MDR model.

P-gp is an adenosine triphosphate (ATP) consuming
membrane-bound pump that effuses and decreases
intracellular concentration of various chemotherapeutic
agents including Dox [11]. Co-administration of verapamil
(@ small molecule P-gp inhibitor) has demonstrated
increased efficacy of anti-tumor medicines in chemoresistant
malignancies, accompanying with potential side effects
related to its dose [12,13]. TPGS, a P-gp ATPase inhibitor
approved by FDA, has been used as an adjuvant treatment
[14]. Structurally, TPGS is a nonionic amphiphilic polymer
containing hydrophilic polyethylene glycol (PEG) 1000 and
hydrophobic «-tocopherol succinate (Vitamin E derivative)
[15]. The PEG fragment in TPGS increases the stability of
cationic liposomes and extends the systemic circulation
half-life. In literature, TPGS inhibits P-gp efflux and helps
achieve higher intracellular Dox concentration.

The expression of cellular anti-apoptotic Bcl-2 protein
represents another different molecular mechanism causing
MDR. Evidence showed that upregulated and downrgulated
Bcl-2 protein weakened chemotherapy-induced apoptosis and
improved cancer treatment outcomes, respectively [16,17].
The Bcl-2 protein expression was down-regulated by Bcl-2
siRNA with a sequence-specific manner. Due to electrostatic
interactions, Bcl-2 siRNA was attached to the cationic
liposomes surface. Thus, the siRNA-corona was observed on
the surface of cationic Dox liposomes. Transmission electron
microscopy (TEM) images have confirmed the siRNA-corona
structure in the outer layer or surface of liposomes. In the
current study we tested whether the siRNA-corona would
maintain siRNA transfection functionality to downregulate
anti-apoptotic Bcl-2 protein.

HCC is one kind of cancer with high incidence and
mortality, with the problem of drug resistance continuing to

increase every year [18-20]. HCC Bel7402/5-FU MDR model
was established since it increased over 5-fold resistance to
Dox compared to parental Bel7402 cells [21,22]. The ICsq value
of Dox measured by MTT assay was 20-50 times higher in
Bel74025/5-FU MDR cells than the non-MDR cells. Bel7402/5-
FU cells were selected as common MDR models to study Dox
resistance in various experiments [23,24].

Dox was selected as a model chemotherapeutic agent
for its well-known broad-spectrum anticancer activity and
the currently available methodologies in preparation of Dox-
loaded liposomes [25]. Cationic liposomes have been widely
adopted as siRNA carriers to improve transfection. The
detailed lipids composition for the cationic liposomes in our
current study is described in the method. The key formulation
design rationale and the proposed functionality of each
component in the formulation are shown in Fig. 1. In brief,
TPGS-linked liposomes with Bcl-2 siRNA-corona inhibited P-
gp efflux, promoted Dox internalization, down-regulated Bcl-
2 protein level, enhanced cell apoptosis and cytotoxicity,
increased in vivo anti-tumor efficacy.

2. Material and methods
2.1. Materials

D-a-Tocopherol polyethylene glycol 1000 succinate (TPGS)
was obtained from Sigma-Aldrich (Shanghai, China). 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy
(polyethylene glycol)—2000] (PEG-DSPE), 1,2-dioleoyl-3-trime-
thylammoniumpropane (DOTAP), and 1,2-dipalmitoylsn—
glycero-3-phosphocholine (DPPC) were obtained from Avanti
Polar Lipids, Inc. (Alabaster, USA). Cholesterol (CH) was
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Doxorubicin hydrochloride (Dox) was purchased from
Meso Chemical Technology Co., Ltd. (Beijing, China). 3-(4,5-
dimethylthiazol-2-yl)—2,5-diphenyl  tetrazolium bromide
(MTT) and 4/,6-Diamidino-2-phenylindole (DAPI) were from
Biosharp Co., Ltd. (Hefei, China). Paraformaldehyde solution
(4%) was obtained from Solarbio Life Science Co., Ltd.
(Beijing, China). Ammonium sulfate and dimethyl sulfide
(DMSO) were from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All other reagents and solvents were
of either analytical or HPLC grade. Targeting human Bcl-
2 siRNA (sence: 5:UUAUCCUGGAUCCAGGUGUGGAGGU
—3; antisence: 5=ACGCUGGGAGAACAGGGUACGAUAA-35
and FAM-labeled scrambled siRNA (FAM-siRNA) were
purchased from Invitrogen (USA). Propidium Iodide (PI)
and Annexin-V-FITC Apoptosis Kit were obtained from
Beyotime Biotechnology (Shanghai, China). The FITC-mouse
anti-human P-glycoprotein (P-gp antibody, material number
557002) and IgG2b « isotype control (isotype antibody serving
as control groups, material number 555742) were purchased
from Becton Dickinson (CA, USA).

2.2.  Formulation difference of various Dox-loaded
liposomes

Thin-film hydration method followed by ammonium sulfate
gradient loading procedure was used to prepare Dox-loaded
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Fig. 1 - Schematic representation of TPGS-coated cationic liposomes with Bcl-2 siRNA-corona to load doxorubicin (Dox). (A)
The preparation process and the structure of Bcl-2 siRNA/Dox-TPGS-LPs. (B) Overcoming MDR by combined inhibition of
P-gp pump and Bcl-2 protein with Bcl-2 siRNA/Dox-TPGS-LPs. I: Dox release in cytosol and uptake in nuclei; II: Released
Bcl-2 siRNA in cytosol to trigger RNA-induced silencing complex (RISC) for eliminating Bcl-2 mRNA to down-regulate the
expression of Bcl-2 protein; III: Released TPGS to inhibit drug-efflux P-gp pump.

liposomes [26]. A chloroform solution of DOTAP, DPPC, CH and
TPGS (or PEG-DSPE) at molar ratios of 40:40:16:4 was made
and then evaporated to form a thin lipid film, which was
further hydrated with 180mM ammonium sulfate solution
and extruded with a polycarbonate membrane at 100 nm pore
size by a mini-extruder (Avanti Polar Lipids, Inc., USA) to
prepare TPGS coated cationic liposomes or PEG-DSPE coated
cationic liposomes. The external phase of blank liposomes
was changed to 0.9% NaCl by diafiltration. Dox solution was
added to empty liposomes (drug: lipid = 1:10, w/w), mixed for
30min at 40 °C water bath to obtain Dox-loaded liposomes
(Dox-PEG-LPs or Dox-TPGS-LPs). Dox-PEG-LPs were used as a
control. The entrapment efficiency of Dox was measured by
Sephadex G50 column and UV spectrophotometer (UV-1750,
Shimadzu, Japan) at 482 nm.

In the next step, siRNA was electrostatically associated
with cationic liposomes to obtain siRNA-loaded liposomes
(i.e., siRNA/Dox-TPGS-LPs or siRNA/Dox-PEG-LPs) [27]. Briefly,
liposomes were diluted with DEPC water to the designed
concentrations, transferred to siRNA solution with varing
molar ratios of amino groups in cationic lipid (DOTAP)
to phosphate groups in siRNA (i.e., N/P ratios) and mixed
through pipetting. The siRNA-loaded liposomes were
continued incubation for 30 min at room temperature before
characterization and gene silencing experiments. Entrapment
efficiency of siRNA adsorption on the liposomal surface was
determined by utra-centrifugation at 20 000 x g at 4°C for 1h
[28].

The particle size and zeta potential of liposomes were
measured by the dynamic light scattering method under
a Malvern Zetasizer Nano machine (ZS90, Worcestershire,

UK). The nanostructure of diluted liposomes was observed
under TEM (H-7000FA, Hitachi, Japan) by laying liposomes
stained with phosphotungstic acid on a carbon-coated copper
grid. The stability of liposomes in PBS (pH 7.4) with or
without 10% fetal bovine serum (FBS) was evaluated until
96 h.

The hemolysis test was conducted by adding various
liposomes in normal saline containing 1% (v/v) mice
erythrocytes at 37 °C for 1h [29]. The total lipid concentration
is 0.5mg/ml (twice the dose for mice in Section 2.12). After
centrifugation, the supernatant was collected and the
released hemoglobin absorbance at 540 nm was measured.
The blank saline was used as a negative control, while saline
containing 1% Triton X-100 was used as the positive control
for 100% hemolysis. The hemolysis ratio of liposome was
calculated by the ratio between sample and Triton X-100.

2.3.  Invitro Dox release study

Dox release from Dox-loaded liposomes and siRNA/Dox co-
loaded liposomes in vitro were evaluated by dialysis method
[30]. 1ml of Dox-PEG-LPs, Dox-TPGS-LPs, Bcl-2 siRNA/Dox-
PEG-LPs and Bcl-2 siRNA/Dox-TPGS-LPs were placed in the
dialysis bag (MWCO 3500 Da) respectively. Liposomes-loaded
dialysis bags were submerged in 100 ml of Tween 80 (1%, w/v)-
containing PBS (0.01M, pH 7.4) with shaking at 100rpm. At
predetermined time points, the external medium (1ml) was
collected and followed by addition of equal volum of fresh
medium. Cumulative Dox release was measured at Apg/pm
of 485/574 nm under fluorescence spectrophotometer (F-4500,
Hitachi, Japan).



ASIAN JOURNAL OF PHARMAGCEUTICAL SCIENCES 15 (2020) 646-660 649

2.4. Cell culture and P-gp expression

Human hepatocellular carcinoma Bel7402 sensitive cells
and Bel7402/5-FU MDR cells were purchased from Chinese
Academy of Sciences (Shanghai, China) and cultured at
37 °C with 5% CO; in 95% humidity. Bel7402 cells culture
was developed in DMEM medium (Hyclone®, UT, USA)
containing 10% FBS and 1% streptomycin/penicillin (both from
Gibco, CA, USA). Bel7402/5-FU cells culture was developed
with full medium containing 20 pg/ml of 5-Fluororacil (5-FU,
Sigma-Aldrich, Shanghai, China) to maintain the multidrug
resistance. P-gp expression in both cells was measured by
using antibody immunofluorescence standard protocols [11].

2.5. Intracellular Dox accumulation to evaluate the
inhibitory effect on P-gp efflux

Quantitative analysis by flow cytometry was selected to
calculate Dox accumulation in sensitive or MDR cells [31]. The
Bel7402 or Bel7402/5-FU cells were seeded into 6-well plates
and incubated for a day to reach the density of 8 x 10° cells
per well. The cells were then treated with free Dox, Dox-PEG-
LPs, Dox-TPGS-LPs at concentrations equivalent to 5pg/ml
Dox, and also the corresponding groups with verapamil
(10pM) respectively for 4h incubation. To evaluate Dox
internalization from different treatments, the corresponding
cells were washed with ice-cold PBS and collected to measure
intracellular Dox fluorescent intensity at 620nm channel
under flow cytometry (Beckman, FC 500).

2.6. Intracellular Dox retention of Dox-loaded liposomes

The intracellular retention of endocytosed liposomal Dox
was observed under confocal microscope to investigate Dox
efflux and retention in drug-resistant cells. Briefly, Bel7402 or
Bel7402/5-FU cells were seeded on coverslips and pretreated
with DMEM containing free Dox, Dox-PEG-LPs or Dox-TPGS-
LPs at concentrations equivalent to 5pug/ml Dox for 4h (ie,
time point Oh for retention). Then the culture medium was
changed and the cells were incubated with blank culture
medium for another 4h (i.e,, time point 4h for retention). The
cells were washed twice with ice-cold PBS and fixed with
4% paraformaldehyde solution for 30min, followed by the
staining of nuclei with DAPI (5pg/ml) for 15min, and then
observed at 559nm channel under confocal laser scanning
microscope (CLSM, Olympus, FV1000).

Furthermore, the quantitative study was developed to
calculate the Dox efflux rate by flow cytometry. Bel7402 or
Bel7402/5-FU cells were attached to the bottom of 12-well
plates to reach 5 x 10> cells per well, followed by treatment
with DMEM containing various Dox formulations for 4h
at equivalent concentrations of 5pg/ml Dox, respectively.
Then the cells were washed twice with ice-cold PBS and
further incubated with blank medium at 37 °C for 0-4h. At
predetermined time points, flow cytometry was adopted to
measure the cell-associated Dox amount from the collected
cells [32]. The intracellular retention efficiency (IRE) of Dox
was deduced by the ratio of mean fluorescence intensities
(MFI) of Dox at predetermined time points (x h) to MFI at Oh

of retention using the following formula:

MFI at x h of retention
MFI at O h of retention

IRE (%) = x 100%

2.7.  Intracellular distribution of siRNA/Dox-loaded
liposomes

FAM-siRNA with green fluorescence was adopted instead of
Bcl-2 siRNA to observe the intracellular siRNA distribution
under confocal microscope (Olympus, FV1000). Bel7402/5-FU
MDR cells were attached to the coverslips in 6-well plates
to reach 8 x 10° cells per well. The cells were washed twice
by using ice-cold PBS and then treated with culture medium
containing FAM-siRNA/Dox-TPGS-LPs, FAM-siRNA/Dox-PEG-
LPs, a mixture of free Dox and naked FAM-siRNA, and a
mixture of free Dox and FAM-siRNA-TPGS-LPs for 4h at 37
°C at equivalent concentrations of 5pg/ml Dox and 100nM
FAM-siRNA. Subsequently, the cells were fixed and nuclei were
stained with DAPI in accordance with the above described
method. The channels of excitation wavelengths for DAPI,
FAM-siRNA and Dox were 405nm (blue), 488 nm (green) and
559 nm (red), respectively.

To quantitatively evaluate the intensive effect of siRNA
on Dox internalization, the MFI of internalized Dox and
FAM-siRNA in Bel7402/5-FU MDR cells after treating various
liposomes were calculated by flow cytometry with the same
protocol as described above. The detected channels of FAM-
siRNA and Dox were 525 nm and 620 nm, respectively.

2.8.  Western blot assay

Bel7402/5-FU MDR cells treated by various agents were
incubated for 48 h, including DMEM, free Bcl-2 siRNA (100 nM),
Bcl-2 siRNA/Dox-TPGS-LPs with low, middle, high Bcl-2
siRNA concentration at 25nM, 50nM and 100nM. After the
treatments, 2 x 106 cells were collected, washed and re-
suspended in 50 pl ice-cold RIPA cell lysis buffer (containing
50mM Tris-HCl, 150mM NaCl, 1mM EDTA, 1% Triton X-
100, 1% sodium deoxycholate and 1% SDS; pH=7.4) for
30 min, followed by centrifugation to collect the supernatant.
Protein content was quantified by BCA assay. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, 10%)
was selected to differentiate proteins in each sample
(20 pg/lane), followed by electrophoretical transfer to PVDF
membranes (Millipore, USA). PBS containing 5% skim milk
was used to block membranes that were then probed by
the monoclonal antibody against Bcl-2 (1:1000, Santa Cruz,
USA) and horse radish peroxidase (HRP) and goat anti-mouse
antibody conjugate (1:3000, Santa Cruz, USA). Protein signals
were visualized by chemiluminescence detection reagent
(Boster, China) after the membranes were exposed to Kodak
life science imaging films (Kodak, USA). The Bcl-2 potein
expression level were normalized to the B-actin protein
expression levels (internal standards).

2.9. Apoptosis assay

Bel7402/5-FU MDR cells were seeded and attached in 12-



650 ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 15 (2020) 646-660

well plates to reach 5x10° cells per well, followed by
48h treatment with culture medium containing various
formulations, including free Dox, Dox-PEG-LPs, Dox-TPGS-
LPs, Bcl-2 siRNA-TPGS-LPs, Bcl-2 siRNA/Dox-PEG-LPs and Bcl-
2 siRNA/Dox-TPGS-LPs, respectively. The concentrations of
0.5pg/ml Dox and 100nM Bcl-2 siRNA were selected for the
test formulations. A control was maintained as untreated
cells. The cells were subsequently collected, washed and re-
suspended in 195 pl binding buffer, followed by the addition
of 5 pl annexin V-FITC and 10 pl propidium iodide (PI). The
mixture was gently blended by pipetting, and incubated for
15min at room temperature. Flow cytometry was used to
determine the proportions of apoptotic or stained cells [33].

2.10. Cytotoxicity

MTT assay was adopted to measure the in vitro cytotoxicity of
various Dox-loaded liposomes in both Bel7402 and Bel7402/5-
FU MDR cells [34]. Briefly, the cells were seeded in a 96-
well plate (8 x 103 cells per well) and attached for 24h. The
cells were subsequently treated by free Dox, Dox-PEG-LPs,
Dox-TPGS-LPs, Bcl-2 siRNA/Dox-TPGS-LPs at a range of Dox
concentrations (0.02-20 pg/ml) for 24 and 48h, respectively.
With addition of 20 ul MTT solution (5mg/ml), the cells
were incubated for additional 4h and then the medium was
replaced by DMSO (150 ul). The Dox absorbanace in each well
was measured at 570 nm by using microplate (Multiskan GO,
Thermo Scientific, USA). The aforementioned experiment was
repeated three times to get average ICsy values calculated by
GraphPadprism 6 software.

2.11. Animal and tumor model

Male Balb/c nude mice (18-22 g, 5-6 weeks old) were obtained
from Beijing Vital River Laboratory Animal Technology Co.,
Ltd (Beijing, China). The drug-resistant Bel7402/5-FU xenograft
models (HCC-MDR) were generated by subcutaneous injection
of 1 x 107 Bel7402/5-FU cells in 200 ul DMEM medium into the
right flank of male BALB/c nude mice. The models were ready
for experiments when the tumor grew to 100 mm?3. The animal
studies were developed in compliance with the guideline on
the care and use of laboratory animals of Huazhong University
of Science and Technology. The guideline was authorized
by the Animal Care Committee of Hubei Province, China
(Approval Number: TY20120158).

2.12. The MDR tumor inhibitory rate in mice

The HCC-MDR mice with tumor inoculated were randomly
separated into six groups (n=5). Then, the mice in six
groups were intravenously injected via the tail vein with
normal saline, free Dox, Dox-PEG-LPs, Dox-TPGS-LPs,
Bcl-2 siRNA/Dox-PEG-LPs and Bcl-2 siRNA/Dox-TPGS-
LPs, respectively. The Dox and siRNA doses for the above
formulations were 2 mg/kg and 0.6 mg/kg respectively every 3
d and total six doses. The time for the first dose administration
was designated as Day 0. The tumor length and width were
measured and the tumor volume was calculated by the
following formula: V= (L x W?)/2, where L and W represent
the length and width of the tumor. The tumor inhibitory rate

(TIR) after 21 d treatment was introduced to compare tumor
inhibition capacity among different formulations. TIR was
deduced by the following equation:

TIR (%) = (1 _

x 100%

mean tumor volume of experimental group
mean tumor volume of control group

At the 21st d, all the mice were sacrificed. The tumor and
major organs including heart, liver, spleen, lung, and kidney
were collected, weighted and photographed. The collected
organs and tissues were analyzed by hematoxylin—eosin (H&E)
staining and immunnohistochemical staining of the terminal
transferase dUTP nick-end labeling (TUNEL) assay to evaluate
cell apoptosis in tumor. Western blot measured Bcl-2 protein
expression level in tumor.

2.13.  Statistical analysis

Results were shown as mean =+ standard deviation (SD). One-
way analysis of variance ANOVA was adopted to test statistical
significance, which was set at *P<0.05, ** P<0.01 or ***
P <0.001.

3. Results and discussion

3.1. The nanostructure and property of
siRNA/Dox-TPGS-LPs

Dox-loaded cationic liposomes were prepared by the classical
transmembrane ammonium sulfate gradient method with
drug loading efficiency at around 8.7%. Bcl-2 siRNA was
adsorbed to the surface of cationic liposomes Dox-TPGS-LPs
or Dox-PEG-LPs via static electricity which resulted in the
formation of Bcl-2 siRNA corona, namely Bcl-2 siRNA/Dox-
TPGS-LPs or Bcl-2 siRNA/Dox-PEG-LPs. This nanostructure
is enlightened by the biomimetic approach using plasma
membrane or human serum albumin to modify the particle
surface properties for the improved efficacy of nanosystems
[35-37]. PEG-coated liposomes were selected as a control since
PEG-DSPE was widely used in liposomes and showed good
effect on in vivo anti-tumor drug delivery.

When the N:P ratio changed from 0.5:1 to 8:1, the particle
size, zeta potential and entrapment efficiency of siRNA from
Bcl-2 siRNA/Dox-TPGS-LPs were examined (Fig. S1). Zeta
potential and entrapment efficiency of siRNA were increased
accompanying with the increased N/P ratio, while the particle
size change was irregular between 190-370 nm. The optimal
N/P ratio is 4:1 with above 90% entrapment efficiency of
SiRNA.

The final characterization of the prepared liposomes are
summarized in Table 1. The entrapment efficiency of Dox
across all the prepared cationic liposomes was greater than
95%. Dox-PEG-LPs and Dox-TPGS-LPs had the similar diameter
of approximately 130nm, and their particle sizes increased
to approximately 180-190 nm after loading with Bcl-2 siRNA.
TEM observation (Fig. 2) showed that Dox-TPGS-LPs appeared
uniform spherical shape, while Bcl-2 siRNA/Dox-TPGS-LPs



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 15 (2020) 646-660

651

Table 1 - Characteristics of Dox-loaded cationic liposomes.

Formulations Particle size Polydispersity Zeta potential Entrapment efficiency

(nm) index (mV) of Dox (%)
Dox-PEG-LPs 134.1+0.6 0.031 17.5+2.9 959+1.8
Dox-TPGS-LPs 132.8+1.1 0.053 327+24 95.2+2.1
Bcl-2 siRNA/Dox-PEG-LPs 178.0+£2.3 0.109 72+1.8 95.6+2.3
Bcl-2 siRNA/Dox-TPGS-LPs 192.4+2.38 0.179 12.7+2.1 95.1+19
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Fig. 2 - The nanostructure of Dox-TPGS-LPs (A) and Bcl-2 siRNA/Dox-TPGS-LPs (B) under TEM.

was observed with an additional corona layer on the liposome
surface, indicating the successful loading of Bcl-2 siRNA on
the surface of Dox-TPGS-LPs.

All the tested liposomes showed positive surface charge.
Compared to the widely used PEG-modified liposomes, TPGS
maintained the high zeta potential of cationic liposomes
in favor of the electrostatic adsorption of siRNA-corona.
As expected, the negatively charged Bcl-2 siRNA partly
neutralized the positive charge of cationic liposomes, which
led to decreased zeta potential of liposomes after loading with
Bcl-2 siRNA.

The stability evaluation was shown in Fig. S3. After the
presence of FBS in PBS, the particle sizes of Dox-PEG-LPs
and Dox-TPGS-LPs increased by 10%—20% at 0h, while those
of Bcl-2 siRNA loaded liposomes showed no change with
or without FBS. It indicated siRNA-corona could protect the
liposomal core to avoid the attachment of FBS, probably due
to the decreased surface positive potential causing a weak
adsorption of nonspecific protein in blood circulation. The
particle sizes of four liposomes containing siRNA or not in PBS
with 10% FBS slowly climbed by ~20% until 96 h.

The hemolysis results (Fig. S4) showed good
biocompatibility with 12%-15% hemolysis of Dox-PEG-LPs
and Dox-TPGS-LPs for their relatively high positive surface
charge, 7%—9% hemolysis of Bcl-2 siRNA/Dox-PEG-LPs and
Bcl-2 siRNA/Dox-TPGS-LPs since the siRNA-corona decreased
their surface charge.
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Fig. 3 - Dox release from various liposomes at 37 °C until
48h. The medium is Tween 80 (1%, w/v)-containing PBS
(0.01 M, pH 7.4). Data were expressed as mean *+ SD (n=3).

3.2 Dox release from liposomes

In vitro Dox release profile from Dox-PEG-LPs, Dox-TPGS-
LPs, Bcl-2 siRNA/Dox-PEG-LPs and Bcl-2 siRNA/Dox-TPGS-LPs
showed a sustained release up to 48h (Fig. 3). Dox-TPGS-
LPs exhibited a faster drug release than Dox-PEG-LPs, which
probably could be due to the hydrophilic and solubilized
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property of TPGS [38]. A relatively slow Dox release profile
was observed in Bcl-2 siRNA/Dox-TPGS-LPs (us. Dox-TPGS-LPs)
and Bcl-2 siRNA/Dox-PEG-LPs (us. Dox-PEG-LPs) which may be
attributed to the siRNA-corona on the outside layer of Dox-
loaded liposomes [27]. There’s no significant difference of Dox
release from Dox-TPGS-LPs and Bcl-2 siRNA/Dox-TPGS-LPs at
48h (> 80%).

3.3.  Quantitative measurement of P-gp level in sensitive
or MDR cells

Immunofluorescence labeling experiments using flow
cytometry were performed to quantify cellular P-gp
expression levels in order to confirm upregulation of P-
gp in Bel7402/5-FU MDR cells relative to Bel7402 cells. The
result showed 1.23% and 44.8% of P-gp positive cells in Bel7402
and Bel7402/5-FU cells respectively (Fig. S2), which supported
P-gp upregulation in multidrug resistant Bel7402/5-FU cells
[39].

3.4.  TPGS inhibited P-gp efflux and improved Dox
internalization

To quantitatively compare the cellular internalization of
the various formulations, Fig. 4 displays the Dox cellular
internalization in Bel7402 cells and Bel7402/5-FU MDR cells.

In Bel7402 cells, cellular uptake of free Dox was lower
than these in Dox-loaded liposomes groups, supporting that
liposomes enhanced cellular uptake of enwrapped Dox. Dox-
TPGS-LPs and Dox-PEG-LPs liposomes groups showed similar
Dox uptake. In all treatment groups, the P-gp inhibitor
verapamil had no significant impact on Dox uptake because
of the low P-gp level in Bel7402 cells.

In Bel7402/5-FU MDR cells, cellular uptake of free Dox was
lower than that observed in Bel7402 cells because of Dox
efflux mediated by P-gp in Bel7402/5-FU MDR cells. Treatment

with verapamil in Bel7402/5-FU MDR cells enhanced free
Dox uptake to the level comparable to that observed in
Bel7402 cells. Both Dox-TPGS-LPs and Dox-PEG-LPs liposomes
enhanced cellular uptake of Dox with greater improvement
observed in Dox-TPGS-LPs. Verapamil effectively enhanced
intracellular Dox uptake in Dox-PEG-LPs group but not in Dox-
TPGS-LPs groups. These results overall demonstrated that
TPGS had similar effect as verapamil to inhibit P-gp and
increase Dox internalization in drug-resistant Bel7402/5-FU
cells.

3.5. TPGS prolonged Dox retention time in drug-resistant
cells

The confocal image results in Fig. 5 showed the intracellular
retention of Dox from different liposomes at Oh and 4h. The
red Dox fluorescent intensity (FI) at Oh and 4h was similar
between Dox-PEG-LPs and Dox-TPGS-LPs treatment groups in
Bel7402 cells (Fig. 5A). On the other hand, in Bel7402/5-FU
MDR cells, the red Dox FI in Dox-TPGS-LPs group was greater
than that in Dox-PEG-LPs group at Oh and 4h, respectively,
demonstrating that TPGS inhibited the exocytosis by P-gp and
therefore improved Dox internalization amount and retention
time in resistant cells.

The efflux rates of intracellular Dox and the intracellular
retention curve of Dox by flow cytometry in Bel7402 and
Bel7402/5-FU MDR cells for Dox-TPGS-LPs, Dox-PEG-LPs and
free Dox are depicted in Fig. 6. In Bel7402 cells, Dox-TPGS-
LPs and Dox-PEG-LPs demonstrated similar IRE-time courses
with 75% of Dox retained by 4h. By contrast, in Bel7402/5-
FU MDR cells, Dox-TPGS-LPs exhibited a significantly high
IRE-time course with 80% of Dox retained by 4h, while 47%
and 24% of Dox were retained for Dox-PEG-LPs and free Dox
correspondingly. This indicated that TPGS strongly inhibited
Dox exocytosis in drug-resistant cells and prolonged drug
retention in Bel7402/FU cells.
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Fig. 5 - Confocal microscopic results of intracellular Dox retention in tumor cells. Bel7402 cells (A) and Bel7402/5-FU MDR
cells (B) were pre-incubated with Dox-loaded formulations at 5 pg/ml for 4h (i.e., time point 0 h for retention), followed by
incubation with fresh medium for another 4h (i.e., time point 4h for retention). Bar: 20 pm.

A £ 120
E Bel7402
a
= 1001
Fry
c 801
2
o % 3 ']**
£ o T
c
i)
T 40-
8
(J
5 20
] -»- Free Dox -+ Dox-PEG-LPs —+ Dox-TPGS-LPs
©
3} 0 T T T T T
g 0 1 2 3 4
£

Time of Retention (h)

S Bel7402/5-FU

w 120-

[«}

o]

‘6 100

)

=

2 801

o

5

c 60 bl
K]

c

g 40- .
u

g 20-

T - Free Dox -% Dox-PEG-LPs —+ Dox-TPGS-LPs
8 0

£ 0 1 2 3 4
= Time of Retention (h)

Fig. 6 - Intracellular Dox retention curves for 0-4 h with incubation of free culture medium in cells. Bel7402 (A) and
Bel7402/5-FU (B) cells were pre-treated with free Dox, Dox-PEG-LPs, and Dox-TPGS-LPs containing 5 pg/ml of Dox for 4 h,
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3.6. siRNA increased Dox internalization in
drug-resistant cells by liposomes containing Dox and
siRNA-corona

To explore the effect of siRNA-corona on Dox delivery
in Bel7402/5-FU MDR cells, intracellular distribution of
endocytosed liposomes carrying FAM-siRNA and Dox were
evaluated by confocal microscopy, as shown in Fig. 7A. Dox
(red fluorescence) was transferred into nuclei and FAM-siRNA

(green fluorescence) was scattered in the cytosol. In Bel7402/5-
FU cells, FAM-siRNA/Dox-TPGS-LPs group demonstrated the
strongest red Dox fluorescence compared with the other
groups, while the green fluorescence of FAM-siRNA was
similar between various FAM-siRNA loaded liposomes, no
matter Dox was free or co-loaded in liposomes. Obviously,
without the aid of liposomes, free Dox and naked FAM-siRNA
seldom entered the Bel7402/5-FU MDR cells owing to the low
efficiency of passive transport and the strong effect of drug
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Table 2 - The priming effect of FAM-siRNA corona on the

improvement of Dox uptake in Bel7402/5-FU cells.

MFI+SD (1) PEG group (2) TPGS group ~ MFI;/MFI 3
(a) add siRNA* 34.8+0.3 51.3+1.8 147

(b) only Dox 30.1+0.6 40.4+0.7 1.34
MFI(,/MFl, 1.16° 127

(1)(a) FAM-siRNA/Dox-PEG-LPs; (1)(b) Dox-PEG-LPs;.
(2)(a) FAM-siRNA/Dox-TPGS-LPs; (2)(b) Dox-TPGS-LPs.
MFI: mean fluorescence intensity of intracellular Dox.
*P <0.05.** P <0.05.

efflux by P-gp. Interestingly, FAM-siRNA-TPGS-LPs improved
free Dox internalization. These results suggested that FAM-
siRNA-TPGS-LPs improved Dox internalization regardless
whether Dox was co-loaded in liposomes or not.

To quantify the magnitude of the enhancement of Dox
internalization by FAM-siRNA/Dox-TPGS-LPs, intracellular
Dox and FAM-siRNA MFI in ten thousand cells from various
Dox formulations were measured by flow cytometry (Fig.
7B). The MFI of control group treated with blank culture
medium was defined as “1”. Clearly, the green MFI of FAM-
siRNA was 18.6-18.8 between FAM-siRNA/Dox-PEG-LPs and
FAM-siRNA/Dox-TPGS-LPs, while that of free FAM-siRNA was
only 1.5. It indicated over 12-fold increase of siRNA in cells
by siRNA-loaded liposomes and TPGS didn’t change cellular
uptake of FAM-siRNA from liposomes. However, liposomes
with FAM-siRNA corona did improve the uptake of Dox from
PEG-modified or TPGS-linked liposomes, probably due to the
size-dependent uptake of siRNA-loaded cationic liposomes
and priming effect by siRNA-corona [40,41]. The quantitative
improvement data were calculated in Table 2. The intracellular
Dox MFI improvement by FAM-siRNA corona was 1.27- and
1.16-fold in TPGS group and in PEG group, respectively. And
also the intracellular Dox MFI improvement of TPGS- vs PEG-
modified liposomes with FAM-siRNA corona (1.47) was higher
than the MFI of corresponding liposomes containing only

Dox (1.34). These results proved the chemosensitizing effects
of TPGS and siRNA-corona. FAM-siRNA/Dox-TPGS-LPs was
superior to Dox-TPGS-LPs and FAM-siRNA/Dox-PEG-LPs in the
improvement of Dox endocytosis in Bel7402/5-FU MDR cells.

3.7.  Bcl-2 siRNA/Dox-TPGS-LPs down-regulated Bcl-2
protein expression in Bel7402/5-FU MDR cells

Bcl-2 protein has been shown as an anti-apoptosis factor
influencing multiple drug resistance of malignant cells and
treatment with chemotherapeutic agent such as doxorubicin
or epirubicin could upregulate Bcl-2 protein level [42-44].
Western blot experiment evaluated Bcl-2 gene silencing
effect by Bcl-2 siRNA in Bel7402/5-FU MDR cells (Fig. 8).
Bcl-2 siRNA/Dox-TPGS-LPs (100nM) significantly lowered
the expression of Bcl-2 protein, while equivalent naked
Bcl-2 siRNA cannot. It demonstrated the ability of Bcl-2
siRNA/Dox-TPGS-LPs to enter the cytosol. The decreased
Bcl-2 protein level by Bcl-2 siRNA/Dox-TPGS-LPs showed a
concentration-dependent silencing efficiency of 41%, 81% and
94%, respectively. 100nM of Bcl-2 siRNA was selected in
the current study to combine with Dox in TPGS-modified
liposomes.

3.8.  Synergistic effects of Bcl-2 siRNA/Dox-TPGS-LPs on
Bel7402/5-FU MDR cell apoptosis

Fig. 9 illustrated the synergistic effect of TPGS, siRNA,
and Dox delivered by Bcl-2 siRNA/Dox-TPGS-LPs on MDR
tumor cell apoptosis. The four quadrants represented normal
(Q4), early apoptotic (Q3), late apoptotic (Q2) and necrotic
cells (Q1), respectively. The percentages of apoptotic cells
were calculated from Q2 and Q3. Compared with other
formulations, the Bcl-2 siRNA/Dox-TPGS-LPs group induced
about 70% cell apoptosis. This apoptotic level is significantly
higher than those in the Dox-TPGS-LPs group (47%), Bcl-2
siRNA/Dox-PEG-LPs group (30%), Dox-PEG-LPs group (21%),
free Dox and Bcl-2 siRNA group (16%), free Dox group
(14%). Obviously, TPGS-modified liposomes exhibited higher
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Fig. 9 - Apoptosis assay results in Bel7402/5-FU MDR cells treated by various Dox formualtions for 48 h. The control group is
the untreated cells. The concentrations of Dox and Bcl-2 siRNA used were 0.5 pg/ml and 100 nM, respectively.

induction of cell apoptosis than PEG-linked liposomes and
free Dox group, due to the enhanced Dox internalization
by TPGS inhibiting P-gp efflux. To enhance apoptotic level,
co-delivery of Dox and Bcl-2 siRNA was superior to mono-
delivery of Dox. The cell apoptosis of Bcl-2 siRNA/Dox-
TPGS-LPs group enhanced 23% compared to Dox-TPGS-LPs
group, while that of Bcl-2 siRNA/Dox-PEG-LPs group had a
slight enhancement about 9% compared to Dox-PEG-LPs. The
combination of Dox, TPGS and Bcl-2 siRNA corona in cationic
liposome systems significantly enhanced the drug-resistant
cell apoptosis, which cannot be reached by each component
used alone or by co-delivery of two components.

3.9.  Synergistic cytotoxic effect of Bcl-2
siRNA/Dox-TPGS-LPs

MTT assay was used to measure the cooperative cytotoxic
action of Dox, TPGS and Bcl-2 siRNA corona in cationic
liposomes. The Bel7402 and Bel7402/5-FU MDR cells viabilities
after various treatments were demonstrated (Fig. 10), with
the corresponding ICsy values summarized in Table 3. As
expected, the Bel7402/5-FU MDR cells exhibited obvious Dox-
resistant behaviors during treatment in comparison with
sensitive Bel7402 cells. For example, the ICsy of free Dox in
Bel7402/5-FU MDR cells was over 100 pg/ml after incubation
for 24h based on the massive efflux of Dox, while that
in Bel7402 cells was 2.71pug/ml. It's approximately 50-fold
difference in resistant to Dox between MDR cells and sensitive
cells.

Table 3 - IC5q values of four Dox formulations against
Bel7402 and Bel7402/5-FU cells calculated from MTT

assay.

ICsp values (pg/ml)

. Bel7402 Bel7402/5FU
Formulations
24h 48 h 24h 48 h
Free Dox 2.71 0.45 >100 12.03
Dox-PEG-LPs 1.51 0.20 55.09 1.97
Dox-TPGS-LPs 1.01 0.15 16.10 0.64
Bcl-2 siRNA/Dox-TPGS-LPs 0.40 0.09 4.31 0.18

In Bel7402 cells, free Dox entered the cells by passive
diffusion and accumulated in the nuclei, while Dox-loaded
liposomes were internalized in the cytoplasm followed by Dox
released into the nuclei. The cytotoxicity was similar in Dox-
PEG-LPs and Dox-TPGS-LPs (Fig. 10A, P > 0.05), while Bcl-2
siRNA/Dox-TPGS-LPs significantly increased cytotoxicity with
decreased ICsp value (Fig. 10A, P < 0.05). The above results
demonstrated the synergistic effect of Bcl-2 siRNA and Dox
instead of the cytotoxic chemosensitizing effect of TPGS under
the experimental concentrations in Bel7402 cells.

In Bel7402/5-FU MDR cells, TPGS-modified liposomes
showed greater cytotoxicity than free Dox and Dox-PEG-
LPs (Fig. 10B, P < 0.05). It's due to the drug efflux P-
gp pump overexpressed on the surface of Bel7402/5-FU
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Fig. 11 - In vivo antitumor effect of various formulations in Bel7402/5-FU xenograft nude mice. Tumor volume (A) and body
weight (B) changes. The arrows in x axis represent the time points of intravenous injection, i.e., Day 0, 3, 6, 9, 12, 15. The
intravenous injected single dose of Dox and siRNA was 2 mg/kg and 0.6 mg/kg, respectively (n =5). Tumor weights (C) and
images (D) at Day 21 from different treatment groups after the first administration. The tumor inhibitory rate (TIR) was
deduced from the change of tumor volume. Black bar:1 cm. Bcl-2 expression level in tumors (E, F) and the H&E-staining of
heart, tumor, TUNEL-staining of tumor slices (G) after 21 d treatment with various formulations. The black arrows indicate
severe cardiotoxicity damage. The blue and green color stands for nucleus and apoptosis cell, respectively. GAPDH was
adopted as the internal control. White scale bar: 50 pm. *P < 0.05, **P < 0.01, ***P < 0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

cells. Internalized Dox may be pumped, which resulted in
reduced intracellular Dox concentration and led to MDR. TPGS
may overcome the MDR. As a control, combined analysis
from Dox internalization, retention and cytotoxicity results
demonstrated no synergistic effect of TPGS in Bel7402 cells
without increasing cellular accumulation of Dox. We further
examined whether the inhibition of MDR dual-pathways was
superior to inhibiting a single way. The ICsy value of Dox-
TPGS-LPs was 3-fold lower than that of Dox-PEG-LPs, while
that of Bcl-2 siRNA/Dox-TPGS-LPs approximated 4-fold lower
than that of Dox-TPGS-LPs in Bel7402/5-FU cells. These results

demonstrated the synergistic cytotoxic effects of TPGS-coated
Dox liposomes with Bcl-2 siRNA corona on MDR cells.

3.10. In vivo antitumor effect of Bcl-2
siRNA/Dox-TPGS-LPs in Bel7402/5-FU xenograft (HCC-MDR)
nude mice

The antitumor effect of Bcl-2 siRNA/Dox-TPGS-LPs was
evaluated in drug-resistant Bel7402/5-FU xenograft tumor
model in nude mice (Fig. 11). As discussed below, the in vivo
tumor growth results overall supported the synergistic anti-
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tumor efficacy of Dox, TPGS and Bcl-2 siRNA. It confirmed
that the antitumor effect of chemotherapy may be greatly
improved by simultaneously inhibiting drug efflux P-gp pump
and anti-apoptotic chemoresistance Bcl-2 in Bel7402/5-FU
xenograft nude mice.

We used saline as the control group because multiple
liposomes formulations were used in this study and blank
liposomes as vehicle control have been consistently reported
to have no significant impact on tumor growth [27,45]. Free
Dox did not inhibit tumor growth, showing similar results
to the saline group (Fig. 11A), although the body weight has
decreased for approximately 30% due to toxicity of Dox at
the studied dose (Fig. 11B). This result has confirmed drug-
resistant nature of the established HCC-MDR tumor model
because minimal antitumor efficacy was achieved at the Dox
dose that had resulted in severe side effect. The body weight
was reduced by 18% in other Dox groups, suggesting PEG-
or TPGS-linked liposomes improved tumor selectivity of drug
effect and decreased the toxicity of Dox in normal organs.
Note that the body weight in the saline group also decreased
by approximately 15% probably due to the tumor burden
and presence of tumor cachexia [46,47]. The tumor growth
suppression of test liposome groups was 47 times that of free
Dox group. Treatment with TPGS-modified liposomes resulted
in slower tumor growth rate and smaller tumor size than
PEG-linked liposomes. Fig. 11C demonstrated the greatest
inhibiting effect on tumor growth reflected by smallest tumor
size and lowest tumor weight. The TIR for Bcl-2 siRNA/Dox-
TPGS-LPs was 80%, in comparison to 68% for Dox-TPGS-LPs
and 63% for Bcl-2 siRNA/Dox-PEG-LPs (Fig. 11D). The TIR
calculation from HCC-MDR nude mice showed the tumor
growth suppression of Bcl-2 siRNA/Dox-TPGS-LPs group was
7 times that of free Dox group, and was superior to TPGS- or
Bcl-2 siRNA- modified Dox liposomes. The results suggested
the necessity and feasibility of dual suppression of drug
resistance.

On Day 21, H&E staining results showed significant
differences in the histological morphology of tumors receiving
Bcl-2 siRNA/Dox-TPGS-LPs compared with other groups (Fig.
11G). Compared to other groups, a larger area of cell shrinkage,
nuclear fragmentation in tumor cells and associated an
increase in the TUNEL positive cell number were observed
in the tumor cells treated by Bcl-2 siRNA/Dox-TPGS-LPs.
The H&E staining pictures of heart showed cardiotoxicity
damage in animals receiving free Dox group, which was not
observed in animal treated with Bcl-2 siRNA/Dox-TPGS-LPs
(Fig. 11G, black arrows). There was no significant difference
in H&E staining results in other tissues across the various
formulations (Fig. S5). The analysis of blood biochemical
indicators (i.e.,, heart-related LDH and CK-MB, liver-related
ALT and AST, kidney-related BUN and CRE) showed the
tested liposomes including Bcl-2 siRNA/Dox-TPGS-LPs didn’t
interfere the normal functions, while free Dox significantly
decreased the expression of LDH and AST (Fig. S6).

As shown in Fig. 11E-11F, the cell apoptosis portion
increased by 17% in tumor treated with Bcl-2 siRNA/Dox-
TPGS-LPs than that with Bcl-2 siRNA/Dox-PEG-LPs (P < 0.01).
The Bcl-2 protein expression ranged 60%—90% in the tumor

treated by other Dox formulations. The significant difference
of Bcl-2 protein expression between Bcl-2 siRNA/Dox-TPGS-
LPs and TPGS- (or Bcl-2 siRNA-) modified Dox liposomes
confirmed that Bcl-2 siRNA/Dox-TPGS-LPs effectively
transferred to the cytosol of HCC-MDR tumor cells and
maintained siRNA transfection functionality to down-
regulate Bcl-2 protein level in vivo.

4, Conclusions

TPGS-coated cationic liposomes with Bcl-2 siRNA corona
were successfully developed for reversing cancer MDR
and for co-delivery of Dox. The current study is to test
whether the inhibition of MDR dual-pathways is necessary
and feasible to overcome drug resistance. The upregulated
Bcl-2 and P-gp led to the 20-50 fold higher ICsy value of
Dox in Bel7402/5-FU MDR cells than in sensitive cells. The
anticancer efficacy was greatly decreased in HCC Bel7402/5-
FU model due to Dox resistance. TPGS inhibited P-gp efflux
and enhanced intracellular Dox concentration. Bcl-2 siRNA-
corona maintained siRNA transfection functionality in vivo
to downregulate anti-apoptotic Bcl-2 protein and primed
Dox internalization (1.27 times that of Dox-TPGS-LPs). This
multifunctional nanostructure was further demonstrated
with improved anticancer activities of Dox. The in vitro
cell apoptosis and cytotoxicity and in vivo antitumor
experiments overall in drug-resistant HCC Bel7402/5-FU
have demonstrated improved anticancer effect of Dox with
increased induction of apoptosis and 7-fold greater effect
than free Dox in tumor growth inhibition. In conclusion,
we have shown that TPGS-coated cationic liposomes with
siRNA corona has the capacity to simultaneously inhibit MDR
dual-pathways and subsequently improve the activity of the
chemotherapeutic agent co-delivered to a level that cannot
be achieved by inhibiting a MDR single way.
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