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ABSTRACT
Multidrug resistance (MDR) remains one of the major reasons for inefficiency of many chemotherapeu-
tic agents in cancer therapy. In this study, a D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS)
and polylysine-deoxycholic acid copolymer (PLL-DA) co-modified cationic liposome coating with hya-
luronic acid (HA) was constructed for co-delivery of paclitaxel (PTX) and chemosensitizing agent, sora-
fenib (SOR) to treat the MDR cancer. The multifunctional liposome (HA-TPD-CL-PTX/SOR) presented
good stability against rat plasma and was capable of reversing surface zeta potential under acidic con-
ditions in the presence of HAase. Additionally, experimental result confirmed that the PLL-DA copoly-
mer would facilitate the endo-lysosomal escape of the liposome. In vitro study demonstrated that HA-
TPD-CL-PTX/SOR could significantly enhance drug accumulation in resistant MCF-7/MDR cells by inhib-
iting the P-gp efflux, and effectively inhibited growth of tumor cells. Furthermore, the liposome
showed an enhanced anticancer activity in vivo, with a tumor growth inhibition rate of 78.52%. In
summary, HA-TPD-CL-PTX/SOR exhibited a great potential for effective therapy of resistant cancers by
combining with chemotherapeutic agents and could be a promising nano-carrier for reversing MDR
and improving the effectiveness of chemotherapy.
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1. Introduction

Cancer is still a major threat to human health. Conventional
chemotherapy as the main method for the treatment of can-
cer has achieved no significant progress over the past
30 years. One of the well-known challenges is lack of selective
accumulation in cancer cells leading to considerable damage
to normal tissues (Renugalakshmi et al., 2011; Zhang et al.,
2012). Another reason is the emergence of multidrug resist-
ance (MDR), which occurred in over 50% of cases and has
been a major obstacle for successful chemotherapy (Hu &
Zhang, 2012). The well-studied mechanism of multidrug resist-
ance in cancer cells is the P-glycoprotein (P-gp), an over-
expression of membrane protein belonging to ATP-binding
cassette (ABC) transporters, which could effectively pump
anticancer agents out of cells against a concentration gradi-
ent, thereby reducing the drug concentration in the target
site and eventually diminishes therapeutical efficacy (Meads
et al., 2009; Fletcher et al., 2010; Yin et al., 2012). Thus, reversal
of P-gp mediated chemotherapeutics efflux to overcome MDR
in cancer treatment has been a promising approach.

The combination therapy has been considered as a realis-
tic strategy for reversing drug efflux to realize successful che-
motherapeutic treatment (Chang et al., 2018; Gou et al.,

2018). The combination of multiple anticancer agents allows
for reduction of the drug dose and provides a potential plat-
form to simultaneously act on several anticancer targets,
thereby preventing or delaying the emergence of MDR (Yang
et al., 2018). However, traditional combination therapy,
namely the drug cocktail, demonstrates limited success in
clinics due to the non-coordinated distributions of drugs
after administration (Mo et al., 2014). Additionally, the differ-
ence in solubility, potency, pharmacokinetics, and bioavail-
ability between drugs makes the dosing schedule extremely
challenging in the cocktail therapy (Leh�ar et al., 2009; Tai
et al., 2010; Duan et al., 2013).

Nano-carriers as an interesting and effective drug delivery
system have drawn many attentions for increasing drug
selectivity and overcoming MDR in cancer treatment.
Functional liposomes with similar lipid bilayer shell to the
biofilm are one of the most investigated nanoparticle deliv-
ery systems, which possess well biological compatibility, and
could increase cellular uptake and enhance intracellular drug
accumulation, avoid the deficiency of inherent toxicity
caused by the inhibitors, as well as bypass P-gp mediated
efflux (Ji et al., 2012; Zhao et al., 2013; Tan et al., 2017).
Additionally, liposomes could also play as drug reservoirs
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after uptake into the tumor cells, and protect drug from deg-
radation to increase its stability. Therefore, liposomes are
outstanding vesicles for co-delivery of multiple drugs based
on their abilities to encapsulate both hydrophilic and hydro-
phobic drugs (Mo et al., 2014; Assanhou et al., 2015).

The inhibition of overexpressed P-gp would elevate the
intracellular accumulation of drugs that are also P-gp sub-
strates in general, such as paclitaxel (PTX) and doxorubicin,
lead to enhanced therapeutic efficacies (Shukla et al., 2011;
Yin et al., 2017). Meanwhile, sorafenib as a potent competi-
tive multi-kinase inhibitor of the RAF/MEK/ERK signaling
pathway, suppress tumor cell proliferation, survival, and
angiogenesis by competitively binding to VEGFR-2, VEGFR-3,
and PDGFR-b tyrosine kinases (Yang et al., 2016). The clinical
trials of sorafenib exhibit a high efficacy in human hepatocel-
lular, colon, pancreatic, breast cancer and so on (Mondal &
Bennett, 2016). As reported that effective combination of sor-
afenib with other chemotherapeutics is a desirable approach
to strengthen the effect of chemotherapy and overcome
MDR in clinics (Cohen et al., 2012; Ibrahim et al., 2012; Pal
et al., 2015).

Herein, we developed a TPGS and polylysine-deoxycholic
acid (PLL-DA) co-modified cationic liposome coating with
hyaluronic acid (HA) for co-delivery of paclitaxel (PTX) and
sorafenib (SOR) to treat the MDR cancer. TPGS could be
applied as a P-gp efflux inhibitor and solubilizer in liposome.
PLL-DA embedded in the phospholipid bilayer had more pri-
mary and secondary amines that would enable carriers to
facilitate endosomal escape, due to the elevation of osmotic
pressure of lysosome and endosome. Furthermore, HA was
applied for its biocompatibility, biodegradability, non-
immunogenicity and active targeting capability (Yang et al.,
2016). As illustrated in Figure 1, the multifunctional liposome
(HA-TPD-CL-PTX/SOR) would preferentially accumulate at the
tumor site by passive targeting effect and CD44-mediated
active targeting effects after intravenous injection. Once
inside of the cells, hyaluronidase (HAase) rich in tumor extra-
cellular matrix and lysosomes would degrade the HA shell
and expose the high positive charges of cationic liposome to
facilitate endosomal escape and cytoplasmic distribution of
the liposome. Additionally, TPGS would further interfere with
mitochondrial function and block energy supply of P-gp

Figure 1. Schematic illustration of HA-TPD-CL-PTX/SOR liposome for co-delivery of PTX and SOR to overcome MDR in cancer cells. Drug delivery includes steps of
intravenous injection, active targeting of liposome, degradation of HA by HAase together with the exposure of PLL-DA at HAase-rich lysosome, release of drugs,
action on mitochondria function and inhibition of P-gp efflux by TPGS to further enhance drug accumulation in cancer cells.
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efflux pump to minimize PTX or SOR efflux, thus maintain
high therapeutic concentrations of drugs within the cancer
cells and effectively reverse multidrug resistance.

2. Materials and methods

2.1. Materials

Hyaluronic acid (35 kDa) was purchased from Freda Biochem
Co., Ltd. (Jinan, Shandong, China). Paclitaxel (PTX) was
obtained from Shanghai Zhongxi Sunve Pharmaceutical Co.,
Ltd. (Shanghai, China). Sorafenib (SOR) was supplied by
Meryer Chemical Technology Co., Ltd (Shanghai, China).
Soybean phosphatidylcholine was provided by Shanghai Ai
Wei Te Pharmaceutical Technology Co., Ltd. Cholesterol was
obtained from Beijing J&L Technology Co., Ltd. Deoxycholic
acid (DA) was purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. Triphosgene, Ne-carbobenzyloxy-L-lysine
(Lys), hexylamine, tetrahydrofuran (THF), hexane, N,N-
Dimethylformamide (DMF) were obtained from Energy
Chemical Technology Co., Ltd (Shanghai, China).

2.2. Synthesis of deoxycholic acid-functionalized PLL
(PLL-DA)

2.2.1 Synthesis of poly (L-lysine) (PLL)
To deprotect the Z groups of PLL (Z) was dissolved in tri-
fluoroacetic acid then HBr (2.64 g, 32.67mmol) was added.
The reaction was allowed to perform at room temperature
for 2 h. Then the reaction was quenched with excess cold
methyl tert-butyl ether and the precipitate was filtered and
washed three times to obtain the resulting solid PLL. The
average molecular weight was analyzed by gel permeation
chromatography (GPC). The measurements were taken with a
Shimadzu GPC with Shimadzu RI and UV/Vis detection, and
two 300mm Waters ultra-hydrogel GPC Columns using PEG
standards. The dissolution solvent and mobile phase were
composed of an aqueous solution containing 0.2M NaNO3

and 0.01 NaH2PO4 and the mobile phase at a flow rate of
1.0mL/min. The average molecular weight (6474Da) and pol-
ydispersity index (1.00) were calculated from the GPC reten-
tion time (20.58min) in Figure S2. 1H NMR (300MHz, D2O,
ppm): 1.22-1.86 (-CH2- in PLL, and -CH2- in hexylamine), 3.08
(dd, e-CH2), 4.36 (dd, a-CH) (Figure S1).

2.2.2. Synthesis of PLL-DA
The deoxycholic acid (DA) (124.31mg, 0.32mmol) was dis-
solved in 10mL DMSO, followed by adding 1-hydroxybenzo-
triazole monohydrate (HOBt) (192.60mg, 1.43mmol), 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDCI)
(273.17mg, 0.95mmol), respectively. Then, 0.50 g PLL and
DIPEA (522.54mg, 4.27mmol) were added and the reaction
lasted for 24 h in N2 atmosphere. Subsequently, the product
was dialyzed against deionized water with cellulose tubing
(MWCO: 3500Da), followed by lyophilization to obtain
PLL-DA.

2.3. Preparation of functionalized liposomes

A lipid film hydration-ultrasonic method was applied to pre-
pare drug-loaded cationic liposome (PD-CL-PTX/SOR). Briefly,
Soybean phosphatidylcholine (40mg), cholesterol (8mg),
PLL-DA (3mg) were dissolved in the mixture of chloroform:
methanol (2:1, v:v). Then anticancer drugs PTX (1mg) and
SOR (6mg) were added, respectively. The organic solvent
was evaporated in vacuum at 45 �C to form the lipid film,
which was further dried in the vacuum drying oven at 37 �C
to remove residual organic solvent. The lipid film was
hydrated with distilled water, and followed by homogeniza-
tion at 40 �C for 1 h, which was further sonicated with a
probe-type ultrasonicator in the ice bath. Then PD-CL-PTX/
SOR was obtained after successive filtration 10 times through
0.22 lm membrane filters. For preparation of TPGS-function-
alized liposome (TPD-CL-PTX/SOR), TPGS at the ratio of TPGS:
cholesterol = 1:3 (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 PD-
CL-PTX/SOR. In order to realize active tumor targeting, HA
was applied to coat on the surface of cationic liposome by
adding TPD-CL-PTX/SOR into the HA solution at the ratio of
HA: cholesterol = 3:8 (w:w) and incubating overnight at 37 �C
to obtain HA-TPD-CL-PTX/SOR. Rhodamine 123 (RH123), a P-
gp efflux substrate, was chosen as the fluorescent probe to
monitor the cellular uptake of functionalized liposome. To
prepare fluorescence labeled liposomes, drugs were replaced
by RH123.

2.4. Physical characterization of liposomes

The morphology of multifunctional liposomes was observed
by transmission electron microscopy (TEM). The particle size,
zeta potential, and polydispersity (PDI) were measured via a
Malvern Zetasizer 3000 system (Malvern Instruments Ltd.,
UK). The HPLC was used to detect the drug encapsulation
efficiency (EE). Briefly, various liposomes were respectively
disrupted into water and equal volume of methanol was
added. Subsequently, the solution was sonicated for 20min
and the supernatant was obtained after centrifugation at
10000 rpm for 10minutes. The amounts of PTX and SOR
were measured by HPLC (Shimadzu LC-10AD system, Kyoto,
Japan) coupled with a Diamonsil C18 column (250mm �
4.6mm, 5 lm) at a flow rate of 1mL/min and the absorption
wavelength of 227 and 266 nm. The mobile phase for PTX
was methanol: water (75:25, v/v), while for SOR was a mix-
ture of acetonitrile and disodium phosphate (buffer pH = 4
with phosphoric acid, 55:45, v/v) (Li et al., 2015). The EE was
calculated using the following equations:

EE %ð Þ ¼ amount of drug in the liposome
amount of feeding drug

� 100

2.5. In vitro drug release study

The in vitro release of PTX and SOR from liposome were studied
by dialysis method. Briefly, 1mL of HA-TPD-CL-PTX/SOR
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was sealed in a dialysis bag (MWCO: 3.5 kDa) and immersed
into 30mL PBS (incubation with or without HAase 2mg/mL)
containing 1% Tween80 (w/v) and tested at pH 7.4, or 5.0 con-
ditions. The samples were kept at 37 �C and shaken at a speed
of 100 rpm. At desired time intervals, 1mL of release medium
was taken out and equal volume of fresh media was replen-
ished. The amount of drug released in the withdrawn medium
was assessed by HPLC.

2.6. Stability of liposomes

The storage stability of HA-TPD-CL-PTX/SOR and PD-CL-PTX/
SOR were evaluated by the change of particle size, zeta
potential and drug leakage in distilled water at 4 �C for 96 h.
At prearranged time (0, 12, 24, 48, 72 and 96 h), samples
were withdrawn and determined. The plasma stability of
above liposomes were also monitored by incubation the
samples with rat plasma (1:1, v:v) and kept at 37 �C shaking
with a rate of 100 rpm. At prearranged time (0, 1, 4, 8, 12
and 24 h), samples were collected and measured.

2.7. Cellular uptake and intracellular trafficking

The cellular uptake of different liposomes was further
investigated by flow cytometry (BD, Franklin Lakes, NJ).
Briefly, MCF-7 and MCF-7/MDR cells were seeded in 24-well
plates at a density of 1� 105 cell/well and cultured for
24 h. Subsequently, cells were incubated with CL-RH123,
PD-CL-RH123, TPD-CL-RH123 and HA-TPD-CL-RH123 for 1, 2,
4, 8, 12 and 24 h, and the fluorescence intensity was moni-
tored by flow cytometry.

The real-time recording of the cellular internalization pro-
cess of HA-TPD-CL-RH123 was assessed by confocal laser
scanning microscopy (Carl Zeiss LSM 700, Germany). In brief,
MCF-7/MDR cells were seeded in CLSM dish at a density of
5� 105 cells/well and cultured for 24 h. Afterward, cells were
treated with HA-TPD-CL-RH123 for 1, 2, 4 and 8 h, and
washed with PBS for three times. Then cells were fixed with
4% paraformaldehyde for 15min and the cell nuclei were
stained with 50 nM DAPI for 15min. Finally, the cells were
washed by PBS thrice and recorded by CLSM.

To quantitative study intracellular uptake, MCF-7/MDR
cells were seeded in 6-well plates at a density of 1� 106 cells
per well and cultured until a confluent monolayer of cell
formed. Subsequently, different drug-loaded liposomes
(PTX, 2 lg/mL) were added into each well and incubated
with cells for 1, 2, 4 and 8 h, respectively. The original
medium was then discarded and washed with PBS for three
times. Thereafter, 150 lL of cell lysis buffer was added to
fully lyse cells. The BCA Protein Assay Kit (Beyotime, China)
was performed for determining the amount of protein, and
the concentration of intracellular drug was detected by
HPLC-MS-MS. The cellular uptake (Qdrug/Qprotein) was eval-
uated, where Qdrug and Qprotein represented the amount of
drug and protein in MCF-7/MDR cells.

To further study the active targeting capability of HA-
coated liposome, the CD44-overexpressing MCF-7/MDR cells
were seeded in 6-well plates at a density of 1� 106 cells per

well. After culturing for 24 h, the free HA (15mg/mL) was
added and incubated with cells for 2 h, followed by treat-
ment with HA-TPD-CL-PTX/SOR for 6 h. Furthermore, the HA-
coated liposome was pretreated with HAase (1mg/mL) for
2 h, and then cells were incubated with the HAase-treated
liposome for 6 h. Subsequently, the quantitative study of
intracellular uptake was assessed by BCA Protein Assay Kit
and analyzed by the same procedure as described above.

Confocal laser scanning microscopy (CLSM) was applied to
further track the cellular transport process of different lipo-
somes. In brief, MCF-7/MDR cells were seeded in a confocal
microscope dish with 1� 105 cells/well density and cultured
for 24 h. Then cells were treated with various RH123-loaded
liposomes for 1 h and washed with cold PBS to remove the
residual formulations. Subsequently, cells were further incu-
bated with 1640 medium for another 0, 2 or 4 h and stained
with Lyso-Tracker Red (Beyotime, China) for 90min, and
immediately imaged by CLSM.

2.8. Study of endocytosis pathway

To study the endocytosis pathway of HA-modified
liposome, MCF-7/MDR cells were treated with specific endo-
cytosis inhibitors including chlorpromazine hydrochloride
(CH, 10mg/mL, clathrin-mediated endocytosis inhibition),
nystatin (NY, 15 lg/mL, caveolin-mediated endocytosis inhib-
ition), amiloride (AM, 100 lg/mL, macropinocytosis inhibition)
and sodium azide (SA, 3 lg/mL, ATP synthesis inhibition) for
1 h. Subsequently, HA-TPD-CL-RH123 was added to each well
and incubated for another 4 h. The fluorescence intensity
was determined by flow cytometry. Moreover, the viability of
MCF-7/MDR cells incubated with the specific inhibitors for
1 h was also measured. All measurements were performed
in triplicate.

2.9. In vitro cytotoxicity study

The MTT assay was used to evaluate the biocompatibility of
blank liposomes and antitumor efficacy of drug-loaded lipo-
somes. Briefly, MCF-7/MDR cells were plated into 96 well
plates at a density of 5� 103 cells per well and cultured in
RPMI 1640 medium for 24 h at 37 �C under 5% CO2 atmos-
phere. Subsequently, cells were incubated with different
blank or drug-loaded liposomes for 48 h. MTT solution
(20 lL) was added to each well and incubated for 4 h.
Thereafter, the original medium was discarded and 150 lL
DMSO was added. Cellular viability was calculated by meas-
uring the absorbance at 570 nm using a microplate reader.

2.10. Apoptosis analysis

The cell apoptosis experiment was also evaluated by
Annexin V-FITC/PI staining method. Briefly, MCF-7/MDR cells
were seeded into 12-well plates until a confluent monolayer
of cells formed. Then cells were treated with different drug-
loaded liposomes (PTX, 1 lg/mL; SOR, 6 lg/mL) for 12 h.
Afterwards, cells were collected and stained with Annexin
V-FITC and PI according to the Annexin V-FITC/PI staining
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assay kit (Beyotime, China). At last, apoptosis-inducing cap-
ability was immediately detected flow cytometry.

2.11. In vivo antitumor efficacy

The antitumor effects were studied using BALB/c nude mice
(female, 16–18g) provided by Qinglong Mountain Animal
Center and the experiment was approved by China
Pharmaceutical University for the Care and Use of Laboratory
Animals. The tumor model was established by injection of
0.2mL of MCF-7/MDR cells (3� 107 cells/mice) upper the right
arm of the mice. The tumor volume was calculated by (a� b2)/2,
where a and b are the major axis and minor axis. After tumor
size reached about 100mm3, mice were randomly divided
into six groups with five mice in each group and
intravenously injected with saline, free SOR, Taxol, Taxolþ SOR,
TPD-CL-PTX/SOR, and HA-TPD-CL-PTX/SOR, at PTX dose of
4mg/mg and SOR dose of 24mg/kg. The animals were treated
with the above preparations every other day (total five injec-
tions), and tumor volumes and body weight were recorded
every day. Finally, mice were all sacrificed and tumors were
excised, weighed and tumor inhibition rates (TIR) was calculated.

2.12. Statistical analysis

The data were expressed by the means ± standard deviation
(SD). The statistical evaluation between different groups was
analyzed by one-way ANOVA. p< .05 indicated statistical sig-
nificance in treatment.

3. Results and discussion

3.1. Synthesis and characterization of graft copolymer

In this study, amphiphilic PLL-DA as a cationic moiety was
successfully synthesized. As illustrated in Supplementary
Scheme 1, Lys (Z)-NCA was synthesized using Lys (Z) with tri-
phosgene. Subsequently, PLL (Z) was prepared through ring-
opening polymerization using hexylamine as a nucleophilic
initiator. PLL was obtained by successful elimination of the Z
group from PLL (Z) and then reacted with carboxyl group of
the deoxycholic acid (DA) by an acid-amine coupling reaction
to prepare PLL-DA.

The chemical structure of PLL and PLL-DA was confirmed
by 1H-NMR spectra. As shown in Figure 2(A), the characteris-
tic proton peaks at 1.10–1.72 ppm were related to methylene
(-CH2-) and of hexylamine segment in the PLL. Signal at
2.88 ppm and 4.26 ppm was special peak of methylene of
methine of PLL. The new peaks appeared in the range of
1.8–2.2 ppm for PLL-DA were ascribed to the hydrogen pro-
tons of deoxycholic acid, and 0.62, as well as 0.76 ppm, were
the characteristic peaks of methyl groups of DA, indicating
the successful introduction of deoxycholic acid into PLL. The
substitution degree of DA in PLL was 10.87% by comparing
the integral of the two peaks related to protons attributed to
the methyl groups of DA at d 0.62, with the integral related
to a-carbon proton of PLL at d 4.26 ppm (Noh et al., 2015).

3.2. Preparation and characterization of liposome

The cationic liposome PD-CL-PTX/SOR was prepared
through a lipid film hydration-ultrasonic technique. As
shown in Table S1, the zeta potential of PD-CL-PTX/SOR
was approximately þ31mV, which could be attributed to
the positive charge of PLL. After introducing TPGS into cat-
ionic liposome to obtain TPD-CL-PTX/SOR, the zeta potential
value showed a significant reduction to þ20mV. When
coating a negatively charged HA shell through electronic
interaction, HA-TPD-CL-PTX/SOR exhibited a negative charge
about �17mV, which would provide sufficient repelling
force between liposomes and anionic glycoproteins on the
cell surface, thus avoiding aggregation between liposomes
and deposition in the vessel wall (Yin et al., 2015). The par-
ticle sizes of all prepared liposomes were lower than
130 nm, which was possible to avoid filtration by the kid-
ney, minimize specific sequestration by sinusoids in the
spleen and fenestra in the liver (Duan et al., 2013).
Moreover, the functionalized liposomes could efficiently
entrap PTX and SOR between the hydrophobic phospho-
lipid bimolecular layers with high encapsulation efficiency.
The morphology of various liposomes was observed using
TEM. As shown in Figure 2, all the liposomes were exhib-
ited a spherical morphology and nearly mono-disperse.

3.3. In vitro drug release study

In vitro release kinetics of PTX and SOR-loaded liposome
was tested in PBS medium at 37 �C, as displayed in Figure
2(E). The results showed a typical two-phase drug release
profile, with rapid drug release in the first 12 hours, fol-
lowed by subsequent slow drug release up to 72 hours.
Moreover, the two drugs released from the liposomes at
different release rates and the cumulative release of SOR
from HA-TPD-CL-PTX/SOR was nearly 73% within 72 h in pH
7.4 condition, while that of PTX was only 52% from lipo-
some. As pH decreased, the cumulative SOR and PTX
release was all elevated to 89% and 83% in 72 h, respect-
ively. The results illustrated that the acidic environment
might be beneficial to drug release. Additionally, as shown
in Figure 2(F), liposome also presented a more rapid drug
release in the presence of HAase in pH 7.4 and 5.0 condi-
tions. PTX release could increase to 68.12% within first 12 h
at pH 5.0 with HAase, and the cumulative release could
reach 89.33% after 72 h. In comparison, PTX release would
reach 68.90% after 72 h in pH 7.4 without HAase condition.
Moreover, SOR also showed a rapid release in the presence
of HAase under acidic environment, and the cumulative
release was 93.55%, reaching complete release by 72 h. The
above results verified that drug release from liposome
would be affected by pH change and HAase presence.

3.4. Stability of liposomes

The outstanding stability of liposome is crucial to clinical
applications, including long-term storage stability in vitro
and prolonged biological stability for drug targeting and
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circulation in vivo (Zhu et al., 2017). As shown in Figure S3,
no significant change was observed in particle size, zeta
potential and drug leakage within 96 h for HA-TPD-CL-PTX/
SOR and PD-CL-PTX/SOR, indicated that the liposome could
remain good stability at 4 �C for up to four days. Meanwhile,
the stability of liposome under physiological conditions was
also assessed using rat plasma (Figure S4). It could be
observed that HA-TPD-CL-PTX/SOR also showed an obvious
change in particle size and zeta potential and drug leakage
in plasma for 96 h. The results illustrated that the multifunc-
tional HA-TPD-CL-PTX/SOR could effectively maintain its
structural integrity in a biological environment, which would
be beneficial for its clinical applications. For comparison,
PD-CL-PTX/SOR presented a slight increase in size and more
drug leakage after 24 h incubation. This could be attributed
to the positive charge of PD-CL-PTX/SOR that allowed it to
bind to plasma protein, thereby resulting in the instability of
liposome and more leakage of drugs. Thus, introduction of
negatively charged HA would prevent the nonspecific pro-
tein adsorption and increased the stability of liposome.

3.5. Degradation of HA

HA has been reported to be closely involved in cancer metasta-
sis, it could also improve circulation time in vivo and enhance
biocompatibility and active targeting capability of nano-carriers
(Yang et al., 2016). Therefore, HA was selected to mask the
strong cationic surface charge of PD-CL-PTX/SOR to enhance its
biocompatibility. We studied the degradation of HA by moni-
toring the changes in particle size and zeta potential of lipo-
somes after incubation with HAase at different pH conditions.
As shown in Figure S5, the particle size gradually increased in
acidic conditions with the participation of HAase. Additionally,
after incubation with HAase for 2 h at pH 7.4 condition, zeta
potential of HA-coated liposome changed from �20mV to
close to neutral, while zeta potential increased from �20mV to
þ15mV at pH 5.0 condition. The results demonstrated that HA
degradation was mediated by HAase and was pH-dependent.
Therefore, it could be inferred that HA-modified liposome
would realize charge conversion in tumor site, leading to
effective intracellular delivery.

Figure 2. (A) 1H-NMR spectra of PLL, DA, and PLL-DA. TEM image of PD-CL-PTX/SOR (B), TPD-CL-PTX/SOR (C), and HA-TPD-CL-PTX/SOR (D). (E) In vitro drug release
from HA-TPD-CL-PTX/SOR liposome at pH 7.4 and 5.0. (F) In vitro drug release after incubation with HAase (2mg/mL) at pH 7.4 and 5.0 (n¼ 3).
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3.6. Cellular uptake and intracellular trafficking

Efficient cellular internalization of nano-carriers is crucial
for intracellular drug delivery and efficient therapy. In order
to further investigate the cell uptake of different liposomes,
MCF-7 cells and MCF-7/MDR cells were incubated with CL-
RH123, PD-CL-RH123, TPD-CL-RH123 and HA-TPD-CL-RH123
for 1, 2, 4, 8, 12 and 24 h, respectively, and the fluorescence
signal in living cells was immediately measured by flow
cytometry. As shown in Figure 3, fluorescence signal of
RH123 in the two cell lines all enhanced over the incubation
time, and the fluorescence intensity reached strongest at
24 h, indicating a clear time-dependent cellular uptake and
effective drug delivery to cytoplasm. Moreover, the fluores-
cence signal of CL-RH123 and PD-CL-RH123 groups all exhib-
ited lower fluorescence intensity in MCF-7/MDR cells, while
TPGS-modified TPD-CL-RH123 and HA-TPD-CL-RH123 all dis-
played a significant elevation. In comparison, such a signifi-
cant difference was not detected in MCF-7 cells. Thus, it was
reasonable to conclude that TPGS could serve as a P-gp
inhibitor for reversal of MDR and to promote the intracellular
accumulation of RH123. Furthermore, compared to TPD-CL-
RH123, HA-modified liposome displayed stronger

fluorescence for the same interval, which could attribute to
HA receptor-mediated endocytosis of the nano-carriers.

Subsequently, the real-time observation of the cellular
internalization process was captured by a confocal laser scan-
ning microscope (CLSM). As shown in Figure 3(C), the cell
nuclei were stained blue with DAPI and the green fluores-
cence was from RH123. After 1 h of incubation, green fluores-
cence was obviously observed in the cytoplasm, illustrating
that HA-TPD-CL-RH123 could be effective and rapid uptake
into tumor cells. As the incubation period increased, green
fluorescence became stronger and distributed widely in the
cytoplasm, further suggesting that the cellular uptake of HA-
TPD-CL-RH123 was time-independent.

The CD44-overexpressing MCF-7/MDR cells were selected
to investigate cellular uptake of different drug-loaded lipo-
somes and PTX accumulation in cells was quantified by
HPLC-MS-MS. As illustrated in Figure 4(A), after 8 h of incuba-
tion, all the TPGS-modified liposomes presented a higher cel-
lular uptake of PTX than Taxol that was even co-delivered
with SOR, which could be inferred that Taxol was inevitably
subject to the efflux by the overexpressed P-gp in MCF-7/
MDR cells. Moreover, it was apparent that HA-modified

Figure 3. Cellular uptake of RH123 labeled liposomes in MCF-7/MDR (A) and MCF-7 cells (B). Results are expressed as mean fluorescence values determined by
flow cytometry after 1, 2, 4, 8, 12 and 24 h of incubation. (C) Real-time confocal microscopy images of MCF-7/MDR after incubation with HA-TPD-CL-RH123 lipo-
some. Scale bar: 10 lm.
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liposomes showed a significantly higher intracellular accumu-
lation of PTX compared to TPGS-modified liposome or the
highly positive charged PD-CL-PTX/SOR, indicated that HA
had played an important role in increasing intracellular
uptake of liposome.

To further investigate the effect of HA on intracellular
uptake, MCF-7/MDR cells were pretreated with excessive free
HA and then incubation with HA-TPD-CL-PTX/SOR. As illus-
trated in Figure 4(B), the intracellular accumulation of PTX
decreased significantly compared to the control, which could
be inferred that HA-TPD-CL-PTX/SOR was ingested into cells
through CD44-mediated endocytosis. Meanwhile, when incu-
bated HA-TPD-CL-PTX/SOR with HAase at pH 4.5 for 2 h to
degrade the HA shell of liposome, the intracellular uptake of
the drug was further decreased, which further confirmed
that HA could promote the intracellular uptake of liposome.

A major intracellular obstacle for drug delivery is endoso-
mal entrapment followed by trafficking for lysosomal degrad-
ation or exocytosis (Zhu et al., 2018). The multifunctional
liposomal carrier was applied to facilitate early endosomal
escape of drug through the proton sponge effect of PLL. To
investigate the intracellular trafficking and endosomal
escape, CLSM was applied to observe the distribution of dif-
ferent RH123-loaded liposomes, and lysosomes and late
endosomes were marked with Lyso-tracker Red. A yellow
fluorescent signal in the merged images was observed after
the colocalization of red fluorescence (Lyso-tracker) and
green fluorescence (RH123-loaded liposomes), which illus-
trated that nano-carriers were detained by lysosomes before

accumulating in cytoplasm. As illustrated in Figure 5, the co-
localization of green RH123 and red Lyso-Tracker red could
be detected in all treatments after 1 h of incubation, illustrat-
ing that the majority of liposomes could be entrapped into
late endosomes at an early stage of cellular uptake (Yin
et al., 2016). Additionally, the merged yellow signal pre-
sented no obvious change in CL-RH123 group as the incuba-
tion time increases, while PLL-modified PD-CL-RH123 and
HA-TPD-CL-RH123 liposomes groups all showed significantly
lower lysotracker colocalization, demonstrating success of
endo/lysosomal escape.

3.7. Study of endocytosis pathway

Next, several specific endocytic inhibitors were applied to
further investigate the endocytosis pathways of HA-TPD-CL-
RH123. As shown in Figure 4(C), the cell viabilities were all
above 85% after treatment with the four inhibitors for 1 h,
implying that the inhibitors were nontoxic on MCF-7/MDR
cells. Moreover, the inhibition of NY did not obviously
change the cellular uptake of HA-TPD-CL-RH123 (Figure
4(D)). In contrast, SA remarkably decreased the cellular
uptake of liposomes by about 52%, indicating HA-TPD-CL-
RH123 was internalized by the cells through an energy-
dependent process. Meanwhile, cell treated with CH and AM
also significantly lowered the cellular uptake of RH123 by
about 37% and 42%, respectively. Therefore, the results dem-
onstrated that the multifunctional liposome was internalized
by cells in an energy-dependent process, and the clathrin-

Figure 4. (A) Cellular uptake of PTX from different liposomes in MCF-7/MDR cells at different intervals. (B) Cellular uptake of HA-TPD-CL-PTX/SOR on MCF-7/MDR
cells after 6 h in the presence of the free HA or after the HAase treatment. (C) Viability of MCF-7/MDR cells treated with different inhibitors. (D) Effects of inhibitors
on endocytosis in MCF-7/MDR cells (mean ± SD, n¼ 3). Significant difference from control: ���p< .001.
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mediated pathway and the macropinocytosis pathway all
might play an important role in this process.

3.8. In vitro cytotoxicity study

The biocompatibility of blank liposomes was assessed against
MCF-7/MDR cells by an MTT assay. As displayed in Figure S5,
the cell viability was all above 80% with the concentration of
HA-TPD-CL or PD-CL ranged from 0.01 to 10 lg/ml, indicated
a good safety of the nano-carriers. In contrast, Taxol vehicle
Cremophor EL/ethanol (1:1, v/v) showed significant cytotox-
icity on MCF-7/MDR cells. Additionally, in vitro antitumor effi-
cacy of drug-loaded liposomes was also investigated. As
expected, HA-TPD-CL-PTX/SOR exhibited stronger cytotoxicity
toward MCF-7/MDR cells than other liposomes after 48 h of
incubation (Figure S5), which indicated that the HA-modified
liposome could effectively trigger cargo PTX and SOR release
in the tumor sites. In addition, it could be observed that the
co-delivery of PTX and SOR showed an obvious decrease in
tumor cell viability than HA-TPD-CL-PTX, which confirmed
the effect of combination therapy. Furthermore, TPGS-func-
tionalized liposomes all exhibited a better cell suppressive
effect, indicating that TPGS potentiated capability of promot-
ing intracellular drug accumulation and confirmed P-gp
inhibiting effect of TPGS for reversal of MDR (Zhang et al.,
2014; Assanhou et al., 2015).

3.9. Cell apoptosis

To further investigate the apoptosis-inducing effect of HA-TPD-
CL-PTX/SOR on MCF-7/MDR cells, the Annexin V-FITC/PI
method was applied to quantitatively analyze the apoptosis
capability, and the result was assessed by flow cytometry. As
presented in Figure S7, the apoptotic rate of the control group
was observed to be almost negligible, while the percentage of
early and late apoptotic cells was clearly increased after treat-
ment with different preparations. The total apoptosis ratio of
Taxolþ SOR, CL-PTX/SOR, PD-CL-PTX/SOR, TPD-CL-PTX/SOR,
and HA-TPD-CL-PTX/SOR was 49.1%, 58.8%, 63.9%, 74.0%, and
79.6%, respectively. The results demonstrate that the co-deliv-
ery of PTX and SOR liposome all showed a higher cell apoptosis
effect than Taxolþ SOR treatment, and this effect can be fur-
ther enhanced by HA-modified liposomes, which was consist-
ent with results obtained from the cytotoxicity study.

3.10. In vivo antitumor efficacy

The in vivo anti-tumor activity of different liposomes was inves-
tigated on MCF-7/MDR tumor-bearing mice. As shown in
Figure 6(A), the tumor volume of saline group increased by
10.68-fold compared to that on the first day of treatment.
Comparatively, significant tumor volume regressions were
exhibited in the five formulation groups, especially HA-TPD-CL-
PTX/SOR treatment. Additionally, the average tumor weight of
saline group could reach to 1.35g, while free SOR and Taxol

Figure 5. Confocal microscope images of MCF-7/MDR cells for intracellular delivery of HA-TPD-CL-RH123 for different time. The lysosomes were stained by Lyso-
Tracker Red. 1: overlay of 1, 2 and 3; 2: green fluorescent of RH123-labeled liposomes; 3: red fluorescent of lysosomes; 4: bright field of cells; 1 h: incubation with
liposomes for 1 h, followed by imaged by CLSM; 1 hþ 2 h: incubation with liposomes for 1 h, followed by washing and further incubation for 2 h; 1 hþ 4 h: incuba-
tion with liposomes for 1 h, followed by washing and further incubation for 4 h; Scale bar: 10 lm.
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group was 1.12g and 0.96g, respectively. The result showed
that the free-drug was an effective tumor treatment compared
with saline. Furthermore, the tumor weight of Taxolþ SOR
group was only 0.62g, which was only 64.58% of the Taxol
group. The superior antitumor efficacy demonstrated a syner-
gistic effect of the two drugs. Furthermore, the TIR of free SOR,
Taxol, Taxolþ SOR, TPD-CL-PTX/SOR, and HA-TPD-CL-PTX/SOR
was 17.04%, 28.89%, 54.07%, 64.45%, 78.52%, respectively. The
superior therapeutic efficacy of HA-TPD-CL-PTX/SOR could be
attributed to efficient cellular uptake, tumor-targeting of HA
and TPGS co-modified nano-carriers, and the combination of
multiple anticancer agents. Body weight variation was also an
indicator of systemic toxicity, which was simultaneously meas-
ured every day. As shown in Figure 6(B), negligible differences
were observed in the increasing body weights among all
groups before and after administration, suggesting that all the
liposomes did not exhibit severe systemic toxicity.

4. Conclusions

In summary, we developed a multifunctional liposome for
co-delivery of PTX and SOR to treat the MDR cancer. This
HA-TPD-CL-PTX/SOR demonstrated a series of attractive
properties as an anticancer drug delivery vehicle, including
ease of preparation, high loading capacity of drugs, good

stability, and realizing charge conversion and endo-lysosomal
escape in the tumor microenvironment, leading to release
more cargo into the cytoplasm. Furthermore, the liposome
showed a high drug accumulation in the tumor tissue, main-
tained a high intracellular drug concentration in tumor cells,
and demonstrated an efficient intracellular delivery, thereby
yielding the reversal of MDR and elevated cancer treatment.
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