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a b s t r a c t

Multidrug resistance (MDR) remains the primary issue in cancer therapy, which is characterized by the
overexpressed P-glycoprotein (P-gp)-included efflux pump or the upregulated anti-apoptotic proteins. In
this study, a D-alpha-tocopheryl poly (ethylene glycol 1000) succinate (TPGS) and hyaluronic acid (HA)
dual-functionalized cationic liposome containing a synthetic cationic lipid, 1,5-dioctadecyl-N-histidyl-L-
glutamate (HG2C18) was developed for co-delivery of a small-molecule chemotherapeutic drug, pacli-
taxel (PTX) with a chemosensitizing agent, lonidamine (LND) to treat the MDR cancer. It was demon-
strated that the HG2C18 lipid contributes to the endo-lysosomal escape of the liposome following
internalization for efficient intracellular delivery. The TPGS component was confirmed able to elevate the
intracellular accumulation of PTX by inhibiting the P-gp efflux, and to facilitate the mitochondrial-
targeting of the liposome. The intracellularly released LND suppressed the intracellular ATP produc-
tion by interfering with the mitochondrial function for enhanced P-gp inhibition, and additionally,
sensitized the MDR breast cancer (MCF-7/MDR) cells to PTX for promoted induction of apoptosis through
a synergistic effect. Functionalized with the outer HA shell, the liposome preferentially accumulated at
the tumor site and showed a superior antitumor efficacy in the xenograft MCF-7/MDR tumor mice
models. These findings suggest that this dual-functional liposome for co-delivery of a cytotoxic drug and
an MDR modulator provides a promising strategy for reversal of MDR in cancer treatment.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Chemotherapy is a variant of cancer treatment, which involves
the application of one or more types of small-molecule drugs to
eradicate the cancer cells, such as alkylating agents, anti-
metabolites, anthracyclines and topoisomerase inhibitors. The
occurrence of multidrug resistance (MDR) remains the main issue
and the major challenge in cancer therapy [1]. MDR can be intrinsic
due to inherent physiological factors and acquired with drug
resistance factors [2]. Three disctinct forms of MDR have been
can@cpu.edu.cn (C. Zhang).
characterized in detail: 1) classical MDR with an energy-dependent
unidirectional membrane-bound drug efflux pump. The efflux
pump is composed of a transmembrane glycoprotein (P-glycopro-
tein, P-gp) encoded by the MDR1 gene [3]; 2) non P-gp MDR that
has no P-gp overexpression but displays the same resistance
pattern as the classical MDR. The non P-gp MDR is caused by the
overexpression of the multi-drug resistance associated protein
(MRP) gene [4]; 3) atypical MDR that is associatedwith quantitative
and qualitative alterations in topoisomerase IIa, a nuclear enzyme
participating in the lethal actions of cytotoxic drugs [2]. Moreover,
scientific investigations on themolecular mechanisms of MDR have
validated that both classical MDR and non P-gp MDR are related to
the activation of the membrane-bound transporter proteins, which
depend on to the consumption of ATP and are therefore called ATP-
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binding cassette (ABC) [5].
Several strategies have been developed to tackle the MDR

phenomena. A variety of non-ionic surfactants or polymers that
have the inhibiting effect on the P-gp efflux have been applied to
overcome classical MDR [6], such as Cremophor EL [7], Tween80
[8], D-alpha-tocopheryl poly (ethylene glycol 1000) succinate
(TPGS) [9], Pluronic [10] and chitosan derivatives [11,12]. The in-
hibition of the overexpressed P-gp can enhance the intracellular
accumulation of anticancer drugs that are also P-gp substrates in
general, such as paclitaxel (PTX) [13] and doxorubicin [14], which
results in enhanced therapeutic efficacies [15]. Alternatively, the
reversal of MDR by some specific modulators that can interfere
with the intracellular ATP production and the MRP or induce the
generation of pro-apoptotic factors has been investigated, such as
colchicines [16], 3-bromopyruvate [17], lonidamine (LND) [18]. LND
has been demonstrated able to interfere with the mitochondrial
function by inhibiting the hexokinase enzyme that is involved in
the ATP production, which can also interfere with the respiration
and maintenance of the mitochondrial transmembrane potential
and prevent aerobic glycolysis in turn [18]. LND with an apoptosis-
inducing capacity has been used as a single therapeutic agent [19]
or in combination with cytotoxic agents to treat many types of
cancer [20,21]. Despite these advances, most of these strategies
used alone cannot control and maintain the reversal of the MDR
phenomena due to the poor tumor-targeting property of these
agents in free forms.

To address this dilemma, nanoparticle-based drug delivery
systems (DDSs) have attract more and more attentions for
enhanced MDR reversal in cancer therapy [22e26], which can
efficiently deliver the therapeutic agents to the tumor tissue by the
enhanced permeability and retention (EPR) effect [27] and
sequentially to the tumor cells by the typical endocytosis pathway
[28]. Liposomes are vesicles made by the dispersion of phospho-
lipids inwater [29], which are the most popular delivery system for
co-delivery of multiple drugs based on their abilities to encapsulate
both hydrophilic and hydrophobic drugs [30]. The TPGS-coated li-
posomes showed a comparably enhanced circulation behavior with
the PEGylated liposomes, thereby increasing the therapeutic effi-
cacy of docetaxel in the breast cancer [31]. Cocktail-based co-de-
livery of epirubicin-loaded liposomes with LND-loaded liposomes
was applied to circumvent the MDR in lung cancer [32], which
however suffered from different pharmacokinetic, biodistribution
and internalization properties of respective liposomes.

In this study, we developed a TPGS and hyaluronic acid (HA)
dual-functionalized cationic liposome (HA-TPGS-CL) for co-
delivery of a small-molecule chemotherapeutic drug, PTX with a
chemosensitizing agent, LND to treat the MDR cancer (Fig. 1A). The
cationic liposome (CL) consists of soybean phosphatidylcholine
(SPC), cholesterol (Chol) and a synthetic cationic lipid, 1,5-
dioctadecyl-N-histidyl-L-glutamate (HG2C18) [33]. TPGS that is
anchored in the lipid bilayer of CL serves not only as a P-gp inhibitor
to elevate the intracellular drug accumulation [9], but also as a
mitochondriotropic substance to endue the liposome with the
mitochondrial-targeting capability [34]. HA, the anionic polymer is
applied to shield the positive surface charge by electrostatic-driven
coating for protection against the blood proteins, which also acts as
a tumor-targeting ligand by the specific interaction with the CD44
receptors that is overexpressed in many types of cancer [35]. As
illustrated in Fig. 1B, PTX and LND co-loaded HA-TPGS-L (desig-
nated as PTX&LND-HA) after intravenous injection preferentially
accumulates at the tumor site by the passive and active tumor
targeting effects as expected, followed by the CD44-mediated
internalization and transport into the endocytic vesicles, endo-
somes and lysosomes. Hyaluronidase (HAase) that is rich in the
tumor extracellular matrix and endo-lysosomes [36] degrades the
HA shell of PTX&LND-HA and allows the exposure of the TPGS-
modified CL. In the endo-lysosomes, the high cationic property of
CL combined with the proton sponge effect of the imidazole groups
of histidine in CL facilitates endo-lysosomal escape and cytoplasmic
distribution of the liposome [37e39]. TPGS inhibits the P-gp efflux
of the released PTX or LND to maintain high therapeutic concen-
trations of drugs within the cancer cells, and also helps the lipo-
some target the mitochondria. The released LND interferes with the
mitochondrial function and thereby suppresses the intracellular
production of ATP that is an energy source of P-gp [18], which
further results in enhanced P-gp inhibition. Furthermore, LND is
able to sensitize the cancer cells to PTX [40,41], which can also
induce the cell apoptosis in combination with PTX to efficiently
eliminate the MDR cancer cells.

2. Materials and methods

2.1. Materials

PTX was purchased from Yew Pharmaceutical Co. Ltd. (Jiangsu,
China). LND was purchased from Chang Zhou Rui Ming Pharma-
ceutical Co. Ltd. SPC (LIPOID S 100) was acquired from Shanghai
Wandong Biologic technological Co. Ltd. Chol was provided by
Huixing Biochemical Reagent Co. Ltd. (Shanghai, China). TPGS was
purchased from SPERIZOL Pharma (DUSSELDORF). HA was pur-
chased from Zhenjiang Dong Yuan Biotech Co. Ltd. (Jiangsu, China).
HAase, sucrose, amiloride and nystatin were purchased from Sigma
Aldrich. Rhodamine 123 (RH123) and Mitochondria Isolation Kit
were bought from the Beyotime Institute of Biotechnology (Nan-
tong, China). Dulbecco's modified eagle's medium (DMEM), RPMI
1640 medium and trypsin (Gibco®) were purchased from Pufei
Biotechnology Co. Ltd. (Shanghai, China). Fetal bovine serum (FBS,
Hyclone®), penicillin-streptomycin solution (Hyclone®), phosphate
buffered saline (PBS, Hyclone®) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were provided by Sun-
shine Biotechnology Co. Ltd. (Nanjing, China). BCA protein assay kit
was purchased from Thermo Scientific. 1,10-Dioctadecyl-3,3,30,30-
tetramethylindotricarbocyanine iodide (DiR) was purchased from
Life Technologies.

2.2. Preparation and characterization of liposome

The cationic lipid, HG2C18 was synthesized as described previ-
ously [33]. Cationic liposome (CL) was prepared using the lipid film
hydration method [42]. PTX, LND, SPC, HG2C18 and Chol were
weighed at the ratio of PTX:LND:lipid ¼ 1:4:50 (w:w:w) and
SPC:HG2C18:Chol¼ 27:9:4 (w:w:w) and dissolved in the mixture of
chloroform:methanol (2:1, v:v). The organic solvent was then
evaporated using the rotary evaporator at 40 �C to form the lipid
film. The solvent was totally evaporated under vacuum overnight.
The lipid filmwas rehydrated with the purified water, and followed
by homogenization with the rotary evaporator at 37 �C at low
speed, to allow the formation of the multilamellar vesicle (MLV).
The small unilamellar vesicles (SUV) were formed from the MLV by
ultrasonication. The drug-loaded CL (PTX&LND-CL) was obtained
after successive filtration through 0.8, 0.45 and 0.22 mmmembrane
filters. For preparation of TPGS-functionalized liposome (TPGS-L),
TPGS at the ratio of TPGS:lipid ¼ 9:20 (w:w) was added into the
components and dissolved in the mixture of chloroform:methanol
(2:1, v:v). The following preparation method was similar to that of
CL. The HA-coated and TPGS-functionalized drug-loaded liposome
(PTX&LND-HA) was obtained by adding PTX&LND-TPGS-L into the
HA solution at the ratio of HA:lipid ¼ 1:20 (w:w) and incubating
under stirring overnight. For preparation of RH123-loaded or DiR-
labeled liposome, RH123 at the ratio of RH123:lipid ¼ 1:1053



Fig. 1. Schematic design of the TPGS and HA dual-functionalized liposome for co-delivery of PTX and LND to overcome MDR in cancer treatment. (A) Preparation process of
PTX&LND-HA. From top to bottom: PTX&LND-CL, PTX&LND-TPGS-L, and PTX&LND-HA. (B) Reversal of MDR by PTX&LND-HA. I: tumor accumulation by the passive and active
targeting effects; II: CD44-mediated internalization and HA degradation by HAase overexpressed in the tumor extracellular matrix and endo-lysosomes; III: endo-lysosomal escape
of the liposome; IV: release of PTX for cytotoxicity and inhibition on P-gp efflux by TPGS; V: mitochondrial targeting of the liposome and release of LND to act on the mitochondrial
function for sensitizing the MDR cancer cells to PTX.
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(w:w) or DiR at the ratio of DiR:lipid ¼ 1:2000 (w:w) was added
into the liposome components.

The particle size, polydispersity (PDI) and zeta potential were
measured using a Dynamic Light Scattering Analyzer (Brookhaven,
USA) and a ZetaPlus Zeta Potential Analyzer (Brookhaven, USA),
respectively.

The entrapment efficiency (EE ¼Wi/Wo � 100%) was calculated,
whereWo andWi are the amount of drug before and after filtration
through the Sephadex G50 column, respectively. The amounts of
PTX and LND were determined using HPLC. A reverse phase HPLC
column (Inertisil ODS SP 5 mm 4.6 � 180 mm) was used. The flow
rate was set as 1 mL/min and the column temperature was set as
25 �C. For quantification of PTX, the mobile phase consisted of
methanol:water (75:25, v:v) and the wavelength of detection was
227 nm, while for LND, the mobile phase was composed of aceto-
nitrile:acetate buffer (pH 3.5 0.1M) (60:40, v:v) and thewavelength
was 298 nm. For co-quantification of PTX and LND, the mobile
phase was the mixture of acetonitrile:water containing 0.1% tri-
fluoroacetic acid (61:39, v:v) and the wavelength was 230 nm.

Themorphology of liposomes was examined using transmission
electron microscope (TEM). A drop of dispersed liposome was
stratified into a carbon coated grid and left to adhere onto the
carbon substrate for about 30 min. The excess was removed, and
phosphotungistic acid hydrate (2%) was added. After drying, the
grid was observed using TEM (H-7650, Hitachi) at an accelerating
voltage of 80 kV.

2.3. Stability of liposome

The storage stability of the drug-loaded liposome was deter-
mined by monitoring the variation in particle size, PDI, zeta po-
tential and drug leakage for one week at 4 �C. The drug leakage
[(EE(0)eEE(t))/EE(0)� 100%] was calculated, where EE(0) and EE(t) are
the EE of liposomes before and after storage for different time.

The plasma stability of the drug-loaded liposome was also
evaluated. The liposome was mixed with the rat plasma (1:1, v:v)
and incubated with shaking at 37 �C. At prearranged time interval
(0, 4, 8, 12, and 24 h), the samples were withdrawn. The particle
size, PDI, zeta potential and drug leakage were determined.

2.4. In vitro drug release

The dialysis bag diffusion technique was used to investigate the
in vitro drug release from the liposomes. Briefly, 1 mL of liposome
was placed in the dialysis bag (MWCO 14 kDa) and immersed into
50 mL of the NaH2PO4/Na2HPO4 buffer solution (10 mM, pH 7.4)
containing 1% (v:v) Tween 80. The entire system was kept at 37 �C
with continuous shaking at 75 rpm. At predetermined time inter-
val,1mL of samples werewithdrawn and replacedwith fresh buffer
solution. The collected samples were filtered with 0.45 mm filter
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and centrifuged at 14,000 g for 10 min. The amounts of PTX and
LND released were determined using HPLC.

2.5. Degradation of HA

The HAase-mediated degradation of HA was evaluated by
monitoring the change in particle size and surface charge of HA-
coated liposomes after treatment with HAase. The mixture of HA-
coated liposome and HAase (1 mg/mL) (1:1, v:v) was placed in
the 37 �C water bath at pH 4.5 and pH 7.4 under shaking. At a
predetermined time, the samples were withdrawn. The particle
size and zeta potential were measured.

2.6. Cell culture

Human breast adenocarcinoma (MCF-7) cells, multidrug resis-
tant MCF-7 (MCF-7/MDR) cells and human lung carcinoma (A549)
cells were obtained from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). The culture conditions were listed as
follows: MCF-7 cells: DMEM with 10% (v:v) FBS; MCF-7/MDR cells:
1640 medium with 15% (v:v) FBS; A549 cells: 1640 medium with
10% (v:v) FBS. All the medium was supplemented with 100 U/mL
penicillin and 100 mg/mL streptomycin. The cells were cultured in
an incubator at 37 �C under an atmosphere of 5% CO2.

2.7. Cellular uptake and endocytosis pathway

MCF-7/MDR cells at a density of 1 � 105 cell/well were seeded
and cultured in 24-well plates for 48 h. The cells were incubated
with different drug-loaded liposomes for different time at 37 �C.
After incubation, the cells were washed twice with cold PBS. 160 mL
of cell lysis buffer (Beyotime, China) was added and incubated for
30 min. The BCA protein assay kit (Thermo Scientific) was used for
quantifying the protein amount, while the drug concentration was
determined using HPLC. The cellular uptake (Qdrug/Qprotein) was
calculated, where Qdrug and Qprotein are the quantities of drug in the
cells and cell protein, respectively.

To investigate the active targeting effect of the HA shell on the
liposomes, the competitive inhibition study was first applied. The
cells, including CD44-overexpressing MCF/MDR cells [43] and
A549 cells [44] and CD44-deficient MCF-7 cells [45], were incu-
bated with the free HA (10 mg/mL) for 1 h at 37 �C, followed by
incubation with the HA-coated liposome (5 mg/mL PTX) for 4 h at
37 �C. Furthermore, the HA-coated liposome was pre-treated with
HAase (1 mg/mL) for 1 h at pH 4.5, and MCF-7/MDR cells were then
incubated with the HAase-treated HA-coated liposome for 4 h at
37 �C. The cells were treated following the same procedure as
described above, and the cellular uptake was determined and
compared under different conditions.

The endocytosis pathway of the liposomes was determined.
MCF-7/MDR cells at a density of 1 � 105 cell/well were seeded and
cultured in 24-well plates for 48 h. After incubation with the spe-
cific endocytosis inhibitors [sucrose (154 mg/mL) for clathrin-
mediated endocytosis inhibition, nystatin (15 mg/mL) for caveolin-
mediated endocytosis inhibition, and amiloride (133 mg/mL) for
macropinocytosis inhibition] for 1 h at 37 �C [42], the cells were
incubated with different liposome preparations containing 5 mg/mL
PTX for 4 h. The same procedure was followed as described in the
cellular uptake study above. The cellular uptake was determined,
and the relative uptake efficiency was calculated under different
conditions.

2.8. Enhanced intracellular accumulation by inhibiting P-gp efflux

To demonstrate the effect of the functionalized liposome on
inhibiting the P-gp efflux for increased intracellular accumulation,
we investigated the influence of TPGS or TPGS-containing lipo-
somes on the cellular uptake of RH123. MCF-7/MDR and MCF-
7 cells at a density of 1 � 105 cell/well were seeded in 24-well
plates, and cultured for 48 h. The cells were incubated with the
free RH123 (5 mM) in the presence of different concentrations of
TPGS for different time, followed by observation using fluorescence
microscope (Olympus, Japan). Moreover, MCF-7/MDR cells were
incubated with the free RH123 (5 mM) in the presence of different
TPGS formulations for 1 h. The cells were then washed twice with
cold PBS and collected, followed by centrifugation at 600 g for 5min
and washing twice with cold PBS. The fluorescence intensity of
RH123 in the cells was determined using flow cytometry. In addi-
tion, MCF-7/MDR cells were further incubated with different
RH123-loaded liposomes (5 mM) for 1 h. The fluorescence intensity
of RH123 in the cells was determined using flow cytometry.

2.9. Intracellular delivery

The intracellular delivery of the liposome in MCF-7/MDR cells
such as endo-lysosomal escape and mitochondria targeting was
monitored using confocal laser scanning microscope (CLSM). MCF-
7/MDR cells at a density of 1 � 105 cell/well were seeded in a CLSM
dish (NEST). After 24 h of culture, the cells were incubated with
different RH123-loaded liposomes (5 mM RH123) at 37 �C for 3 and
6 h. The late endosome and lysosome were stained with Lyso-
Tracker Red (50 nM) at 37 �C for 0.5 h. On the other hand, the cells
were incubated with different RH123-loaded liposomes (5 mM
RH123) for 12 h. The mitochondria were stained with MitoTracker
Red (200 nM) at 37 �C for 0.5 h. After staining, the cells were
washed with cold PBS twice and immediately observed using CLSM
(Leica, Germany).

The content of RH123 in the mitochondrial fraction was quan-
tified using flow cytometry [42,46]. MCF-7/MDR cells at a density of
1 � 105 cell/well were cultured in 6-well plates for 48 h at 37 �C,
and incubated with different RH123-loaded liposomes (5 mM
RH123) for 12 h. The cells were washed with cold PBS twice and
then trypsinized. After stopping the trypsinization by adding cold
complete medium, the cells were centrifuged at 600 g for 5min and
washed twice with cold PBS. The isolation of mitochondria was
performed according to the protocol of mitochondria isolation kit
(Beyotime, China). Subsequently, the cells were resuspended in the
mitochondria isolation buffer and subjected to 15 strokes in a
Dounce homogenizer to obtain a cell homogenate. The solutionwas
then centrifuged at 600 g for 10 min. The supernatant was then
centrifuged at 11,000 g for 10 min to pellet mitochondria. The
pelleted mitochondrial fraction was resuspended in mitochondria
stock buffer and immediately analyzed using flow cytometry
(Becton Dickinson, USA).

2.10. Inhibition of intracellular ATP production

The intracellular ATP levels were measured using an ATP assay
kit (Beyotime, China) after MCF-7/MDR cells were treated with
different formulations. MCF-7/MDR cells at a density of 1� 105 cell/
well were seeded and cultured in 12-well plates for 24 h, and were
then incubated with different drug-loaded liposomes (12.5 mg/mL
PTX and/or 50 mg/mL LND) for 8 h at 37 �C. The content of ATP in the
cells was determined by following the manufacturer's protocol.
Briefly, the cell suspension was obtained by using cell lysate pro-
vide by the kit, followed by centrifugation at 12,000 g for 5 min at
4 �C. 100 mL of the supernatant was mixed with 100 mL of ATP
detection working dilution on a black 96-well plate and keep for
10 min. The luminescence intensity was measured using a micro-
plate reader (Luminoskan ascent, Thermo Scientific).
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2.11. Cell apoptosis

The effect of different drug-loaded liposomes on cell apoptosis
was first evaluated using the Hoechst and propidium iodide (PI)
double staining method [47]. MCF-7/MDR at a density of
1� 105 cell/well were seeded and cultured in 6-well plates for 48 h
at 37 �C, and were then incubated with different drug-loaded li-
posomes (12.5 mg/mL PTX and/or 50 mg/mL LND) for 12 h. The cells
were washed twice with cold PBS and stained with the mixture of
Hoechst 33258 (5 mg/mL) and PI (10 mg/mL) for 10 min. After
washing with cold PBS, the cells were observed using the fluores-
cence microscope.

The apoptosis-inducing capability of different drug-loaded li-
posomes was also assessed using the Annexin V-FITC/PI apoptosis
detection kit (Vazyme Biotech, China). MCF-7/MDR cells at a den-
sity of 1 � 105 cell/well were seeded and cultured in 6-well plates
for 48 h at 37 �C, and were then incubated with different drug-
loaded liposomes (12.5 mg/mL PTX and/or 50 mg/mL LND) for
12 h. The following process was in accordance to the manufac-
turer's protocol. The treated cells were analyzed using the flow
cytometry.

2.12. In vitro cytotoxicity

The MTT assay was used to examine the in vitro cytotoxicity of
different drug-loaded liposomes and blank liposomes against MCF-
7/MDR cells. The cells at a density of 5 � 103 cell/well were seeded
and cultured in 96-well plates for 24 h at 37 �C, and were then
incubatedwith different drug-loaded liposomes or blank liposomes
for 48 h. Afterward, 20 mL of MTT (5 mg/mL) was added to each well
and incubated again for 4 h. The solution was then removed and
150 mL of DMSO was added to each well. The absorbance was
measured at a test wavelength of 570 nm and a reference wave-
length of 630 nm by the microplate reader. The cell viability was
calculated.

2.13. Animals and xenograft tumor models

SpragueeDawley (SD) rats (male, 180e220 g) and BALB/c nude
mice (female, 18e25 g) were purchased from the College of Vet-
erinary Medicine at Yangzhou University (Jiangsu, China). The an-
imal experiments were performed in compliance with the Guide
for Care and Use of Laboratory Animals, approved by China Phar-
maceutical University. To establish xenograft tumor models, MCF-
7/MDR cells at a density of 2 � 107 cell/mouse were subcutane-
ously injected into the upper back area of the nude mice. Tumor
progressionwas monitored by the caliper measurements of tumors
along the length and width. Tumor volumes (L � W2/2) were
calculated, where L is the longest diameter and W is the shortest
diameter perpendicular to length.

2.14. Pharmacokinetics

The rats were weighed and randomly divided into three groups
(n ¼ 4), and received intravenous injections of different drug-
loaded liposomes at a dose of 5 mg/kg PTX and 20 mg/kg LND.
After administration, the blood samples were collected at 0.083,
0.25, 0.5, 0.75, 1, 2, 4, 8, 12, 24 h and then centrifuged at 10,000 g for
10 min. The supernatant plasmawas obtained and stored at �20 �C
until HPLC analysis.

The amount of drug was determined using HPLC as follows.
Briefly, 100 mL of plasma was mixed with 80 mL of HCl (1 M) and
then vortexed three times. Afterward, 1 mL of ethyl acetate (EA)
was added into the solution above and vortexed, followed by
centrifugation at 14,000 g for 10 min. The supernatant was
collected, and the subnatant was further added with 1 mL of EA,
followed by the same process above. The supernatants were mixed
together and evaporated overnight under vacuum. The reconsti-
tutionwasmade by adding 200 mL of the mobile phase consisting of
the mixture of acetonitrile:water containing 0.1% trifluoroacetic
acid (61:39, v:v), vortexed and centrifuged at 14,000 g for 10 min.
The amount of PTX and/or LND was determined using HPLC.

The pharmacokinetic parameters of each formulation was
calculated using a non-compartmental model by PK SOLVER, such
as the area under the plasma concentrationetime curve (AUC0-∞),
elimination half-life (t1/2), clearance (Cl) and mean residence time
(MRT).

2.15. Biodistribution

When the tumors reached to 100e200 mm3, the MCF-7/MDR
tumor-bearing nude mice were intravenously administrated by
the DiR-labeled liposomes, DiR-CL and DiR-HA, at DiR dose of
0.2mg/kg [48]. To further evaluate the tumor targeting capability of
HA, the free HA (5 mg/kg) was intravenously injected into the
tumor-bearing mice for 1 h, followed by injection of DiR-HA. At the
established time point, the mice were euthanized by isofurane and
rapidly imaged using a Maestro in vivo fluorescence imaging sys-
tem (Cri Inc., USA). At 24 h post-administration, the mice were
sacrificed. Themain normal organs, such as heart, liver, spleen, lung
and kidney, as well as the tumorwere harvested for ex vivo imaging.
The region-of-interest (ROI) was circle around the harvested tis-
sues, and the fluorescence intensity of DiR was measured using the
Maestro 3 software.

2.16. In vivo antitumor efficacy

Once the tumors reached to 100e200 mm3, the MCF-7/MDR
tumor-bearing nude mice were intravenously administrated by
different drug-loaded liposomes, including PTX&LND-CL,
PTX&LND-HA and PTX-HA plus LND-HA, at PTX dose of 5 mg/kg
and LND dose of 20 mg/kg, and saline as a negative control every
other day (four-time injection). Treatment proceeded for 25 days.
During the treatment, the tumor sizes and body weights were
monitored. After the treatment, the mice were sacrificed and the
tumors were harvested for histological analysis using the hema-
toxylin and eosin (HE) staining.

2.17. Statistical analysis

Results were given as mean ± standard deviation (S.D.). Statis-
tical significance was tested by two-tailed Student's t-test or one-
way ANOVA. Statistical significance was set at *P < 0.05, high sig-
nificance was set at **P < 0.01, and extreme significance was set at
***P < 0.001.

3. Results and discussion

3.1. Preparation and characterization of liposome

PTX&LND-CL was prepared using the lipid film hydration
method, which had a zeta potential of þ55 mV due to the intro-
duction of the cationic lipid, HG2C18 (Table S1). PTX&LND-TPGS-L
was obtained by incorporating TPGS into PTX&LND-CL, which had a
significantly decreased surface charge of þ34 mV by the shielding
effect of TPGS. After coating with negatively charged HA via elec-
tronic interaction, PTX&LND-HA showed a zeta potential
of �18 mV. Such a variation in the surface charge of liposome
indicated the successful modification of TPGS and HA on the lipo-
some. As shown in Table S1, the average particle sizes of all the
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obtained liposomes were less than 120 nm, which are favorable for
the EPR effect. The EE of PTX and LND was more than 90% in all the
liposome formulations. The TEM examination presented the
spherical unilamellar structures and nice dispersity of PTX&LND-
CL, PTX&LND-TPGS-L and PTX&LND-HA (Fig. 2A). The particle size
was in agreement with that determined using the DLS
measurement.

All the liposomes were stable at 4 �C up to one week (Fig. S1).
The EE maintained more than 90% in both TPGS and HA liposome
up to one week, compared to CL. No significant difference was
found on the zeta potential of TPGS-L and CL within one week,
while the zeta potential of HA-L showed a slight change
from �17 mV to �10 mV. The influence of rat plasma on the EE for
24 h indicated more drug leakagewith the CL than either TPGS-L or
HA-L (Fig. S2). This could be due to the positive charge of CL which
allows it to bind to plasma protein, thereby resulting in the insta-
bility of CL and the leakage of drugs.

The release profiles of PTX and LND from different drug-loaded
liposomes were evaluated. The encapsulation of PTX and LND by
liposomes resulted in the sustained release of both drugs. The
release of PTX was about 25% from either PTX&LND-HA or PTX-HA
within 48 h, while that of PTX was about 15% from PTX&LND-CL
(Fig. 2B). By comparison, approximately 80% of LND was released
from all the liposomes within 48 h (Fig. 2C).
Fig. 3. Change in the particle size (A) and zeta potential (B) of different drug-loaded
liposomes after incubation with HAase (1 mg/mL) at different pH (pH 7.4 and 4.5)
over time.
3.2. Degradation of HA

We investigated the degradation of the HA shell by monitoring
the variation in the particle size and zeta potential of HA-coated
liposomes after incubation with HAase at different pH values. Af-
ter incubation with HAase over time, a slight decrease in the par-
ticle size of liposome was determined (Fig. 3A). Of note, the change
in the zeta potential was more apparent (Fig. 3B). The zeta poten-
tials of all the HA-coated liposomes showed no significant change
after incubation with HAase for 3 h at pH 7.4. In sharp contrast, the
zeta potential changed from �17 mV to þ23 mV after exposure of
HAase for 3 h at pH 4.5. These data suggested that the degradation
of HAwas HAase-mediated and acidic pH-dependent [49]. The HA-
coated liposome with the protection of HA that also served as a
Fig. 2. (A) TEM images of PTX&LND-CL (left), PTX&LND-TPGS-L (middle), PTX&LND-HA (ri
liposomes at pH 7.4 over time.
targeting ligand accumulated at the tumor site. Following endo-
cytosis, the HA shell was able to be degraded by HAase in the
endocytic vesicles, endosomes or lysosomes, which allow the
ght). (B, C) In vitro release profiles of PTX (B) and LND (C) from different drug-loaded



A.G. Assanhou et al. / Biomaterials 73 (2015) 284e295290
exposure of TPGS-L for mitochondria targeting.
3.3. Cellular uptake and endocytosis pathway

The cellular uptake of different drug-loaded liposomes was
estimated on the CD44-overexpressing MCF-7/MDR cells (Fig. S3).
All the liposome formulations showed a higher cellular uptake of
PTX than Taxol that was even co-delivered with LND, which indi-
cated that Taxol was inevitably subject to the efflux by the over-
expressed P-gp in MCF-7/MDR cells. PTX&LND-HA presented the
highest cellular uptake of PTX compared to other formulations,
including PTX-HA, PTX&LND-CL and cocktail-based co-delivery of
PTX-HA with LND-HA. At different concentrations of PTX, the
cellular uptake of PTX delivered by PTX&LND-HA was all signifi-
cantly higher than that delivered by the highly positive charged
PTX&LND-CL (Fig. 4A), which indicated that the CD44-mediated
endocytosis based on the active targeting effect of HA played an
important role on enhanced uptake of liposome compared to the
electronic adsorptive endocytosis.

To further demonstrate the interaction between CD44 and HA,
we compared the cellular uptake of PTX&LND-HA in the absence
and presence of the free HA on different types of cells, such as the
CD44-deficient MCF-7 cells and the CD44-overexpressing MCF-7/
MDR and A549 cells. The cells were pre-treated with the exces-
sive free HA to block the CD44 receptors on the cell membrane. As
shown in Fig. 4B, the cellular uptake of PTX in the presence of HA
was comparable to that in the absence of HA on MCF-7 cells, while
showed significant decrease on both MCF-7/MDR and A549 cells
compared to that without treatment with HA. This result confirmed
that PTX&LND-HA was taken up by the cancer cells via the CD44-
mediated internalization. Moreover, we incubated PTX&LND-HA
with HAase at pH 4.5 for 1 h to degrade the HA shell of liposome,
followed by assessing the cellular uptake. As shown in Fig. 4C, the
HAase-treated PTX&LND-HA showed a dramatic reduction in the
cellular uptake compared to the non-treated one, which further
suggested the effect of the HA shell on increasing the intracellular
Fig. 4. (A) Cellular uptake of PTX&LND-CL and PTX&LND-HA on MCF-7/MDR cells after 4
PTX&LND-HA. (B) Relative cellular uptake of PTX&LND-HA on different cancer cells after 4 h
to that in the absence (control). **P < 0.01, ***P < 0.001, compared to control. (C) Cellular upta
5 mg/mL in the presence of the free HA or after the HAase treatment. **P < 0.01, ***P < 0.001,
after 4 h of incubation at PTX concentration of 5 mg/mL in the presence of the specific endo
compared to control.
accumulation of PTX.
Next, we investigated the endocytosis pathways of PTX&LND-

HA and PTX&LND-CL on MCF-7/MDR cells (Fig. 4D). Different
specific inhibitors were applied to block the corresponding endo-
cytosis pathways. Amiloride that is an inhibitor for macro-
pinocytosis pathway significantly decreased the cellular uptake of
PTX&LND-CL, implying PTX&LND-CL was internalized by the cells
through the macropinocytosis pathway. In contrast, sucrose, the
clathrin-mediated endocytosis pathway inhibitor, remarkably
decreased the cellular uptake of PTX&LND-HA compared to other
inhibitors, indicating that the modification of TPGS and HA on the
liposome affected the endocytosis pathway, which caused
PTX&LND-HA to be endocytosed via the clathrin-mediated
pathway. Taken together, both of the liposomes were taken up
into the endocytic vesicles, endosomes/lysosomes, which were the
principal barrier to the intracellular delivery of the liposomes.
3.4. Enhanced intracellular accumulation by inhibiting P-gp efflux

The overexpressed P-gp on the cell membrane of the MDR
cancer cells has a great effect on the efflux of the anticancer drugs,
which results in the low intracellular drug concentration. In view of
this, we further focused on evaluating the enhancement of
PTX&LND-HA on the intracellular drug accumulation in MCF-7/
MDR cells. RH123, a P-gp substrate that is subject to be recog-
nized and secreted by the P-gp, was employed as a model drug [11].
The intracellular accumulation of RH123 delivered by different
formulations was observed and quantified using CLSM and flow
cytometry, respectively. As shown in Fig. 5A, the free RH123 pre-
sented a high fluorescence intensity within MCF-7 cells after in-
cubation for different time, but hardly entered into MCF-7/MDR
cells, which indicated a strong P-gp-mediated efflux of RH123 by
MCF-7/MDR cells. However, the presence of the free TPGS showed a
great capability of promoting the intracellular accumulation of
RH123, which confirmed the P-gp inhibiting effect of TPGS for
reversal of MDR.
h of incubation at different PTX concentrations. *P < 0.05, **P < 0.01, compared to
of incubation at PTX concentration of 5 mg/mL in the presence of the free HA compared
ke of PTX&LND-HA on MCF-7/MDR cells after 4 h of incubation at PTX concentration of
compared to control. (D) Relative cellular uptake of PTX&LND-HA on MCF-7/MDR cells
cytosis inhibitors compared with that in the absence (control). *P < 0.05, ***P < 0.001,



Fig. 5. (A) Fluorescence images of MCF-7 and MCF-7/MDR cells after 1 h of incubation with the free RH123 (5 mM) in the absence and presence of different concentrations of the free
TPGS. Fluorescence images were taken at 400 � magnification. (B) Fluorescence intensity of MCF-7/MDR cells after 1 h of incubation with the free RH123 (5 mM) in the absence and
presence of different TPGS formulations at different TPGS concentrations. (C) Fluorescence intensity of MCF-7/MDR cells after 1 h of incubation with different RH123-loaded li-
posomes at RH123 concentration of 5 mM ***P < 0.001, compared to the free RH123.
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Furthermore, the fluorescence intensity of MCF-7/MDR cells
after incubation with the free RH123 in the presence of different
TPGS-containing formulations was determined using the flow
cytometry (Fig. 5B). The TPGS-functionalized liposomes, such as
TPGS-L and HA-TPGS-L, were able to evidently enhance the intra-
cellular accumulation of RH123 inMCF-7/MDR cells. This effect was
comparable to that of the free TPGS. Additionally, we encapsulated
RH123 into different liposomes to acquire RH123-CL, RH123-TPGS-
L and RH123-TPGS-HA, and further assessed the cellular uptake of
RH123. As shown in Fig. 5C, although RH123 was entrapped in CL,
RH123-CL did not show any reinforcement on the intracellular
accumulation of RH123 compared to the free RH123. In sharp
contrast, both RH123-TPGS and RH123-TPGS-HA had a strong ca-
pacity on elevating the cellular uptake of RH123. These results
confirmed theMDR reversal effect of TPGS-incorporated liposomes.

3.5. Intracellular delivery

The intracellular delivery of different RH123-loaded liposomes
was monitored in MCF-7/MDR cells using CLSM. The late endo-
somes and lysosomes were stained with LysoTracker Red. As shown
in Fig. 6A, all RH123-loaded liposomes were internalized into the
cells and suffered from the endo-lysosomal entrapment after 3 h of
incubation, evidenced by a large area of colocalization between the
RH123 signal and the LysoTracker signal shown as yellow fluores-
cence. As incubation time increased to 6 h, the RH123 signal of the
RH123-SPC without the incorporation of HG2C18 still presented a
high colocalizationwith the endo-lysosomes, which suggested that
the conventional liposome hardly penetrated across the endo-
lysosomes. Contrarily, the HG2C18-containing liposomes including
RH123-CL, RH123-TPGS-L and RH123-HA displayed an apparent
separation from the endo-lysosomes and awide distributionwithin
the cells, indicating that HG2C18 had an essential effect on endo-
lysosome escape based on the high cationic property and the pro-
ton sponge effect of the histidine moiety.

Next, we investigated themitochondria targeting capacity of the
liposomes using CLSM (Fig. 6B). The mitochondria in MCF-7/MDR
cells were stained with MitoTracker Red. Compared to RH123-SPC
and RH123-CL, the TPGS-modified liposomes, RH123-TPGS-L and
RH123-HA showed a higher colocalization of the RH123 signal with
the MitoTracker signal after 12 h of incubation, which indicated
that RH123-TPGS-L and RH123-HA could efficiently deliver the
cargoes to the mitochondria due to the mitochondria-targeted
characteristics of TPGS. Furthermore, we isolated the mitochon-
dria from the treated cells and quantified the RH123 content in the
mitochondria using the flow cytometry. As shown in Fig. 6C, the
quantity of RH123 in the mitochondria delivered by either RH123-
TPGS-L or RH123-HA was extremely higher than that delivered by
both RH123-SPC and RH123-CL, which was in accord with the re-
sults obtained from the CLSM observation. Accordingly, the HA-
coated and TPGS-functionalized liposomes showed an efficient
intracellular delivery, which could migrate from the endo-
lysosomes to the cytoplasm and transport to the mitochondria.

3.6. Inhibition on intracellular ATP production

After confirming themitochondria targeting of the liposome, we
investigated the influence of PTX&LND-HA on the intracellular ATP
production in MCF-7/MDR cells. As shown in Fig. 6D, the cells
showed a markedly decreased intracellular ATP level after treat-
ment with all the LND-loaded liposomes, including LND-HA,
PTX&LND-HA and PTX-HA plus LND-HA, compared to the un-
treated cells. However, no significant difference in the ATP level
between the untreated cells and the PTX-HA treated cells. More-
over, PTX&LND-HA showed a remarkable effect on inhibiting ATP
production compared to PTX-HA. These data suggested that LND



Fig. 6. (A) CLSM images of MCF-7/MDR cells after 3 or 6 h of incubation with different RH123-loaded liposomes. The late endosome and lysosome were stained with LysoTracker
Red. (B) CLSM images of MCF-7/MDR cells after 12 h of incubation with different RH123-loaded liposomes. The mitochondria were stained with MitoTracker Red. (C) Fluorescence
intensity of the isolated mitochondria of MCF-7/MDR cells after 12 h of incubation with different RH123-loaded liposomes. *P < 0.05, ***P < 0.001, compared to RH123-SPC. (D)
Intracellular ATP level of MCF-7/MDR cells after 8 h of incubation with different drug-loaded liposomes. *P < 0.05, **P < 0.01, ***P < 0.001.
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was able to interfere with the mitochondrial function to inhibit the
intracellular ATP production. In addition, the treatment with
PTX&LND-HA resulted in a significant inhibition on the ATP gen-
eration compared to the cocktail-based co-delivery of PTX-HA plus
LND-HA, due partly to the decreased cellular uptake of LND-HA by
the competitive interaction with PTX-HA. Collectively, LND that
was efficiently delivered by PTX&LND-HA acted on the mitochon-
dria and suppressed the ATP production, which could further not
only inhibit the P-gp efflux by the synergistic effect with TPGS, but
also sensitize the cancer cells to PTX for elevated induction of
apoptosis and cytotoxicity.
3.7. Cell apoptosis and cytoxicity

The apoptosis-inducing effect of PTX&LND-HA was first evalu-
ated using the Hoechst and PI double staining. As shown in Fig. 7A,
the nuclei of the untreated cells showed homogeneous fluores-
cence with no evidence of segmentation and fragmentation after
Hoechst staining, while the cell nuclei became severely fragmented
when the cells were treated with different drug formulations for
12 h, suggesting that the nuclei were segmented into dense nuclear
parts and further distributed into apoptotic bodies. The PI staining
for late apoptotic cells only showed the homogeneous fluorescence,
in line with the cell death process.

Furthermore, the annexin V-FITC/PI apoptosis detection kit was
used to quantitatively determine the apoptotic effects. As shown in
Fig. 7B, PTX&LND-HA had the strongest apoptosis-inducing ca-
pacity compared to other drug formulations. The MCF-7/MDR cells
after treatment with PTX&LND-HA for 12 h had the total apoptotic
ratio of 22.3%, much higher than 6.5% of Taxol co-deliveredwith the
free LND, 11.2% of PTX&LND-CL and 17.4% of PTX-HA co-delivered
with LND-HA.

The cytotoxicity of PTX&LND-HA was estimated against MCF-7/
MDR cells using the MTT assay (Fig. 7C). As expected, PTX&LND-HA
showed the significantly higher cytotoxicity toward MCF-7/MDR
cells than other drug formulations after 48 h of incubation. The
half maximal inhibitory concentration (IC50) of PTX&LND-HA was
about 0.06 mg/mL (Table S2), extremely lower than 0.15 mg/mL of
PTX-HA, 9.51 mg/mL of PTX&LND-CL, 1.48 mg/mL of Taxol co-
delivered with the free LND, and 0.12 mg/mL of PTX-HA co-deliv-
ered with LND-HA. Additionally, the mixture of Cremophor EL and
ethanol without PTX displayed noticeable cytotoxicity, compared to
TPGS-HA-L, the blank vehicle of PTX&LND-HA (Fig. 7D).

Accordingly, it is confirmed that the combination of increased
cellular uptake by the active targeting effect of HA, efficient intra-
cellular delivery, P-gp inhibition by TPGS and LND, and LND-
mediated cell sensitization to cytotoxic agent resulted in a
remarkable enhancement of PTX on inducing the apoptosis and
cytotoxicity by PTX&LND-HA.
3.8. Pharmacokinetics and biodistribution

The pharmacokinetics of different drug-loaded liposomes were
assessed after intravenous injection into the rats. The plasma
concentrationetime curves were shown in Fig. 8A. The relative
pharmacokinetic parameters were calculated to quantitatively
evaluate the pharmacokinetic property (Table S3). PTX&LND-HA
rendered improved blood persistence of both PTX and LND
compared to PTX&LND-CL, substantiated by the higher AUC, longer
t1/2 and MRT, and lower Cl, which allowed enhanced tumor tar-
getability and therapeutic index in vivo.

The biodistribution of the liposome after intravenous injection
into the MCF-7/MDR tumor-bearing mice was monitored using the
in vivo imaging technique. The liposomes, CL and TPGS-HA-L, were
labeled with the lipophilic dye, DiR. As shown in Fig. 8B, DiR-HA
efficiently accumulated at the tumor site at just 1 h post



Fig. 7. (A) Fluorescence images of MCF-7/MDR cells after 12 h of incubation with different drug formulations. The nuclei were stained with Hoechst and PI. Fluorescence images
were taken at 400 � magnification. (B) Apoptosis of MCF-7/MDR cells induced by different drug formulations after 12 h of incubation determined using the Annexin V-FITC/PI
staining. In each panel, the lower-left, lower-right and upper-right quadrants represent the population of the viable, early apoptotic and late apoptotic cells, respectively. (C) In vitro
cytotoxicity of different drug formulations against MCF-7/MDR cells after 48 h of incubation. (D) In vitro cytotoxicity of different blank vehicles without drugs against MCF-7/MDR
cells after 48 h of incubation.
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injection, and the DiR signal maintained up to 24 h. By comparison,
DiR-CL presented an inferior tumor targeting capacity. To further
assess the active targeting effect of the HA shell of DiR-HA, the
tumor-bearing mice was pre-injected with the high concentration
Fig. 8. (A) Plasma concentrationetime curve of PTX (lower) and LND (upper) in the rats afte
LND dose of 20 mg/kg. (B) In vivo fluorescence imaging of the MCF-7/MDR tumor-bearing n
injection of the free HA (5 mg/kg) for 1 h (III) at DiR dose of 0.2 mg/kg over time. The red
harvested from the mice at 24 h post-injection, including heart (H), lung (Lu), kidney (K), spl
tissues harvested from the mice at 24 h post-injection. **P < 0.01, ***P < 0.001. (For interpret
version of this article.)
of the free HA solution for competitively blocking the CD44 re-
ceptors on the tumor cells, followed by injection with DiR-HA. The
DiR signal apparently decreased at the tumor region as expected.
For ex vivo imaging, the DiR signal of DiR-HA in the harvested tumor
r intravenous injection of PTX&LND-HA and PTX&LND-CL at PTX dose of 5 mg/kg and
ude mice after intravenous injection with DiR-CL (I), DiR-HA (II) and DiR-HA with pre-
arrow indicates the tumor region. (C) Ex vivo fluorescence images of different tissues
een (S), tumor (T) and liver (Li). (D) Fluorescence intensity of the DiR signals in different
ation of the references to colour in this figure legend, the reader is referred to the web



Fig. 9. (A) Changes in the tumor volume of the MCF-7/MDR tumor-bearing nude mice receiving intravenous injection of PTX&LND-CL, PTX&LND-HA and PTX-HA plus LND-HA at
PTX dose of 5 mg/kg and LND dose of 20 mg/kg, and saline. *P < 0.05, ***P < 0.001. (B) Tumor volume inhibitory rate after treatment with PTX&LND-CL, PTX&LND-HA and PTX-HA
plus LND-HA. *P < 0.05, **P < 0.01. (C) Changes in the body weight of the mice during treatment. (D) Representative images of the HE-stained tumor sections after treatment with
PTX&LND-CL, PTX&LND-HA and PTX-HA plus LND-HA. The images were taken at 400 � magnification.
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of the mice after injection for 24 h was noticeably higher than that
of DiR-CL (Fig. 8C), although the strong DiR signal was detected in
the liver due to the preferential cellular uptake of HA by the liver
sinusoidal endothelial cells [50e52]. The pre-injection with the
high concentration of free HA resulted in decreased liver accumu-
lation of DiR-HA by the competitive blocking effect of HA on the
cellular uptake of DiR-HA in the liver. The quantitative ROI analysis
further confirmed the superior tumor target ability of DiR-HA
(Fig. 8D). The fluorescence intensity of the DiR signal of DiR-HA
was about 4.9-fold and 1.8-fold that of DiR-CL and DiR-HA plus
HA, respectively. These data validated that DiR-HA had a high
tumor-targeting efficiency through a combination of the EPR-based
passive targeting and HA-mediated active targeting effects.
3.9. In vivo antitumor efficacy

The in vivo antitumor efficacy of different drug formulations
was evaluated on the MCF-7/MDR tumor-bearing mice. As shown
in Fig. 9A, all the PTX and LND co-loaded liposomes presented great
effects on inhibiting the tumor growth after successive intravenous
injection into the tumor-bearing mice. Cocktail-based co-delivery
of PTX-HA and LND-HA had a stronger tumor inhibition capacity
than PTX&LND-CL, which was mainly attributed to the improved
pharmacokinetic behavior and tumor-targeting capability of the
liposomes functionalized by HA and TPGS. Note that a significant
difference was observed in the inhibition of the tumor growth
between PTX&LND-HA and PTX-HA plus LND-HA, suggesting that
the co-encapsulation of PTX and LND in one nanocarrier could
optimize the pharmacokinetic property and biodistribution
behavior between two drugs for enhanced synergistic antitumor
activity [53,54]. The inhibitory rate of PTX&LND-HA was higher
than 85% compared to 65% of PTX-HA plus LND-HA (Fig. 9B). The
images of the tumor harvested from the mice visually showed the
greatest tumor shrinkage after treatment with PTX&LND-HA
(Fig. S4). No remarkable change in body weight was observed
during the treatment with PTX&LND-HA (Fig. 9C). The histological
analysis of the tumor that was harvested from the mice after
treatment of PTX&LND-HA using the HE staining showed a greater
remission of the tumor cells, compared to that after treatment with
other formulations (Fig. 9D), which further evidenced the superior
therapeutic efficacy of PTX&LND-HA.
4. Conclusion

In summary, we have developed a co-delivery strategy of PTX
and LND using a TPGS and HA dual-functionalized liposome to
overcome MDR for enhanced cancer therapy. The liposome
rendered a high drug accumulation in the tumor tissue, maintained
a high intracellular drug concentration within the tumor cells, and
displayed an efficient intracellular delivery, thereby yielding the
reversal of MDR and elevated cancer treatment. This strategy pro-
vides a great potential for exploration of novel anticancer DDSs for
treating the MDR cancer.
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