
摘要 

 

由于 PEG 修饰能够有效延长递送体系的血液循环时间，PEG 修饰的脂质体药

物递送体系在癌症治疗中具有广泛的应用。然而，PEG 修饰会阻碍体系的细胞内

吞，其严重影响药物递送体系在肿瘤部位的富集和疗效。更为重要的是，PEG 修

饰的脂质体负载细胞周期性药物拓扑替康时会引发加快血液清除（ABC）现象，

这一现象严重降低了药物递送脂质体在肿瘤部位的富集，给脂质体药物递送体系

带来严重挑战。为了解决这一问题，我们构建了两性离子聚合物聚羧基三甲胺乙

内酯 PCB 修饰的脂质体药物递送体系。PCB 同 PEG 一样能够抵抗蛋白吸附而增

强脂质体的血清稳定性。不同的是，pH 敏感的 PCB 修饰脂质体能够通过细胞内

吞方式高效进入细胞，实现药物可控释放。同时，PCB 脂质体能够避免 ABC 现象，

促进药物递送体系在肿瘤部位的富集，从而有效提高体系的肿瘤抑制效果，为肿

瘤治疗提供了新的策略。 
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a b s t r a c t

Although PEGylated liposome-based drug delivery systems hold great promising applications for cancer
therapy due to their prolonged blood circulation time, PEGylation significantly reduces their cellular
uptake, which markedly impairs the in vivo tumor retention and antitumor efficiency of drug-loaded
liposomes. Most importantly, it has been proved that repeated injections of PEGylated liposomes with
cell cycle specific drug such as topotecan (TPT) in the same animal at certain time intervals will induce
“accelerated blood clearance” (ABC) phenomenon, which decreases the tumor accumulation of drug-
loaded liposomes and presents a tremendous challenge to the clinical use of liposome-based drug de-
livery systems. Herein, we developed a zwitterionic poly(carboxybetaine) (PCB) modified liposome-
based drug delivery system. The presence of PCB could avoid protein adsorption and enhance the sta-
bility of liposomes as that for PEG. Quite different from the PEGylated liposomes, the pH-sensitive
PCBylated liposomes were internalized into cells via endocytosis with excellent cellular uptake and
drug release ability. Furthermore, the PCBylated liposomes would avoid ABC phenomenon, which pro-
moted the tumor accumulation of drug-loaded liposomes in vivo. With higher tumor accumulation and
cellular uptake, the PCBylated drug-loaded liposomes significantly inhibited tumor growth and provided
a promising approach for cancer therapy.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Widely recognized for their ability to produce a prolonged blood
circulation time and facilitate tumor accumulation via the
enhanced permeability and retention (EPR) effect, PEGylated
liposome-based drug delivery systems hold great promising ap-
plications for cancer therapy [1e4]. Unfortunately, PEGylation
significantly reduces the cellular uptake and endosomal/lysosomal
escape of the liposomes, and interferes with the tumor retention
and antitumor efficacy of liposome-based drug delivery systems
[5,6]. Most importantly, it has been proved that repeated injections
of PEGylated liposomes with cell cycle specific drugs such as
xzhang@ipe.ac.cn (X. Zhang).
topotecan (TPT) in the same animal at certain time intervals will
induce “accelerated blood clearance” (ABC) phenomenon [7,8].
PEGylated drug-loaded liposomes are intended to stimulate the
spleen to produce anti-PEG IgM after the first administration,
which selectively binds to PEG on the surface of the second
administrated liposomes to cause rapid elimination and enhanced
hepatic uptake [9,10]. This immune response decreases the tumor
accumulation of drug-loaded liposomes and presents a tremendous
challenge to the clinical use of liposome-based drug delivery
systems.

Advancement in nanotechnology has allowed for the devel-
opment of delivery systems to avoid the induction of ABC phe-
nomenon through changing the physicochemical properties of
the PEGylated liposome-based drug delivery systems [11]. Un-
fortunately, most of these approaches were accompanied with
sacrificing the therapeutic efficacy of PEGylated liposomes. It has
been shown that liposomes modified with cleavable PEG-lipid
derivatives could avoid the induction of ABC phenomenon.
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However, the effect on long circulation of the cleavable PEGylated
liposomes was worse than that of non-cleavable PEGylated li-
posomes [12].

Another approach has focused on the use of alternative poly-
mers to extend the circulation time of liposome-based drug de-
livery systems [13]. In our previous study, it has been proved that
zwitterionic polymer poly(carboxybetaine) (PCB) has superior
ability in extending the blood retention without interfering with
the cellular uptake and endosomal/lysosomal escape of the lipo-
somes, which is quite different from that of PEGylation [14].
However, whether liposome-based drug delivery systems modified
with PCB would avoid ABC phenomenon in vivo has not been
verified. Herein, to address the challenge, the performances of
PCBylated liposome-based drug delivery systems in cellular uptake,
pharmacokinetics and tumor therapy were investigated. Our find-
ings demonstrated that PCBylation could change the cellular up-
take behavior and avoid ABC phenomenon of drug-loaded
liposomes, which facilitated the tumor accumulation and therefore
enhanced the antitumor activity of liposome-based drug delivery
systems (Scheme 1).

2. Materials and methods

2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy (polyethylene
glycol)-2000] (DSPE-PEG 2000), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), cholesterol were purchased from Advanced Vehicle Technology Ltd., Co.
(Shanghai, China). Doxorubicin (DOX) and topotecan hydrochloride (TPT) were ob-
tained from Melonepharma (Dalian, China). (5-Dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT), FITC-phalloidin and 40 ,6-diamidino-2-
phenylindole dihydrochloride (DAPI) were obtained from SigmaeAldrich. Lyso-
Tracker Green and Annexin V-FITC apoptosis detection kit were obtained from
Invitrogen. Dulbecco's Modified Eagle Medium (DMEM), penicillin (10,000 U/mL),
streptomycin (10 mg/mL), trypsin-EDTA and fetal bovine serum (FBS) were pur-
chased from Thermo. All other reagents used were obtained commercially at
analytical grade.
Scheme 1. Schematic illustration of the ABC process of t
Male SD rats weighting 200e250 g and male BALB/c nu/nu mice weighting
20e25 g were purchased from the Academy of Military Medical Sciences of China.
The animal had free access to water and animal chow. All procedures involving
experimental animals were carried out in accordance with the protocols approved
by the Institutional Animals Care and Use Committee of Peking University.

2.2. Preparation and characterization of empty and drug-loaded liposomes

The empty liposomes modified with distearoyl phosphoethanolamine-poly(-
carboxybetaine)20 (DSPE-PCB20) were prepared by thin lipid film method. Briefly,
the mixture of POPC, cholesterol and DSPE-PCB20 (50: 40: 10, molar ratio) were
dissolved in 20 mL of chloroform and dried to a thin lipid film under a stream of N2

gas, followed by incubation overnight under vacuum to remove residual solvent. The
dried lipid films were subsequently hydrated in 10 mL of 200 mM ammonium sul-
fate. After sonication at 37 �C for 30 min, the solution was extruded 5 times using
EmulsiFlex-C5 high-pressure homogenizer (Avestin, Canada).

The liposomes with drugs of DOX or TPT were prepared using the method of
ammonium sulfate gradient. The external buffer of the liposomes was exchanged by
dialyzing the empty liposomes against PBS (pH ¼ 7.4) for 3 h. Subsequently, the
liposomes and DOX or TPT solution (10:2, weight ratio) were incubated for 30min at
60 �C. Non-entrapped free DOX or TPT was removed by dialyzing the liposomes
against PBS (pH ¼ 7.4) for 24 h at room temperature. The DSPE-PEG 2000 liposomes
with the same drugs were prepared by the same way.

The mean particle diameters of the empty and drug-loaded liposomes were
detected by dynamic light scattering (DLS), and the surface charge was analyzed by
the zeta potential using a Zetasizer Nano ZS instrument (Malvern Instruments).
Further morphological analysis was carried out by cryogenic transmission electron
microscopy (Cryo-TEM, FEI Tecnai 20, Netherlands).

2.3. Encapsulation efficiency (EE) and drug loading content of liposomes

The encapsulation efficiency and drug loading content of DOX or TPT in lipo-
somal samples were assessed by its UV absorption at the wavelength of 485 nm
(DOX) or 360 nm (TPT) on a UV spectrophotometer (TU-1810, Beijing, China). The
calibration curves were generated using known concentration of DOX or TPT. The
drug loading content and encapsulation efficiency were calculated using the
formula:

Encapsulation efficiency (%) ¼ W2/W1 � 100%

Drug loading content (%) ¼ W2/W0 � 100%
he PCBylated and PEGylated drug-loaded liposomes.



Fig. 1. Characterization of empty and drug-loaded liposomes. A) Diameter and zeta potential of the empty and drug-loaded liposomes. B) Cryo-TEM images of the empty and drug-
loaded liposomes (scale bar 100 nm). C) Drug release profiles for free DOX, PEGylated and PCBylated DOX-loaded liposomes at pH 7.4 and 5.0 after 96 h incubation, respectively. D)
Changes in zeta potential of the PEGylated and PCBylated DOX-liposomes as a function of different pH values. E) Changes in particle sizes of the PEGylated and PCBylated DOX-
liposomes at pH 7.4 and 5.0. F) Cryo-TEM images of the DOX-loaded liposomes at pH 7.4 and 5.0 after 12 h incubation (scale bar 100 nm). Data are shown as the mean ± S.D.
of three independent experiments.
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Fig. 2. A) Cellular uptake of free DOX, DSPE-PEG and DSPE-PCB DOX-liposomes in A549 cells with the extension of time. The fluorescence of DOX was detected by flow cytometry. B)
Mechanistic probes of the intracellular kinetics of DSPE-PEG and DSPE-PCB DOX-liposomes in A549 cells by monitoring the cellular uptake level at 4 �C or in the presence of various
endocytic inhibitors. C) Spinning disk confocal image in real-time of A549 cells following incubation with free DOX, DOX-liposomes and rhodamine B labeled empty-liposomes at
37 �C for 1 h, respectively.
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whereW2 was the weight of DOX or TPT in liposomes,W1 was the weight of DOX or
TPT used for encapsulating and W0 was the weight of total liposomes.

2.4. Stability of liposomes

To determine the serum stability of the liposome-based drug delivery systems,
liposomes with drugs at a concentration of 1 mg/mL were incubated in DMEM
containing 10% FBS at 37 �C. At each time point, themean diameters of the liposomes
were calculated in triplicate using DLS.

To assess the physically stability of the liposome-based drug delivery systems,
liposomes encapsulating drugs were placed at 4 �C. At designed time point, the
mean diameters of the liposomes were detected in triplicate using DLS.

2.5. Zeta potential measurements of liposomes at different pH

The liposomes with drugs were incubated in phosphate buffer (PB) solution of
different pH at 37 �C for 30 min. The zeta potential of the liposomes was measured
with a Zetasizer Nano ZS instrument (Malvern Instruments, USA).

2.6. Drug release ability of liposomes

The dialysis method was applied to monitor the in vitro release of drugs from
drug-loaded liposomes at pH 7.4 and 5.0, respectively. Briefly, drug-loaded lipo-
somes were suspended in 3.0 mL PBS (pH ¼ 7.4) in a dialysis bag (MWCO 3500) and
were incubated in 50 mL PBS or PB with pH of 5.0 at 37 �C under horizontal shaking
(150 rpm). At predetermined time intervals, the aliquots of incubation mediumwere
removed and the same volume of fresh solution was added. The concentration of
drug in the incubation medium was detected using high performance liquid chro-
matography (HPLC) assay, which equipped with a UV detector and a Phenomenex
C18 column at 25 �C (Shimadzu, Japan).
Scheme 2. Schematic diagram of the cellular uptake behavior
The HPLC condition for DOX was as follows: the mobile phase was ethanol,
acetonitrile, 0.01 mol/L ammonium dihydrogen phosphate and glacial acetic acid
(50: 20: 28: 0.6, volume ratio, HPLC grade) at a flow rate of 1.0 mL/min. Awavelength
of 480 nm was used to detect the concentration of DOX. Concentration of free DOX
was determined based on the peak area at the retention time of 4.9 min according to
the calibration curve.

The HPLC condition for TPT was as follows: the mobile phase was double
distilled water, acetonitrile and trifluoroacetic acid (80: 20: 0.1, volume ratio, HPLC
grade) at a flow rate of 0.8 mL/min. A wavelength of 360 nmwas used to detect the
concentration of TPT. Concentration of TPT was determined based on the peak area
at the retention time of 10 min according to the calibration curve.

The release percentage of drugs was calculated using the formula:

Release percentage (%) ¼ W1/W0 � 100%

where W1 was the weight of drugs in solution, W0 was the weight of total drugs in
liposomes.

2.7. Cellular uptake of liposomes detected by flow cytometry measurements

For flow cytometric analysis, A549 cells were seeded into 12-well plates at
2 � 105 cells per well with 0.5 mL of complete DMEM culture medium for 24 h. The
mediumwas replaced with 0.5 mL of DMEMmediumwith 10% FBS containing DOX-
liposomes. The concentration of DOX was 5 mg/mL. The cells were further incubated
for specific periods of time, and then washed three times with cold PBS, trypsinized
and harvested in PBS. The samples were then assessed with BD Calibur flow
cytometry (BD Co., USA) to determine the fluorescence intensity of DOX.

To elucidate the endocytic mechanism that was responsible for internalization
of PCB or PEG modified liposome-based drug delivery systems, the cellular uptake
studies were performed at 4 �C or in the presence of various endocytic inhibitors for
of the DSPE-PCB and DSPE-PEG drug-loaded liposomes.
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2 h. Briefly, A549 cells were preincubated with endocytic inhibitors including gen-
istein (100 mg/mL), methyl-b-cyclodextrin (mbCD, 5 mM), chlorpromazine (10 mg/
mL), dynasore (10 mg/mL) and wortmannin (50 mg/mL) for 30 min prior to the
addition liposomes. The cells were then incubated with DOX-liposomes for 2 h at
37 �C. Results were expressed as the uptake percentage of control cells that were
only incubated with DOX-liposomes at 37 �C for 2 h.

2.8. Confocal laser scanning microscopy

The intracellular trafficking of liposomes with DOX was assessed using confocal
laser scanning microscopy (CLSM). Briefly, 4 � 105 A549 cells were seeded in Petri
Fig. 3. Blood clearance profile of drugs in SD rats. Rats were pretreated with A) DSPE-PEG T
DOX-liposomes. E) DSPE-PEG empty liposomes as the first injection, and DSPE-PEG DOX-li
injection, and DSPE-PCB DOX-liposomes as the second and third injection. The drug concen
**P < 0.01, ***P < 0.005 (n ¼ 3).
dishes for 24 h，and the medium was replaced with DMEM containing 10% FBS,
which including DOX-liposomes. The concentration of DOX was 5 mg/mL and the
cells were then incubated for 15 min, 30 min, 45 min, 1 h or 3 h at 37 �C,
respectively. Subsequently, the cells were washed three times with PBS followed
by staining with LysoTracker Green for 30 min at 37 �C. The cells were washed
three times with PBS and fixed with fresh 4% paraformaldehyde for 10 min at room
temperature. The cells were then counterstained with DAPI for 10 min to stain the
nucleic. Red fluorescence of DOX, blue fluorescence of DAPI and green fluorescence
of LysoTracker Green were observed using a Zeiss LSM780 CLSM (Zeiss Co.,
Germany).
PT-liposomes. B) DSPE-PCB TPT-liposomes. C) DSPE-PEG DOX-liposomes. D) DSPE-PCB
posomes as the second and third injection. F) DSPE-PCB empty liposomes as the first
tration was 7 mg/kg and the interval between the two injections was 5 days. *P < 0.05,
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2.9. Spinning disk confocal image

To observe the cellular uptake of free drug, PCB or PEG modified liposomes in
real-time process, cells were detected using spinning disk confocal image. Briefly,
4 � 105 A549 cells were seeded in Petri dishes for 24 h，and the medium was
replaced with DMEM containing 10% FBS, which including free DOX, DOX-liposomes
or rhodamine B labeled empty liposomes. The concentration of DOX was 5 mg/mL.
After 10 min incubation, cells were then observed using UltraVIEW VoX spinning
disk confocal image (PerkinElmer, England) for 1 h.

2.10. Cytotoxicity measurement by MTT assay

Drug induced cytotoxicity was determined by the MTT assay. Cells were treated
with various concentrations of DOX or TPT for 48 h, respectively. The MTT solution
(5 mg/mL) was added to the plates and the plates were then incubated for an
additional 3 h. Finally, 100 mL of DMSO was added to each well to dissolve the for-
mazan crystals. The absorbance in each well was determined at 490 nm using a
Tecan microplate reader (Tecan, Switzerland). Untreated A549 cells were used as a
negative control and its cell viability was defined as 100%.
Fig. 4. IgM levels in plasma of SD rats following administrated with A) Free TPT, DSPE-PEG a
DSPE-PEG and DSPE-PCB empty liposomes as the first injection and DOX-liposomes as th
concentration of 7 mg/kg via the tail vein. The amount of empty liposomes was equal to the d
days of injection. D) IgM levels in plasma after incubation with DSPE-PEG and DSPE-PCB DO
with DSPE-PEG TPT-, DOX- and empty liposomes as mentioned above. *P < 0.05, **P < 0.01
2.11. Cell apoptosis assay by Annexin V-FITC

For apoptosis analysis, 5 � 105 A549 cells per well were cultured in 6-wells
plates with 0.5 mL of complete DMEM culture medium for 24 h. The cells were then
treated with liposomes with TPT at a concentration of 5 mg/mL. After 24 h of
treatment, apoptosis cells were detected on BD Calibur flow cytometry (BD Co., USA)
using the Annexin V-FITC Apoptosis Detection Kit.

2.12. Pharmacokinetics profiles of liposomes in SD rats

SD rats were randomly divided into 7 groups. To determine the pharmacoki-
netics profiles of liposomes with different modification or different drug, empty
liposomes or liposomes with different drugs of DOX or TPT at a dose of 7 mg/kg
were administered to SD rats via the tail vein. Control rats received an injection of
PBS instead of liposomes. The interval between two injections was 5 days. At the
time point of 5 min, 30 min, 2 h, 4 h, 8 h and 24 h following injection, blood
samples were collected via eye puncture. Blood samples were centrifuged at
1180� g for 10 min to obtain the plasma to determine the pharmacokinetics
property of the liposomes.
nd DSPE-PCB TPT-liposomes. B) Free DOX, DSPE-PEG and DSPE-PCB DOX-liposomes. C)
e second injection. Drug-loaded liposomes were administered to SD rats with drug
rug-loaded liposomes used for injection. The IgM level was detected using ELISA after 5
X-liposomes at 37 �C for 15 min. The plasma was obtained from SD rats administrated
, ***P < 0.005 (n ¼ 3).
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2.13. Quantitative determination of IgM level using ELISA

Plasma samples were collected on day 5 after the first or second dose of DOX-,
TPT- or empty liposomes. Plasma samples of rats received PBS were used as a
control. The concentration of the IgM was determined using ELISA method ac-
cording to themanufacturer's instructions. The absorbancewasmeasured at 450 nm
using a SpectraMax M5 microplate reader (Molecular Devices, USA).

500 mL of plasma samples collected on day 5 after the first injection of DSPE-PEG
2000 modified TPT-, DOX- and empty liposomes were incubated with 125 mL of
DSPE-PEG 2000 DOX-liposomes or DSPE-PCB DOX-liposomes at 37 �C for 15 min.
After incubation, liposomes were separated out by centrifugation at 14,462� g for
30 min. The IgM in supernatant was detected using ELISA according to the manu-
facturer's instructions. The absorbance was measured at 450 nm using a SpectraMax
M5 microplate reader (Molecular Devices, USA).

2.14. Pharmacokinetics profiles and biodistribution study in tumor-bearing mice
model

To determine the pharmacokinetics profiles and biodistribution of liposomes
with DOX or TPT in A549 tumor-bearing nude mice, liposomes with different drug
of DOX or TPT at a dose of 5 mg/kg were administrated via the tail vein. After 5
days of the first injection, mice were received liposomes with the same drug at a
dose of 5 mg/kg. At designed time points following injection, blood samples were
collected via eye puncture. Blood samples were centrifuged at 1180� g for 10 min
to obtain the plasma to determine the pharmacokinetics property of the liposomes.
After 4 h of each injection, mice were sacrificed and tissues were collected. The
drug concentration in each tissue was detected using HPLC using the method
above.

The intra-tumor distribution of drug, PCB or PEG modified liposomes in tumor
tissue were observed using CLSM. Briefly, tumor-bearing nude mice were received
an injection of DOX-loaded or rhodamine B labeled empty liposomes, respectively.
After 24 h of each injection, mice were sacrificed and tumor tissues were collected.
Fig. 5. Pharmacokinetic profiles in A549 tumor-bearing nude mice. Mice were pretreated
posomes. D) DSPE-PCB DOX-liposomes as the first and second injection. The drug concentr
**P < 0.01, ***P < 0.005 (n ¼ 3).
Tumor tissues were cross-sectioned using a microtome cryostat followed by
staining with FITC-phalloidin for 30 min at room temperature. The cells were
washed three times with PBS and then counterstained with DAPI for 10 min to
stain the nucleus. The samples were observed using a Zeiss LSM780 CLSM (Zeiss
Co., Germany).

2.15. Therapeutic efficacy of liposomes in tumor-bearing nude mice model

To evaluate the antitumor efficacy of liposomes with different drug of DOX or
TPT, BALB/c nu/nu mice were inoculated subcutaneously with A549 cells. The mice
were randomly divided into 7 groups and treated with various formulations via the
tail vein injection every other day. The doses of DOX or TPT of each injection were
fixed at 5 mg/kg. The tumor volume was measured using the formula:

V
�
mm3

�
¼

�
a� b2

�
=2

where a and b are the major and minor axes of the tumor, respectively.
At last, mice were sacrificed and the main organs (heart, liver, spleen, lung and

kidney) and tumor were harvested from the animals. The organs and tumor were
fixed in a 4% formaldehyde solution for 24 h at the room temperature. The samples
were frozen and sections (10 mm in thickness) were cut on a microtome cryostat.
Hematoxylin and eosin (H&E) staining was performed following manufacturer's
instructions and observed by an IX73 bright field microscopy (Olympus). The cell
apoptosis of tumor tissue was also detected by the terminal deoxynucleotide
transferase-mediated dUTP nick-end labeling (TUNEL) assay according to the
manufacturer's protocol (Vazyme™).

2.16. Statistical analysis

Quantitative data were expressed as mean ± SD. Means were compared using
Student's t test. p values <0.05 were considered statistically significant.
with A) DSPE-PEG TPT-liposomes. B) DSPE-PCB TPT-liposomes. C) DSPE-PEG DOX-li-
ation was 5 mg/kg and the interval between the two injections was 5 days. *P < 0.05,
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3. Results and discussion

3.1. Preparation and characterization of empty and drug-loaded
liposomes

We first developed PCBylated liposomes with distearoyl phos-
phoethanolamine-poly(carboxybetaine)20 (DSPE-PCB20), which has
been shown comparable ability in prolonging the circulation time
of liposomeswith that of DSPE-PEG 2000 in our previous work [14].
In order to evaluate the pharmacokinetics and biodistribution of
PCBylated liposome-based drug delivery systems reasonably, two
model drugs were used as it has been proposed that drugs encap-
sulated in liposomes had influence on the ABC phenomenon.
Doxorubicin (DOX), as a non-cell cycle specific drug, would abro-
gate the ABC phenomenon resulted from the reduced production of
anti-PEG IgM by the inhibition of splenic B cells proliferation
[15,16]. Topotecan hydrochloride (TPT), as a cell cycle specific drug,
could only inhibit the population of splenic B cells occupying S
phase, and its toxicity was dramatically limited [17]. Therefore,
PCBylated and PEGylated liposomes with these two drugs were
constructed in our following work for investigating their effects
during blood circulation.

The sizes of DSPE-PCB and DSPE-PEG drug-loaded liposomes
were about 100e150 nm (Fig. 1A), which were preferable for tumor
accumulation via the EPR effect [18]. Moreover, the zeta potential
analyses demonstrated that both drug-loaded liposomes exhibited
Fig. 6. In vivo distribution of drug-loaded liposomes on A549 tumor-bearing nude mice. A) D
DSPE-PCB DOX liposomes as the first and second injection. Mice were treated with two doses
two injections was 5 days. The concentration of drugs was detected by HPLC after 4 h of in
nearly neutral surface charges, which would minimize the unde-
sirable nonspecific protein adsorption [19]. The structures of both
empty and drug-loaded liposomes were further observed with
Cryo-TEM. The empty and drug-loaded liposomes all had spherical
shape with smaller diameters of approximately 70 nm due to the
dehydration during the samples preparation process. The intra-
liposomal DOX and TPT were presented as crystalline self-
assembled fiber-like structures as the Doxil® (Fig. 1B) [20]. The
encapsulation efficiency of both liposomes was relatively high,
around 90e95%, and they had comparable drug loading contents
(Supporting Information, Table S1).

The stability of liposomes is an important criterion for in vivo
biomedical application. By monitoring the changes of hydrody-
namic diameters at time intervals in the presence of 10% FBS, the
serum stability of drug-loaded liposomes was investigated. Both
modified liposomes were stable over 96 h at 37 �C and there were
only slight changes of the sizes (Supporting Information, Fig. S1A).
Moreover, they exhibited superior physically stability at 4 �C for
27 d (Supporting Information, Fig. S1B). These results were in
agreement with the previous study that the presence of PCB could
avoid protein adsorption and enhance the stability of liposomes as
that for PEG [21,22].

The drug release kinetics of the liposomes was detected at both
the physiological pH of 7.4 and the endosomal pH of 5.0 by dialysis
method, using DOX as a probe (Fig. 1C) [23e25]. Compared with
free DOX, there was no significant initial burst release at pH 7.4 for
SPE-PEG TPT-liposomes. B) DSPE-PCB TPT-liposomes. C) DSPE-PEG DOX-liposomes. D)
of drug-loaded liposomes with 5 mg drug/kg via the tail vein. The interval between the
jection (n ¼ 3).
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both liposomes, suggesting that these two liposomes were largely
stable at physiological condition. Notably, the DOX releasing from
the PEGylated liposomes was only 10% at pH 5.0 within 96 h in-
cubation, whereas the amount reached to approximately 65% for
PCBylated liposomes. The sustained release in acidic condition for
PCB modified liposomes might attribute to the protonation of
carboxyl acid groups of PCB in acidic condition, resulting in
extensive disruption of the liposomes and encapsulated drug
release. To confirm the hypothesis, zeta potential of liposomes was
detected in PBs solution with pH range from 7.4 to 3.5, which
Fig. 7. The intra-tumor distribution of drug, PCB or PEG modified liposomes in tumor tissu
labeled liposomes fluorescent images of tumor tissue. Mice were treated with DOX-loaded
dose via the tail vein. The tumor tissues were obtained 24 h after injection. DAPI and FITC-p
respectively.
represented the physiological pH and endosomal/lysosomal pH
[26]. As shown in Fig. 1D, the zeta potential of DSPE-PEG DOX-li-
posomes had no significant change over the studied pH range,
whereas DSPE-PCB DOX-liposomes showed an increased pH-
dependent zeta potential, from 2.51 mV at pH 7.4 to 15.3 mV at
pH 3.5. The hypothesis was also approved by the changes of the
diameters of liposomes at pH 7.4 and 5.0. As expectedly, the
diameter of DSPE-PEG DOX-liposomes had no significant change at
pH 7.4 and 5.0 till 36 h incubation. In contrast, DSPE-PCB DOX-li-
posomes were stable at pH 7.4 and the diameter was increased
e observed using CLSM. (A) DOX fluorescent images of tumor tissue. (B) Rhodamine B
liposomes with 5 mg drug/kg or rhodamine B labeled empty liposomes with the same
halloidin were used to stain the cell nucleus and microfilament skeleton in cytoplasm,
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from 133.1 nm to 685.2 nm at pH 5.0 (Fig. 1E), which was also
corroborated by Cryo-TEM (Fig. 1F). The results demonstrated that
the protonation of PCB destabilized the liposomes by electrostatic
repulsion at acidic environment, thereby promoting the drug
release.
Fig. 8. The antitumor activity of free drugs and drug-loaded liposomes on A549 tumor-bear
weight changes. D) Tumor weight. E) TUNEL analyses of tumor tissue. Mice received one i
collected after 12 days of treatment (n ¼ 5). *P < 0.05, **P < 0.01, ***P < 0.005.
3.2. Cellular uptake behavior of drug-loaded liposomes

With different drug release ability of PCBylated and PEGylated
liposomes, the intracellular trafficking of both drug-loaded lipo-
somes was examined after incubation with A549 cells for 6 h, with
ing nude mice. A) In vivo tumor growth inhibition. B) Tumor growth inhibition. C) Body
njection with 5 mg drug/kg via the tail vein every other day. The tumor tissues were
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DOX as a fluorescence probe for flow cytometry analysis (Fig. 2A
and Supporting Information, Fig. S2). The fluorescence intensity of
DOX for DSPE-PCB liposomes was approximately 2 times of that for
DSPE-PEG liposomes at the same time point, indicating that the
DOX in PCBylated liposomes was more easily accumulated in can-
cer cells than that for PEGylated liposomes. It should also be noted
that free DOX exhibitedmuch stronger fluorescence intensity. It has
been proved that free DOX was internalized into cells by direct
diffusion, thus the free DOX accumulated in cells more quickly [27].
However, the cellular internalization mechanism of these drug-
loaded liposomes has not been verified. The mechanism of the
cellular internalization of DSPE-PEG and DSPE-PCB drug-loaded
liposomes was further probed by performing the cellular uptake
study at 4 �C or in the presence of various endocytic inhibitors. The
cell internalization of both liposomes was mainly energy-
dependent process, as about 65% of the cellular uptake was
blocked at 4 �C (Fig. 2B). Genistein, chlorpromazine, dynasore and
wortmannin all significantly inhibited the cellular uptake level of
DSPE-PCB liposomes, indicating that PCBylated liposomes could
also be internalized via endocytosis (Scheme 2) [28]. However,
there was no significant change of cellular uptake for DSPE-PEG
DOX-loaded liposomes, demonstrating that the encapsulated DOX
might be internalized via diffusion after extracellular releasing
from liposomes [29e31].

The data from spinning disk confocal image confirmed the
different internalization process between DSPE-PEG and DSPE-PCB
drug-loaded liposomes. The free DOX was internalized into cells by
direct diffusion (Fig. 2C and Video 1). The rhodamine B labeled
DSPE-PEG liposomes had no interaction with A549 cells due to the
reduced interactions between PEGylated liposomes and the surface
of the target cell, that the DOX was internalized via diffusion after
extracellular releasing from liposomes (Fig. 2C and Videos 2,3) [32].
In contrast, DSPE-PCB liposomes were internalized via endocytosis
with excellent cellular uptake (Fig. 2C and Videos 4,5). The differ-
ence in cellular internalization mechanism might be attributed to
the different chemical structures of PCB and PEG, as PCB has posi-
tive charge groups, which might interact with negatively charged
cell membrane and promote the cellular uptake of PCBylated li-
posomes via endocytosis. Furthermore, the intracellular distribu-
tion observed using CLSM indicated the excellent endosomal/
lysosomal escape of DSPE-PCB drug-loaded liposomes after endo-
cytosis (Supporting Information, Fig. S3). By changing the cellular
uptake behavior, DSPE-PCB drug-loaded liposomes induced stron-
ger cell cytotoxicity and apoptosis than that of DSPE-PEG drug-
loaded liposomes in vitro (Supporting Information, Fig. S4). Addi-
tionally, both empty liposomes showed neglectable cytotoxicity at
the studied concentration, indicating that PCBylated liposomes had
excellent biocompatibility as that for PEGylated liposomes
(Supporting Information, Fig. S5).

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2014.11.010.

3.3. Pharmacokinetics behavior of drug-loaded liposomes in SD rats

PEGylated liposomes with TPT could induce ABC phenomenon
after repeated administration and its clinical use was significantly
impeded. However, whether PCBylation liposomes would avoid
ABC phenomenon in vivo has not been verified. To answer the
question, three doses of liposomes were injected into rats with a
time interval of 5 days. Pretreatment rats with DSPE-PEG TPT-li-
posomes triggered a rapid clearance of the second and third dose
from the circulatory system (Fig. 3A). For DSPE-PCB TPT-liposomes,
the blood clearance trend of TPT was basically the same for the
three injections (Fig. 3B). The result indicated that PCBylated lipo-
somes with cell cycle specific drugs could avoid the ABC
phenomenon. Furthermore, when rats were received repeated in-
jections of DOX-loaded liposomes, the concentration of DOX in
plasmawas the same, suggesting no ABC phenomenonwas elicited
for DOX-loaded liposomes (Fig. 3C and D). To eliminate the drug
influence, empty liposomes were administrated as the first injec-
tion to evaluate the PCBylation's effect on the ABC phenomenon.
The results showed that DSPE-PEG empty liposomes induced sig-
nificant ABC phenomenon that severely accelerated the blood
clearance rate of DSPE-PEG DOX-liposomes for the second injec-
tion, which was comparable with that of free drugs. However, the
ABC phenomenon was attenuated for the third injection due to the
cytotoxicity of DOX to the splenic B cells after the second injection
(Fig. 3E and Supporting Information, Fig. S6). On the other hand, no
significant difference was found in the DOX concentration in
plasma for DSPE-PCB liposomes after the empty liposomes injec-
tion (Fig. 3F). It suggested that PEGylated liposomes could stimulate
ABC phenomenon by themselves after repeated injections,
although the phenomenon would be eliminated when DOX was
encapsulated. The DSPE-PCB liposomes could abrogate ABC phe-
nomenon neither drug encapsulated or nor.

3.4. IgM level in plasma

It has been confirmed that there was a positive correlation be-
tween the anti-PEG IgM production and the accelerated clearance
of PEGylated liposomes [33]. Whether the PCBylated liposomes
would initiate the production of anti-PCB IgM was tested by
administration of DSPE-PCB liposomes on rats. The IgM level in
plasma was detected using ELISA 5 days later. DSPE-PEG TPT-lipo-
somes induced the production of IgM for 4 to 5 times as the PBS
groups after the first and second injection (Fig. 4A), while the IgM
level for both DOX-liposomes was similar (Fig. 4B). Additionally, the
first injection of DSPE-PEG empty liposomes induced obvious IgM
increment, and the increment was reduced by administrating
DSPE-PEG DOX-liposomes as the second injection due to the
cytotoxicity of DOX to splenic B cells (Fig. 4C). The results clarified
that DSPE-PEG empty liposomes or with cell cycle specific drug
could induced the production of anti-PEG IgM, although the phe-
nomenon was eliminated by DOX. As expectedly, there was no
difference in IgM level for DSPE-PCB liposomes whatever the drug
encapsulation compared with PBS group (Fig. 4AeC), demon-
strating that DSPE-PCB modification could avoid the production of
anti-PCB IgM, resulting in no ABC phenomenon.

To determine whether the generated IgM specifically bound to
DSPE-PEG liposomes, the PEGylated and PCBylated liposomes were
incubated with plasma obtained from rats received DSPE-PEG TPT,
DOX and empty liposomes, respectively. As shown in Fig. 4D, the
IgM level of DSPE-PEG liposomes groups in supernatant was
severely decreased after incubation with the plasma received from
DSPE-PEG TPT and empty liposomes groups. By contrast, there was
no change of IgM level after incubation with DSPE-PCB liposomes
for the same groups. It supported the idea that the elevated IgM
selectively bound to DSPE-PEG liposomes.

3.5. Pharmacokinetics and biodistribution of drug-loaded
liposomes in tumor-bearing mice

To further improve the conclusion, the pharmacokinetics
behavior of both drug-loaded liposomes in A549 tumor-bearing
nude mice was investigated. As shown in Fig. 5A and C, the re-
sults were in line with the pharmacokinetic results in rats that
DSPE-PEG TPT-liposomes induced ABC phenomenon and acceler-
ated the blood clearance for the second injection. While there was
no significantly difference in pharmacokinetic profile for DSPE-
PCB drug-loaded liposomes between the two doses (Fig. 5B and

http://dx.doi.org/10.1016/j.biomaterials.2014.11.010
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D), indicated that DSPE-PCB liposomes could avoid ABC
phenomenon.

The ABC phenomenon against the following dose of DSPE-PEG
liposomes might interfere with its accumulation in tumor site. To
demonstrate this, the biodistribution was analyzed after two in-
jections with a time interval of 5 days on A549 tumor-bearing nude
mice. In comparison with free drugs, all liposomal formulations
significantly enhanced the drug accumulation in tumor due to the
EPR effect (Supporting Information, Fig. S7) [34,35]. When mice
were received DSPE-PEG TPT-liposomes, the TPT concentration in
liver of the second dose was 3 times of that for the first injection
(Fig. 6A), while the TPT accumulation in tumor of the second dose
was only 0.59 times of that for DSPE-PCB TPT-liposomes (Fig. 6B).
This indicated that the ABC phenomenon induced by DSPE-PEG
TPT-liposomes increased drug accumulation in liver and
decreased its accumulation in tumor. As expectedly, the concen-
tration of DOX in liver for the second injection was equal to that for
the first injection for DSPE-PEG DOX-liposomes (Fig. 6C), but the
concentration of DOX in tumor for the second injection was still
lower than that of DSPE-PCB liposomes (Fig. 6D). Compared with
DSPE-PEG DOX-liposomes, the higher accumulation of DOX in tu-
mor for DSPE-PCB liposomes was due to their readily cellular up-
take into tumor cells via endocytosis.

The intra-tumor distribution of DOX and liposomes were further
observed using CLSM. As shown in Fig. 7A, the fluorescence in-
tensity of DOX for DSPE-PCB liposomes was much higher than that
of DSPE-PEG liposomes and the DOX was mainly colocalized with
the nucleus. The fluorescence intensity of rhodamine B labeled
DSPE-PCB liposomes were colocalized with the fluorescence of
FITC-phalloidin, which labeled the microfilament skeleton in
cytoplasm, while there was no significant rhodamine B labeled
DSPE-PEG liposomes signal (Fig. 7B). The results confirmed that
PCBylated liposomes were taken up more efficiently by tumor cells,
which resulted in higher efficacy drug molecules delivery.

3.6. Antitumor efficacy of drug-loaded liposomes in vivo

To provide in vivo evidence for the antitumor potential of the
DSPE-PCB drug-loaded liposomes, the antitumor efficacy was
investigated on A549 tumor-bearing nude mice. Compared with
the control group, the tumor growth was effectively inhibited in all
the drug groups (Fig. 8A and B). Free drugs delayed the tumor
growth with the final relative tumor volume (RTV) of about 62%,
but the body weight decreased obviously (Fig. 8C), which indicated
the severe toxicity. DSPE-PCB liposomes had excellent antitumor
activity, with 19.2% and 28.1% in the case of DOX and TPT, which
was much better than that of DPSE-PEG liposomes (63.4% for DOX-
liposomes and 70.8% for TPT-liposomes) due to their excellent tu-
mor accumulation and cellular internalization. The drug-loaded
liposomes exhibited neglectable toxicity, which indicated the
good biocompatibility of PCBylated and PEGylated liposomes. The
excised tumors exhibited the corresponding weight (Fig. 8D). Cell
apoptosis in tumors and normal organs treated with various for-
mulations was analyzed by the terminal deoxynucleotidyl
transferase-mediated dUPT nick end-labeling (TUNEL) and
hematoxylin-eosin staining (HE) (Fig. 8E and Supporting
Information, Fig. S8). The DSPE-PCB drug-loaded liposomes
induced much more significant cell apoptosis in tumors compared
with free drugs and DSPE-PEG drug-loaded liposomes without
obvious toxicity to other organs.

4. Conclusion

In summary, we successfully developed zwitterionic PCB
modified liposome-based drug delivery systems. Quite different
from the DSPE-PEG liposomes, the pH-sensitive PCBylated lipo-
somes changed the cellular uptake behavior of drug-loaded lipo-
somes and were internalized into cells via endocytosis with
excellent cellular uptake and drug release ability. Furthermore, the
DSPE-PCB modified liposomes would avoid ABC phenomenon,
which promoted the tumor accumulation of drug-loaded lipo-
somes. With higher tumor accumulation and cellular uptake, the
DSPE-PCB liposome-based drug delivery systems significantly
inhibited tumor growth and provided a promising approach for
cancer therapy.
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