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A B S T R A C T

Though PEGylation has been widely used to enhance the accumulation of liposomes in tumor tissues
through enhanced permeability and retention (EPR) effects, it still inhibits cellular uptake and affects
intracellular trafficking of carriers. Active targeting molecules displayed better cell selectivity but were
shadowed by the poor tumor penetration effect. Cell penetrating peptides could increase the uptake of
the carriers but were limited by their non-specificity. Dual-ligand system may possess a synergistic effect
and create a more ideal drug delivery effect. Based on the above factors, we designed a multistage
liposome system co-modified with RGD, TAT and cleavable PEG, which combined the advantages of PEG,
specific ligand and penetrating peptide. The cleavable PEG could increase the stability and circulation
time of liposomes during circulation. After the passive extravasation to tumor tissues, the previously
hidden dual ligands on the liposomes were exposed in a controlled manner at the tumor site through
exogenous administration of a safe reducing agent L-cysteine. The RGD specifically recognized the
integrins overexpressed on various malignant tumors and mediated efficient internalization in the
synergistic effect of the RGD and TAT. In vitro cellular uptake and 3D tumor spheroids penetration studies
demonstrated that the system could not only be selectively and efficiently taken up by cells overexpress
ingintegrins but also penetrate the tumor cells to reach the depths of the avascular tumor spheroids. In
vivo imaging and fluorescent images of tumor section further demonstrated that this system achieved
profoundly improved distribution within tumor tissues, and the RGD and TAT ligands on C-R/T liposomes
produced a strong synergistic effect that promoted the uptake of liposomes into cells after the systemic
administration of L-cysteine. The results of this study demonstrated a tremendous potential of this
multistage liposomes for efficient delivery to tumor tissue and selective internalization into tumor cells.
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1. Introduction

In recent years, various drug delivery systems (DDS) have been
developed that can provide targeted delivery of anticancer drugs
to tumor tissue, but the DDS may be recognized and quickly
cleared by the reticuloendothelial system (RES) (Sapra et al.,
2005), this effect hindered the further transfer of DDS in vivo.
PEGylation of nanocarriers can avoid carriers binding with plasma
proteins and removal by RES, thus prolonging the circulation time
of carriers (Klibanov et al., 1990) and making nanocarriers
accumulate in tumor tissue via the enhanced permeability and
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retention (EPR) effect (Maeda, 2012). Moreover, previous studies
have found that the passive targeting capability of EPR effect also
has great significance in the active targeting carriers. Carries
may accumulate in tumor mainly via EPR effect, then the
carries were efficiently internalized by the function of active
ligands (Hatakeyama et al., 2007a,b). However, PEGylation
seriously hindered the interactions between the DDS and cells
after arriving at tumor tissues (Gullotti and Yeo, 2009). Using
cleavable PEG instead of traditional PEG to modify the DDS
(Wu et al., 2012; Koren et al., 2012) can provide long circulating
properties and avoid the impact of PEG on the binding of carriers
with targeted cells. Several ways have been reported for the
cleavage of PEG after arrival at tumor tissue, including
the conjugation of PEG onto the surface of liposomes via pH
sensitive (Kale and Torchilin., 2007; Sawant et al., 2006), MMP
sensitive (Terada et al.,2006) esterase sensitive (Xu et al., 2008) or
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reductive potential sensitive (McNeeley et al., 2009) chemical
bonds; among these approaches, reductive potential sensitive
chemical bonds such as disulfide are easy to construct and can be
cleaved precisely by a safe cleaving agent L-cysteine (L-Cys).

TAT peptide (AYGRKKRRQRRR) is a well-known CPP, which is
the basic region of the trans-activating transcriptional activator
protein from HIV-1 (Torchilin, 2008), and it is able to transport
different molecules and even 200 nm nanocarriers across
biological barriers to be taken up by various cell lines (Duchardt
et al., 2007; Pappalardo et al., 2009). In our previous study, TAT
could be masked by the longer cleavable PEG spacer and the
penetrating ability of the CPP was effectively shielded during
circulation (Kuai et al., 2010, 2011). Upon reaching sufficient
accumulation in the tumor tissue, protective PEG attached to the
surface of the DDS via the disulfide bond was detached under the
action of reducing agent L-cysteine and the previous hidden TAT
was exposed, allowing for the subsequent delivery of the carrier
and its cargos inside cells. However, TAT does not have cell-type
specificity and mainly relies on the electrostatic interaction of its
positively charged amino acids with negatively charged cell-
surface glycoproteins (Marcucci and Lefoulon, 2004), and this
drawback greatly limited its targeted application.

Compared to the CPPs, active targeting molecules such as
monoclonal antibody, polypeptide and nucleic acid fragments can
make the DDS identify specific cells with strong cell selectivity
(Burks et al., 2010; Matteo et al., 2006). Among all the cancer-specific
ligands, cRGDfK peptide, cyclic (arginine–glycine–aspartic acid–
phenylalaninelysine), has been widely employed as a targeting
moiety for various anticancer drugs and nanocarriers (Oba et al.,
2007; Gao et al., 2014a,b,c). RGD is an adhesion motif of extracellular
matrix proteins for the varioustypesof integrins, especiallyavb3and
avb5, which are overexpressed on the angiogenic endothelium in
diseased tissues and various malignant tumors. However, the long
circulating effect of PEG can be compromised by the presence of
receptor-targeting ligands on the nanocarrier surface, especially at
higher ligand densities (Khalil et al., 2006; Xiong et al., 2005). The
targeting ligands on the nanocarrier surface can bind to plasma
proteins (Kaasgaard et al., 2001), and the presence of targeting
ligands may evoke immune responses, prohibiting repeated dosing
of the formulation (Harding et al., 1997). Moreover, receptor-
mediated endocytosis is a saturated pathway, which limits the
cellular uptake of DDS, and the internalization of DDS modified with
active targeting molecules is relatively weak (McNeeley et al., 2007;
Yang et al., 2012).

Some recent studies have suggested a strategy combining the
advantages of specific ligands with CPPs may possess a more ideal
Fig. 1. Schematic illustrations of the multistage liposome
drug delivery effect (Xiong et al., 2010; Takara et al., 2012; Gao et al.,
2013a,b), which showed better cell selectivity and efficient cargo
delivery. Taking the “shielding” effect of cleavable PEG into
consideration, we established a multistage liposome system
modified with RGD, TAT and cleavable PEG, and the liposome can
accumulate in thetumortissueand efficiently betakenupintotumor
cells. The multistage liposome system has a three-tier cascade
structure (Fig. 1). The outermost shielding layer was constituted by
thelongestcleavablePEGchain(PEG5000),whichcouldmaskthedual
ligands, increase the stability of liposomes and possess prolonged
circulation time. The middle layer was cell recognizing and binding
layer, which was constituted by specific ligand RGD connected with
comparatively shorter PEG chain (PEG3500). The inner layer was cell
penetratinglayer, whichwasconstitutedby TATconnectedtothe end
of the shortest PEG spacer (PEG1000). After the passive extravasation
to tumor tissues, the previous hidden dual ligands were exposed
through exogenous administration of a safe reducing agent
L-cysteine at the tumor site. The RGD specifically recognized the
integrins and bound to the cell surface, pulling the TAT closer to
the cell surface which mediated more efficient internalization in the
synergistic effect of the RGD and TAT.

2. Materials and methods

2.1. Materials

cRGDfK-cysteine peptide (cycle RGDfK-cys) and TAT-cysteine
peptide (Cys-AYGRKKRRQRRR) were synthesized according to the
standard solid phase peptide synthesis by Chinapeptides Co., Ltd.
(Shanghai, China) and Chengdu KaiJie Bio-pharmaceutical Co., Ltd.
(Chengdu, China). SPC was purchased from Taiwei Chemical
Company (Shanghai, China). Cholesterol was purchased from
Kelong Chemical Company (Chengdu, China). 1,2-Distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE), 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-poly(ethylene glycol) 2000 (DSPE-
PEG2000) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(carboxyfluorescein) (CFPE) were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). NHS-PEG1000-Mal, NHS-PEG3500-Mal,
PEG5000-SH and PEG5000-NHS were obtained from Jenkem
Technology (Beijing, China). N-Succinimidyl-3-(2-pyridyldithio)
propionate (SPDP) was purchased from Sigma (China, mainland).
1,10-Dioctadecyl-3,3,30,30-tetramethylindotricarbocyanine iodide
(DIR) and 1,10-dioctadecyl-3,3,30,30-tetramethylindodicarbocya-
nine 4-chlorobenzenesulfonate salt (DID) were purchased from
Biotium. All of other reagents and chemicals were analytical grade
and were used without further purification.
s modified with RGD, TAT and cleavable PEG(C-R/T).
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2.2. Synthesis of DSPE-PEG1000-TAT and DSPE-PEG3500-RGD

NHS-PEG-Mal (NHS-PEG1000-Mal/NHS-PEG3500-Mal) was
reacted with an approximately 1.5-fold molar excess of DSPE in
dry chloroform at room temperature under argon with a 3-fold
molar excess of triethylamine for about 5 h. The reaction was
traced by TLC till the NHS-PEG-Mal was completely consumed. The
excess DSPE was removed by adding an appropriate amount of
acetonitrile to precipitate it. After that, the supernatant was
collected and evaporated. The obtained DSPE-PEG1000-Mal was
used for the next reaction.

The obtained DSPE-PEG1000-Mal was reacted with an approxi-
mately 1.5-fold molar excess of Cys-TAT in the mixture of
CHCl3/MeOH (V:V = 2:1) at room temperature with stirring for
about 30 h, and the reaction was traced by TLC till the DSPE-PEG1000-
Mal was completely consumed, and the slight excess of Cys-TAT was
removed by adding a small volume of CHCl3. The insoluble material
was filtered, and the supernatant was evaporated. The synthesis was
confirmed by mass spectroscopy and thin-layer chromatography.

A DSPE-PEG3500-Mal lipid film was formed by evaporation of
the solvents (chloroform) from the lipid solution. The DSPE-
PEG3500-Mal film was hydrated with PBS buffer (pH 7.4), followed
by a 2 min bath-type sonication to form micelle. Then the DSPE-
PEG3500-Mal micellewas reacted with an approximately 1.5-fold
molar excess of cRGDfK-Cys in PBS buffer (pH 7.4) at 4 �C for 48 h,
and the reaction was traced by TLC till the DSPE-PEG3500-Mal was
completely consumed. The excess cRGDfK-Cys was separated on a
Sephadex-G50 column using PBS buffer (pH 7.4). The fraction
containing product was lyophilized and then extracted twice with
chloroform to remove inorganic salts, the chemical structure of the
DSPE-PEG3500-RGD was confirmed by mass spectroscopy.

2.3. Synthesis of DSPE-S-S-PEG5000 and DSPE-PEG5000-OMe

DSPE-S-S-PEG5000 was synthesized as described previously
with some modification. Briefly, an approximately 1.25-fold molar
excess of DSPE was reacted with SPDP by stirring for 5 h in dry
chloroform at 55 �C with a 3-fold molar excess of triethylamine,
and the reaction was traced by TLC till the SPDP was completely
consumed, and the PEG5000-SH was added. The mixture was
allowed to react in dark under argon at 45 �C for about 48 h. The
excess DSPE was separated from the product by adding an
appropriate amount of acetonitrile to precipitate it. After that, the
supernatant was collected and evaporated. The residue was
recrystallized twice from diethyl ether and then purified on a
silica column, using CHCl3/MeOH mixtures of different volume
ratios (which were 50:0.5, 50:1, 50:1.5, 50:2 and 50:15, respec-
tively). The chemical structure was verified by mass spectroscopy.

NHS-PEG5000-OMe was reacted with an approximately 1.5-fold
molar excess of DSPE in dry chloroform at 55 �C under argon with a
3-fold molar excess of triethylamine for about 2 h, and the reaction
was traced by TLC till the NHS-PEG5000-OMe was completely
Table 1
Sizes and zeta potentials of different formulations of liposomesa.

Sample ID Composition 

PEG 0.5%DSPE-PEG1000 + 1%DSPE-PEG3500

RGD 0.5%DSPE-PEG1000 + 1%DSPE-PEG3500-RGD 

TAT 0.5%DSPE-PEG1000-TAT + 1%DSPE-PEG3500

R/T 0.5%DSPE-PEG1000 + 1%DSPE-PEG3500-RGD 

C-RGD 0.5%DSPE-PEG1000 + 1%DSPE-PEG3500-RGD + 8%DSPE-S-S-PEG500

C-TAT 0.5%DSPE-PEG1000-TAT + 1%DSPE-PEG3500 + 8%DSPE-S-S-PEG5000

C-R/T 0.5%DSPE-PEG1000-TAT + 1%DSPE-PEG3500-RGD + 8%DSPE-S-S-PE
N-R/T 0.5%DSPE-PEG1000-TAT + 1%DSPE-PEG3500-RGD + 8%DSPE-PEG500

a Data are expressed as the mean � SD, n = 3.
consumed. The excess DSPE was separated from the product by
adding an appropriate amount of acetonitrile to precipitate it. After
that, the supernatant was collected and evaporated, and the
residue was recrystallized twice from diethyl ether. The chemical
structure was verified by mass spectroscopy.

2.4. Preparation and characterization of liposomes

Liposomes were prepared by the lipid hydration method
(Schiffelers et al., 2003). The liposomes used in this study included
the conventional long-circulating PEG liposome (PEG), the non-
cleavable PEG and RGD/TAT co-modified liposome (N-R, N-T), the
cleavable PEG and RGD/TAT co-modified liposome (C-R, C-T),
the non-cleavable/cleavable PEG, RGD and TAT co-modified lipo-
some (N-R/T, C-R/T). Their basic compositionwas SPC/CHO = 2:1, and
various lipid materials (see Table 1) were added to the lipid solution.
A lipid film was formed by evaporation of the solvents (chloroform:
ethanol = 2:1) from the lipid solution, the obtained thin filmwas kept
in vacuum for over 6 h to completely remove the residual organic
solvent. The lipid film was hydrated with PBS buffer (pH 7.4),
followedbya 1 h (37 �C) incubation and a 2 minbath-typesonication.
Then it was sonicated with aprobe-type sonicator at 80 W power for
45 s. During film formation, fluorescently labeled materials
(12 mg/mL CFPE, 20 mg/mL DIR or 20 mg/mL DID) was incorporated
to label the lipid composition.

The mean sizes and zeta potentials of the prepared liposomes
were determined using a Malvern Zetasizer Nano ZS 90 instrument
(Malvern instruments Ltd., UK).

2.5. Stability of liposomes in the presence of fetal bovine serum

A total of 100 mL of different formulations of liposomes were
diluted with medium containing 50% fetal bovine serum (FBS) or
PBS buffer (pH 7.4) to 1 ml and incubated at 37 �C for 24 h
(Hansen et al., 2012). The variance of particle size was measured by
dynamic light scattering.

2.6. In vitro cellular uptake

2.6.1. Cell culture
The human hepatoma cells (HepG2) were cultured in RPMI-

1640 medium (GIBCO), human cervical carcinoma cells (Hela) were
cultured in DMEM medium (GIBCO), respectively, which contained
10% FBS, streptomycin (100 mg/mL) and penicillin (100 U/mL). The
cells were maintained under an atmosphere of 5% CO2 at 37 �C.

2.6.2. Quantitative analysis of cellular uptake by flow cytometry(FACS)
HepG2 and Hela cells were seeded respectively onto six-well

plate at a density of 5 �105 per well and incubated overnight at
37 �C in an atmosphere of 5% CO2 and 95% humidity before further
experiments. After 24 h, it was replaced with fresh serum-free
medium, and then the prepared CFPE-labeled liposomes were
Size (nm) PDI Zeta potential (mV)

99.05 � 0.92 0.19 � 0.00 �5.95 � 1.26
107.53 � 2.68 0.23 � 0.02 �3.54 � 1.13
101.37 � 2.99 0.20 � 0.01 �1.42 � 0.76
113.23 � 2.61 0.25 � 0.02 �0.50 � 1.55

0 86.31 � 0.42 0.24 � 0.01 �3.23 � 0.65
84.34 � 6.44 0.19 � 0.03 �1.57 � 1.26

G5000 89.41 � 0.80 0.22 � 0.04 �1.18 � 0.92
0-OMe 89.73 � 8.93 0.18 � 0.01 �0.90 � 0.43
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added to the cells. The final lipid concentration was 0.2 mg/mL.
After incubation for 4 h, the medium was discarded and the cells
were washed three times with cold PBS. Cells were harvested and
washed with cold PBS, centrifuged at 4000 rpm and re-suspended
for three times (Li et al., 2012). The cellular uptake efficiency was
determined by FACS.

2.6.3. Qualitative analysis of cellular uptake by confocal laser scanning
microscopy (CLSM)

HepG2 and Hela cells were seeded respectively on coverslips at
a density of 2.5 �105 per well in a six-well plate. After 24 h
cultivation, cells were incubated with CFPE-labeled liposomes for4
h at 37 �C. Then the cells were washed three times with cold PBS
(pH 7.4) and fixed with 4% paraformaldehyde. 0.5 mL of DAPI was
added to stain the nuclei for an additional 5 min. Coverslipswere
mounted cell-side down with slides and viewed using a Leica TCS
SP5 AOBS confocal microscopy system (Leica, Germany).

2.7. Identification of cellular uptake pathways

2.7.1. The cellular uptake of modified liposomes in HepG2 in the
presence of various endocytosis inhibitors

Cellular uptake mechanism of CFPE-labeled liposomes was
assessed by using inhibitors for specific endocytosis pathways.
Endocytosis inhibitors NaN3 (10 mM), poly-lysine (800 mg/mL),
colchicine (4 mg/mL), chlorpromazine (20 mg/mL) and filipin
(5 mg/mL) were added to HepG2 cells for 30 min before, the
incubation with liposomes for another 4 h at 37 �C. Influence of the
temperature on the cellular uptake was evaluated by incubating
HepG2 cells with liposomes for 4 h at 4 �C (Hansen et al., 2012).
Following washes with PBS as described above, cellular uptake was
evaluated by flow cytometry.

2.7.2. The binding and internalization of C-R/T liposomes in HepG2 in
the presence of free RGD

HepG2 cells were seeded on coverslips at a density of 2.5 �105

per well in a six-well plate. After 24 h cultivation, a 50-fold molar
excess of free RGD was added into the medium for 1 h before the
addition of C-R/T liposomes. The cells were incubated at the 37 or
4 �C for 4 h, then the cells were washed three times with cold PBS
(pH 7.4) and fixed with 4% paraformaldehyde. The cell nuclei were
stained with DAPI for 5 min followed by another wash with PBS for
3 times. Coverslips were mounted cell-side down with slides and
viewed using a Leica TCS SP5 AOBS confocal microscopy system.

2.8. Intracellular fate of liposomes

HepG2 cells were seeded on coverslips at a density of 2.5 �105

per well in a six-well plate. After 24 h cultivation, cells were
incubated with CFPE-labeled liposomes for 4 h at 37 �C in the
presence of 20 mM cysteine, and then incubated with LysoTracker
Red (100 nM) for 1 h at the end of incubation. Then the cells were
washed three times with cold PBS (pH 7.4), coverslips were
mounted cell-side down with slides and viewed using a Leica TCS
SP5 AOBS confocal microscopy system.

2.9. Upatake of liposomes by HepG2 spheroids

In vitro HepG2 spheroids were established using a lipid overlay
system as reported previously (Gao et al., 2014a,b,c; Perche and
Torchilin, 2012). Briefly, 2% (m/V) agarose was added into serum-
free 1640 culture medium and heated to 80 �C for 30 min. 50 mL of
agarose solution was added to each well of a 96-well plate
(Gao et al., 2012a,b). After the agarose solution was cooled to room
temperature, HepG2 cells were seeded into each well at a density
of 2 � 103 per well. After one week, the formed tumor spheroids
were incubated with CFPE-labeled liposomes for 4 h at 37 �C, then
the spheroids were washed three times with ice-cold PBS and fixed
with 4% paraformaldehyde. Finally the spheroids were viewed
using a Leica TCS SP5 AOBS confocal microscopy system (Leica,
Germany).

2.10. In vivo imaging of liposomes in HepG2-xenografted nude mice

Nude mice weighing 20–25 g were purchased from Experiment
Animal Center of Sichuan University (PR China). All the animal
experiments adhered to the principles of care and use of laboratory
animals and were approved by the Experiment Animal Adminis-
trative Committee of Sichuan University.

The DIR loaded liposomes (2 mg lipids/mL) were utilized to
investigate the distribution of liposomes in nude mice bearing
HepG2, human hepatocellular carcinoma. HepG2-xenografted
nude mice were established as described previously (Kuai et al.,
2010). Briefly, about 2 �106 tumor cells were subcutaneously
injected in the left flank of the nude mice. Tumors were allowed to
grow to an average size of about 10 mm in diameter. Different
formulations of DIR loaded liposomes were injected at a dose of
20 mg lipids/kg via the tail vein. Twenty-four hours after
administration, PBS (pH 7.4) or cysteine in PBS (30 mg/mL) was
injected via the tail vein at a dose of 4 mL/kg to evaluate the effect
of cysteine on the delivery in vivo. Four hours after the injection,
the in vivo fluorescence imaging was performed with an IVIS1

Spectrum system (Caliper, Hopkington, MA). Then the nude mice
were sacrificed and the fluorescence intensity of various organs
was measured.

2.11. Distribution of liposomes in HepG2 tumor tissue

To investigate the distribution of liposomes in HepG2 tumor
tissue, DID (an analogue of DIR)-loaded liposomes (2 mg lipids/mL)
were administered into tumor-bearing mice as described above.
Then the nude mice were sacrificed and tumors were excised and
frozen sectioned (4 mm in thickness). Sections were stained with
DAPI for 5 min, washed three times with cold PBS, and then
observed using a Leica TCS SP5 AOBS confocal microscopy system.

2.12. Statistical analysis

Data were presented as means � SDs unless particularly out-
lined. Statistical significances were determined using the Student’s
t-test. A P-value < 0.05 was considered to be significant, and a
P-value < 0.01 was considered as highly significant.

3. Results and discussion

3.1. Characterization of materials

Time-of-flight electrospray mass spectrometry (TOF MS ES+)
confirmed the formation of the synthesized materials, DSPE-
PEG1000-TAT (Mw calculated = 3820 Da, Mw observed = 3837 Da),
DSPE-PEG3500-RGD (Mw calculated = 5148 Da, Mw observed = 5146
Da), DSPE-S-S-PEG5000 (Mw calculated = 5800 Da, Mw observed =
5788 Da), DSPE-PEG5000-OMe (Mw calculated = 5800 Da, Mw ob-
served = 5806 Da) (see Supplementary Information Fig. S1).

3.2. Characteristics of liposomes

Liposome size measurements showed that the sizes of all
formulations prepared in this study were within the range of
80–120 nm. The mean size of the liposomes increased slightly with
the modification of single ligand or dual ligands, but decreased
with the introduction of 8% PEG in the liposomes, which was



Fig. 2. Stability of liposomes after incubation in 50% FPS or PBS at 37 �C for 24 h.

30 L. Mei et al. / International Journal of Pharmaceutics 468 (2014) 26–38
consistent with the previous studies that the formation of a
hydrophilic layer was an important factor in the formation of small,
homogenous lipid particles (Masuda et al., 2009). According to the
previous reports, when liposomes contained up to 4 mol% of PEG
lipids, neighboring coils did not interact laterally thus creating a
mushroom regime. As the proportion of PEG lipids in liposomes
exceeded 4 mol%, neighboring PEG chains pushed against each
other, and extended further out from the surface on which they are
grafted, leading to the brush regime. As the amount of PEG lipids
increased, the mushroom-brush phase transition started to take
place, which resulted in a decrease in size (Garbuzenko et al.,
2005). The zeta potential of liposomes changed slightly after the
modification of DSPE-PEG3500-RGD, DSPE-PEG1000-TAT, DSPE-S-S-
PEG5000 and DSPE-PEG5000-OMe. In addition, encapsulation of DIR
or DID did not affect the size (data not shown). The morphological
observation by TEM image revealed that the liposomes were
homogeneously spheroids (as shown in Fig. S2).

3.3. Stability of liposomes in the presence of fetal bovine serum

Liposomes can bind to plasma proteins during the circulation
and then be taken up by the RES, so the aggregation behavior of
liposomes in the FBS can reflect the stability of the liposomes in
vivo. To investigate the aggregation behavior of the R/T and C-R/T
liposomes, their sizes were monitored by dynamic light scattering
(DLS) in PBS (pH 7.4) and 50% FBS. No increase in size after 24 h in
PBS for R/T liposomes, but when the same DLS measurements were
conducted in 50% FBS, the size of R/T liposomes increased
markedly which indicated the aggregation of liposomes. On the
other hand, C-R/T liposomes did not increase in size at all after 24 h
both in PBS and in FBS (Fig. 2). These results indicated that the
stability of liposomes was enhanced because the PEGylation
formed an aqueous layer on the surface of liposomes which
Fig. 3. Cellular uptake of liposomes modified with different amounts of cleavable PEG 

HepG2 cell with (+) or without (�) cysteine (B).
suppressed the direct interactions between carrier and plasma
proteins, providing support for the extended circulation time of the
liposomes in vivo (Hansen et al., 2012; Hatakeyama et al., 2007a,b).

3.4. In vitro cellular uptake

In order to see if dual ligands could be efficiently shielded by
cleavable PEG and to investigate the level of exposure of dual
ligands by cysteine, various amounts of cleavable PEG were
incorporated into the formulation of liposomes. As shown in
Fig. 3A, the cellular uptake decreased gradually with the density of
cleavable PEG in liposomes increasing from 2% to 10% and
significantly increased in the presence of 20 mM cysteine
(P < 0.001), which was due to the steric hindrance effect of PEG
(Hatakeyama et al., 2009). The amount of uptake reached a
platform when the liposomes were modified with 8% DSPE-S-S-
PEG5000, and the shielding effect would not be further enhanced
with the increase of DSPE-S-S-PEG5000 proportion. These results
indicated that dual ligands could be well masked by 8% DSPE-S-S-
PEG5000 and could be sufficiently exposed in the presence of
20 mM cysteine. As a result, the optimal density of cleavable PEG
on the liposomes was determined to be 8% (molar ratio). Moreover,
the uptake efficiency decreased gradually with the increase of the
molar ratios of DSPE-S-S-PEG5000 after giving 20 mM cysteine
implying that the cleavable PEG could not be entirely detached
from the liposomes in the presence of 20 mM cysteine. Dual
ligands should have been fully exposed due to the cleavage of
disulfide bonds and the detachment of the “shielding” PEG block.
However, the cleavage is a time-dependent kinetic reaction and the
cellular uptake is also a time-dependent process, therefore the
disulfide bonds may not have been completely cleaved after
incubation for 4 h (Koren et al., 2012). On the other hand, we
examined the cleavage of DSPE-S-S-PEG5000 with various
in HepG2 cell (A), *P < 0.05, **P < 0.01, ***P < 0.001. Uptake of liposomes in Hela and
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concentrations of cysteine, and 20 mM cysteine which had
adequate cleaving capacity and low toxicity was chosen for the
follow-up test (data not shown). A L-Cys concentration higher than
20 mM was not suitable for this study because some potential toxic
side effects might be caused at higher concentration. Appropriate
PEG chain lengths and the percentages of ligands included in each
liposomal formulation also needed to be considered, because these
parameters greatly affected the shielding capability of cleavable
PEG and the synergistic effect of RGD and TAT. After a series of
screening tests, 8% DSPE-S-S-PEG5000 was utilized to mask 1%
DSPE-PEG3500-RGD and 0.5% DSPE-PEG1000-TAT (data not shown).

Hela cells were selected as a tumor cell type with relatively low
expression of integrin receptors while HepG2 cells were known to be
overexpressed with integrin receptors (Borgne-Sanchez et al., 2007;
Li et al., 2011). To investigate the selectivity and internalization of
multistage liposomes, the cellular uptake of different liposomes in
Hela and HepG2 cells was examined, as shown in Fig. 3B. There was
no significant difference between the cellular uptake of PEG
liposomes and RGD liposomes in both cells, and in Hela cells the
C-R/T liposomes showed minor improvement in the cellular uptake
compared with C-T liposomes in the presence of cysteine. However,
in HepG2 cells the RGD modification stimulated the uptake by 2-fold
compared with the PEG liposomes, and the uptake of C-R/T
liposomes with cysteine increased 4-fold compared with the C-T
liposomes with cysteine. The cellular uptake results were consistent
with the integrin expression levels on cell surface, indicating that the
RGD motif had the ability to recognize and target integrin receptors
expressed on the surface of cells. Moreover, the modification of TAT
exhibited a synergistic effect with RGD on the cellular uptake of
liposomes in integrin expressing cells, suggesting that after the
Fig. 4. Uptake of liposomes in Hela (A) and HepG2 (B) w
recognition of integrins by the RGD motif, the TAT could further
enhance the internalization of liposomes. At the same time, C-R/T
liposomes displayed more efficient intracellular delivery in the
presence of cysteine while N-R/T liposomes showed no significant
enhancement with cysteine, suggesting that the dual ligands were
exposed after PEG detaching and allowed liposomes to interact more
efficiently with cells.

The cellular uptake of liposomes was further studied by
confocal microscopy. As shown in Fig. 4,the cellular uptake of
PEG liposomes was set as a control. Compared to the control, the
RGD liposomes showed a very weak fluorescence signal in both
Hela and HepG2 cells, indicating that the RGD-mediated cellular
uptake was quite limited. In contrast, much higher cellular uptake
was observed for the TAT liposomes in both Hela and HepG2 cells,
suggesting that cell-penetrating peptide TAT had the ability to
mediate non-selective cellular uptake of liposomes. The cellular
uptake of mixed RGD liposomes and TAT liposomes (R + T) showed
a superposition of the effect of RGD liposomes and TAT liposomes,
suggesting that only the mixing of two single-ligand liposomes had
no synergistic effect. The dual-ligand liposomes (R/T) showed
similar fluorescence intensity with the TAT liposomes in Hela cells,
while the R/T liposomes resulted in stronger fluorescence signals
than the TAT liposomes in HepG2 cells, indicating that the dual
ligands exhibited a synergistic effect on the cellular uptake of
liposomes in integrin expressing cells. These results proved that
the synergistic effect of the dual-ligand liposomes was related to
the conformation of the two ligands (Kluza et al., 2010). At the
same time, we can also see that the dual ligands can be fully
shielded by cleavable PEG and exposed in the presence of 20 mM
cysteine.
ith (+) or without (�) cysteine observed by CLSM.



Fig. 5. Effects of endoeytosis inhibitors on the cellular uptake of liposomes in HepG2. The data are presented as the mean � SD (n = 3), *P < 0.05, **P < 0.01, ***P < 0.001.
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The results of quantitative and qualitative analysis of cellular
uptake showed that the multistage liposomes (C-R/T) had better
cell selectivity and stronger internalization than other liposomes in
the presence of L-cysteine. The C-R/T liposomes could specifically
recognize cells overexpressing integrins and mediate efficient
internalization in the synergistic effect of the RGD and TAT after the
detachment of the cleavable PEG.

3.5. Cellular uptake mechanism of modified liposomes in HepG2

To determine the possible involvement of different endocytic
pathways in the cellular uptake of liposomes in HepG2 cells,
several classical inhibitors of endocytosis were used, and the
fluorescence of cells treated with the different liposomal
formulations without any inhibitor was set as 100% and as the
control. As shown in Fig. 5, the uptake of C-R, C-T and C-R/T
liposomes was decreased by about 80%, 90% and 93% (P < 0.001) in
comparison to control at 4 �C due to the down-regulated cell
metabolism, implying that the cellular uptake of liposomes was
depended on temperature. Treatment of cells with the energy
inhibitor NaN3 did not significantly change the cellular uptake of C-
R liposomes, however, the cellular uptake of C-T and C-R/T
liposomes was decreased by about 10% (P < 0.05), indicating that
the cellular uptake of C-T and C-R/T liposomes was dependent on
energy.65% (P < 0.01) and 70% (P < 0.001) decrease in cellular
uptake of C-T and C-R/T liposomes was observed after incubation in
the presence of poly-L-lysine (PPL), which was a positively charged
amino acid polymer that had the ability to bind with the negatively
charged cell membrane, suggesting that the uptake of C-T and C-R/
T liposomes was influenced by the charges of liposomes. It was
reported that the TAT sequence contained many basic amino acids
which had strong cationic properties, so electrostatic interactions
could be generated between TAT and the negatively charged cell
membrane. Therefore, the cellular uptake of the C-R/T liposomes
was mainly influenced by the cationic nature of the TAT motif. The
uptake of C-R and C-T liposomes was decreased by about 10%
(P < 0.05) and 20% (P < 0.01) after incubation with colchicine.
Colchicine was known to inhibit the formation of microfilaments
and microtubule, therefore, it had an effect on macropinocytosis-
mediated uptake. The small effect of colchicine on the uptake of
C-R and C-T liposomes showed that macropinocytosis was
presumably involved to a lesser extent. At the same time, by
preventing the recycling of clathrin and hindering endocytosis
through clathrin-dependent mechanisms with the cationic
amphiphilic drug chlorpromazine, a significant decrease (40%
and 35% P < 0.01) in cellular uptake of C-T and C-R/T liposomes was
observed in the presence of chlorpromazine, suggesting that the
clathrin-dependent pathway was involved in the internalization of
C-T and C-R/T liposomes. The cellular uptake of all liposomes did
not significantly change with the caveolae-dependent endocytosis
inhibitor filipin. These results suggested that the cellular uptake of
these liposomes was determined by the combination of various
endocytic pathways (Kibria et al., 2011).

Interestingly, the cellular uptake mechanism of C-R/T lip-
osomes was similar to the C-T liposomes, indicating that the TAT
dominated in the cellular uptake process of the C-R/T liposomes,
which was consistent with our expectations. Meanwhile, the
cellular uptake mechanism of the C-R/T and C-T liposomes was not
exactly the same, suggesting that the C-R/T liposomes may
produce a new mechanism on the basis of the C-T liposomes.

3.6. The binding and internalization of C-R/T liposomes in HepG2 in
the presence of free RGD

To evaluate the binding and internalization of CFPE-labeled C-R/
T liposomes (20 mg/mL) in HepG2 cells in the presence of free RGD,
the cell uptake was observed at different temperatures. As shown
in Fig. 6, at 37 �C the fluorescence signals were almost all within the
cells and around the cell nuclei while the fluorescence signals were
mostly seen on cell surfaces at 4 �C, which was consistent with
Fig. 5, suggesting that the internalization of C-R/T liposomes was a
temperature-dependent process and the C-R/T liposomes just
bound to cells without uptake into cells at 4 �C (Song et al., 2009).
In addition, free RGD significantly inhibited the binding of C-R/T
liposomes at 4 �C but almost did not affect the internalization of
liposomes at 37 �C. These results indicated that the RGD motif was
mainly involved in the cellular binding rather than internalization
of the C-R/T liposomes and there might be another uptake pathway
mediated by TAT after the binding of RGD to integrins (Kibria et al.,
2011). These results were consistent with the purpose of the
experimental design that the outer RGD was exposed after the
detachment of PEG, then recognized and bound to integrin



Fig. 6. The cellular uptake of C-R/T liposomes in HepG2 cells at 4 or 37 �C in the presence of 50 mol excess free RGD.
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receptors on the cell surface which narrowed the distance between
liposomes and cells, and the liposomes were internalized into cells
by the synergistic effect of RGD and TAT.

3.7. Intracellular fate of liposomes

To further investigate the cell trafficking of the liposomes, the
late endosomes and the lysosomes were stained by LysoTracker
Fig. 7. Intracellular localization of C-R, C-T and C-R/T liposomes in HepG2 cells, as de
LysoTracker).
Red, a well-known marker for acidic intracellular vesicles. Fig. 7
showed that almost all C-R liposomes were distributed in acidic
compartments of the cells, as revealed by the appearance of
numbers of yellow dots (merged colors of CFPE and LysoTracker
RED) in the images. On the other hand, a large fraction of the C-T
liposomes appeared in the cytoplasmic region outside lysosomes.
Meanwhile, the C-R/T liposomes were mainly distributed in the
cytoplasm but some of them still existed in the lysosomes. It was
termined by CLSM, green (CFPE), red (LysoTracker), yellow (colocalized CFPE and
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worth mentioning that the cellular uptake of C-T and C-R/T
liposomes was mainly clathrin-mediated endocytosis, which
meant that exogenous substances eventually reached lysosomes
via early endosomes and late endosomes after being taken up into
the cells (Pelkmans and Helenius, 2002). However, the C-T and C-R/
T liposomes were mainly distributed in the cytoplasmic region
outside lysosomes, indicating that the C-T and C-R/T liposomes had
the ability to escape from the lysosomes into the cytoplasm after
internalization of the lysosomes. These results suggested that
the excess cleavable PEG which did not entirely shed from the
liposome surface further detached under the reducing action of the
enzyme in the lysosome, reducing the stability of liposomes to
enhance the fusion ability of the liposomes with the lysosome
membrane, then liposomes escaped from the lysosomes owing to
the membrane fusion effect of TAT (Xiong and Lavasanifar, 2011).
The uptake mechanism successfully avoided the degradation of
lysosomes, providing a possibility for the delivery of gene into cells.

The results of cellular uptake mechanism and intracellular fate
showed the intracellulardeliveryprocess of the C-R/Tliposomes. The
C-R/T liposomes recognized and bound to integrin receptors via the
RGD ligand after the cleavage of PEG by cysteine, and the uptake was
mainly relied on the electrostatic interaction of TAT ligand with
negatively charged cell surface. The stability of liposomes signifi-
cantly reduced with the further detachment of the cleavable PEG
residues in the presence of the reductive lysosomal enzyme, and the
liposomes escaped from the lysosomes with the help of the
membrane fusion effect of TAT. Although the uptake mechanisms
and intracellular trafficking of CPPs-modified drug delivery systems
have been widely studied in the past, researches about the
Fig. 8. Penetration of CFPE-labeled liposomes throughout HepG2 spheroids. Z-stack imag
intervals. The scale bar represents 250 mm.
mechanisms of multistage liposome systems have rarely been
reported (Kale and Torchilin, 2007; Kuai et al., 2011).

3.8. Uptake of liposomes by HepG2 spheroids

For evaluating the effects of the solid tumor penetration of the
multistage liposomes in vitro, multicellular 3D tumor spheroids
which have been proposed as models of intermediate complexity
between monolayer cultures and xenografts because of their
similarities to in vivo avascular tumor tissues (Gao et al., 2012a,b;
Jiang et al., 2013) were observed by confocal microscopy. As shown
in Fig. 8, the PEG liposomes almost entirely lacked efficient
penetrating on HepG2 spheroids and the C-R liposomes in the
presence of cysteine showed much weaker fluorescence, indicating
that the liposomes without modification or modified with specific
molecule (RGD) had very weak penetration. For the C-T liposomes in
the presence of cysteine, much higher fluorescence was observed
primarily on the periphery of tumor spheroids, but it did not
penetrate into the core of the HepG2 tumor spheroids. However, an
apparent enhanced fluorescence of the C-R/T liposomes was
observed in the presence of cysteine, and the fluorescence could
be observed as deep as 105 mm within, suggesting that solid tumor
penetration was enhanced by the synergistic effect of RGD and TAT.
It was worth mentioning that the penetration ability of the C-R/T
liposomes was weaker than that of the R/T liposomes, this may be
due to the incomplete detachment of cleavable PEG. Meanwhile, the
fluorescence of C-R/T liposomes without Cys and the fluorescence of
N-R/T liposomes with Cys on HepG2 tumor spheroids were hardly
visible, indicating that the dual ligands could only produce
es were obtained from the top toward the tumor spheroid equatorial plane in 15 mm
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synergistic effect after the removal of PEG. These results were
consistent with the cellular uptake of monolayer cells, suggesting
that the synergistic effect of dual ligands not only enhanced the
uptake of monolayercells but also promoted the deeper penetration
into the avascular tumor tissues. Chemotherapeutic effect of solid
tumors is often compromised due to several physiologic barriers
which significantly limit the penetration of anticancer drugs into
neoplastic cells distant from blood vessels (Cairns et al., 2006;
Gao et al., 2013a,b). The system successfully promoted a deeper
penetration into the avascular tumor tissues, providing a promising
strategy for improving the treatment.
Fig. 9. In vivo fluorescence imaging of HepG2-xenografted nude mice after injection of DIR
nude mice sacrificed post intravenous injection of DIR-labeled liposomes (B).
3.9. In vivo imaging of liposomes in HepG2-xenografted nude mice

The in vivo biodistribution and tumor accumulation profiles of
DIR-loaded liposomes were clearly visualized by monitoring the
whole body NIRF intensity in subcutaneous xenograft bearing
nude mice model (Fig. 9A). The NIR fluorescence intensities in the
tumor region of all liposomes modified with 8% PEG(C-R (+), C-T
(+), C-R/T (�), C-R/T (+) and N-R/T (+) were strong and the strength
was substantially similar, which verified the ability of cleavable
PEG to mask targeting ligands on liposomes to evade the RES and
accumulate in tumor region via EPR effect after intravenous
-labeled liposomes (A). Representative images of dissected organs of tumor-bearing
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administration. We can also observe that the NIR fluorescence
intensities in the tumor region of the C-R/T liposomes slightly
enhanced with the intravenous injection of cysteine. The result
implied that after the C-R/T liposomes reached the tumor site, the
thiolytic cleavage of some PEG-S-S chains took place in response to
exogenous administration of L-cysteine, resulting in the exposure
of the dual ligands, which further enhanced the accumulation of
C-R/T liposomes in the tumor tissue. However, the R/T liposomes
without the modification of PEG showed almost no accumulation
at the tumor site, while there was a certain accumulation of PEG
liposomes, implying that the C-R/T liposomes without the
protection of PEG were taken up by the RES quickly.

Four hours after intravenous injection of cysteine, the tumor-
bearing mice were sacrificed, and major organs and tumor tissues
were isolated and observed (Fig. 9B). The tumor accumulation of
liposomes was consistent with the results of the in vivo images.
Obviously, the tumor accumulation was the highest for C-R/T (+)
liposomes. These results implied that the C-R/T (+) liposomes could
efficiently target to solid tumors and decrease non-specific
accumulation in normal organs such as livers, lungs and kidneys.
The fluorescence signals of PEG, C-T (+) and R/T liposomes in liver
were higher than other liposomes, implying that the RES had the
strongest capturing capability for these liposomes. The proportion
of PEG lipids was low for the PEG liposomes, which has a shorter
circulation time leading to the RES capture, and for the C-T
liposomes, after the PEG cleavage of the C-T liposomes, the TAT
ligand of liposomes was exposed, and C-T liposomes in the blood
circulation were captured by the RES due to the positive charge of
the TAT. The R/T liposomes without the protection of PEG could be
taken up by the RES quickly leading to higher distribution in livers.
Moreover, C-T (+) and R/T liposomes also had some accumulation
in the lung, which may be related to the positive charge of the TAT
Fig. 10. CLSM images of HepG2 tumor frozen sections from tumo
ligand. Preliminary studies have demonstrated that the passive
accumulation of liposomes reached maximum in tumor tissue
between 24 and 48 h (Maeda et al., 2009), and the half-life of 8%
DSPE-S-S-PEG5000 modified liposomes in vivo was about 27 h
(McNeeley et al., 2009), which provided sufficient time for
liposomes to accumulate at the tumor site, therefore the cysteine
was injected 24 h after the administration of liposomes.

The results of serum stability and biodistribution suggested that
the cleavable PEG was capable of increasing the stability of
liposomes and concealing dual ligands from the RES, and
ultimately, the C-R/T liposomes obtained remarkable accumula-
tion in the tumor region.

3.10. Distribution of liposomes in HepG2 tumor tissue

The in vivo solid tumor permeation and targeted delivery
efficiency of DID labeled liposomes were studied qualitatively by
confocal microscopy observation of the frozen sections of
subcutaneous tumor. As shown in Fig. 10, for the PEG, N-R/T (+)
and R/T liposomes, almost no red fluorescence signals were
distributed in tumor tissue, implying that these liposomes could
accumulate in the tumor area via the EPR effect but could not be
effectively taken up into cells. The C-R (+) liposomes showed a
slightly enhanced red fluorescence distribution, and the fluores-
cence uniformly dispersed in the tumor tissue. In contrary, the C-T
(+) liposomes showed stronger and uneven distribution of
fluorescence in the tumor tissue, indicating that the TAT may
generate electrostatic interactions with negatively charged cell
membrane, which could produce enhanced internalization, but it
was easy to form a fluorescent precipitate on the cell surface. In
addition, the C-R/T liposomes have almost no fluorescence signal
without the intravenous injection of cysteine, but it showed strong
r-bearing nude mice receiving various DID loaded liposomes.
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and uniform red fluorescence after the injection of cysteine.
Combining with the results of biodistribution, it could be
concluded that liposomes modified with PEG could be effectively
accumulated in solid tumor tissue, but the PEGylation hindered the
further contact of liposomes with tumor cells (Kuai et al., 2011;
McNeeley et al., 2009). However, the internalization of liposomes
was significantly enhanced after the detachment of cleavable PEG
via systemic administration of cysteine. Moreover, RGD and TAT in
the C-R/T liposomes had a strong synergistic effect to promote
liposomes to be taken up into the cells in the presence of cysteine
which was consistent with the results of cellular uptake in vitro.
The synergistic effect of C-R/T (+) liposomes promoted the
internalization of liposomes at the tumor site, resulting in
enhanced accumulation of C-R/T liposomes in the tumor tissue
(as shown in Fig. 9). It was worth mentioning that the red
fluorescence of C-T liposomes mainly distributed on the cell
surface, but the fluorescence of C-R/T liposomes almost all located
around the nuclei, indicating that although the cellular uptake of
the C-R/T liposomes was mainly influenced by the cationic nature
of the TAT motif, and the fluorescent precipitate formed by the
positive charge may be avoided in the presence of RGD.

The cellular uptake in vitro, the tumor spheroids penetration
and the distribution of liposomes in HepG2 tumor tissue all
indicated that the liposomes modified with single ligand (no
matter CPP or the specific ligand) had relatively weak capability to
be taken up into cells, and the C-R/T liposomes could be efficiently
internalized in the synergistic effect of RGD and TAT in the
presence of cysteine.

Overall, the multistage liposomes (C-R/T) were more stable
than the dual-ligand liposomes (R/T), and had much stronger
internalization into cells over-expressing integrins than single-
ligand liposomes (C-R and C-T) modified with cleavable in the
presence of cysteine. These results strongly supported our
hypothesis that the stability of multistage liposome system was
increased by the protection of cleavable PEG5000 in the outermost
layer, which can avoid the binding of ligands in the inner layer with
plasma proteins. Upon reaching sufficient accumulation via the
EPR effect in tumors, the shielding layer was detached and the dual
ligands in the inner layer were exposed through exogenous
administration of a safe reducing agent L-cysteine. The exposed
dual ligands recognized the integrins, bound with the cell surface,
and the liposomes were efficiently internalized into cells via a
synergistic effect of RGD and TAT. Such an approach successfully
avoided the capture of RES and resolved the PEG dilemma by
modification of cleavable PEG5000. Meanwhile, the multistage
liposomes also enhanced the internalization of liposomes in the
tumor tissues through the synergistic effect of RGD and TAT.
However, tumor cells displayed their diversity because of various
cell types, proteomics, genomics and many others (Bae, 2009). So
for more efficient tumor therapy, it’s worth further discussion
about killing a fraction of the cell population which expresses
enough specific receptors or killing all the cells in the tumor
without selectively.

4. Conclusions

In the present study, we established a multistage delivery
system modified with cleavable PEG, RGD and TAT, which
combined the advantages of cleavable PEG, specific ligand and
penetrating peptide. The multistage liposomes with three-tier
cascade structure increased the stability of liposomes and showed
synergistic effect of TAT and RGD. The system displayed excellent
tumor targeting efficiency both in vitro and in vivo. Although it was
a preliminary study, the results demonstrated a tremendous
potential of this multistage liposomes for efficient delivery to
tumor tissue and selective internalization into tumor cells.
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