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ABSTRACT
Purpose Using different chain lengths of PEG as linkers to devel-
op a novel folate (FA) and TAT peptide co-modified doxorubicin
(DOX)-loaded liposome (FA/TAT-LP-DOX) and evaluate its po-
tential for tumor targeted intracellular drug delivery.
Methods FA/TAT-LP-DOX was prepared by pH gradient meth-
od and post-insertion method and the optimal ligand density was
screened by MTT assay. In vitro evaluation was systematically
performed through cytotoxicity assay, cellular uptake studies,
subcellular localization and cellular uptake mechanism in folate
receptor (FR) over-expressing KB tumor cells. In vivo tumor
targeted delivery of FA/TAT-LP-DOX was also studied by in vivo
fluorescence imaging in a murine KB xenograft model.
Results The particle size and zeta potential determination indi-
cated that FA and TATwere successfully inserted into the liposome
and cationic TAT peptide was completely shielded. With the
optimal ligand density (5% of FA and 2.5% TAT), the FA/TAT-
LP-DOX exhibited improved cytotoxity and cellular uptake effi-
ciency compared with its single-ligand counterparts (FA-LP-DOX
and PEG/TAT-LP-DOX). Competitive inhibition and uptake
mechanism experiments revealed that FA and TAT peptide played
a synergistic effect in facilitating intracellular transport of the lipo-
some, and association between FA and FA receptors activated this
transport process. In vivo imaging further demonstrated the supe-
riority of FA/TAT-LP in tumor targeting and accumulation.
Conclusions Folate and TAT peptide co-modified liposome
using different chain lengths of PEG as linkers may provide a useful
strategy for specific and efficient intracellular drug delivery.
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peptide . tumor targeted delivery

ABBREVIATIONS
CLSM Confocal laser scanning microscopy
CME Clathrin-mediated endocytosis
DCC Dicyclohexylcarbodiimide
DLS Dynamic laser scattering
DMEM Dulbecco’s modified Eagle’s medium
DOX Doxorubicin
DSPE Distearoyl phosphatidylethanolamine
DSS Disuccinimidyl suberate
EPR Enhanced permeability and retention
FA Folate
FR Folate receptor
IFP Interstitial fluid pressure
LP Liposome
MTT Thiazolyl blue tetrazolium bromide
NHS N-hydroxysuccinimide
PLL Polylysine
SPC Soybean phospholipids
TAT Trans-activating transcriptional activator
TEA Triethylamine
TLC Thin layer chromatography

INTRODUCTION

Exploiting the enhanced permeability and retention (EPR)
effect (1,2), nanocarriers 20–200 nm in size can passively
accumulate at tumor sites (3). Further modifications of
nanocarriers by hydrophilic flexible polymeric materials are
potentially beneficial for the time-dependent passive accumu-
lation due to protection of nanocarriers from fast clearance by
the Reticulo-Endothelial System (3,4). The second-generation
doxorubicin liposome (Doxil®) supports this notion, and has
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exhibited superior drug efficacy in clinical practice (5). How-
ever, enhancing cellular uptake of nanocarriers in tumors is
still of great concern.

To our knowledge, the transvascular and interstitial trans-
port of nanocarriers is mainly driven by convection and dif-
fusion. By contrast, the elevated interstitial fluid pressure (IFP)
in tumors impels the movement of interstitial fluid into sur-
rounding tissues, thus hampering effective penetration of
nanocarriers from the solid mass (6–8). The factors deter-
mined the transport of nanocarriers to tumors were illustrated
in Fig. 1a. If nanocarriers extravasated through the fenes-
trations of leaky tumor vasculatures could be rapidly
taken by tumor cells, the adverse effect caused by high
IFP would be alleviated to a great extent (9). In view of
this, ligand modification strategy has been widely
adopted in the design of nanocarriers on the basis of
the fact that surfaces of most tumor cells highly express
some specific receptors (3,10). Attachment of targeting
ligands to nanocarriers ensures selective cellular binding
and enhanced cellular uptake via receptor-mediated en-
docytosis (3,4). However, it should be noted that in most
case the used ligand does not effectively improve the
efficiency of intracellular transport of nanocarriers,
probably due to its lack of enough membrane
penetrating ability in addition to that density of cell
surface receptors is usually not constant and saturation
phenomenon always occurs (11,12).

Trans-activating transcriptional activator peptide, i.e. TAT
peptide, has received extensive attention for its capacity of
translocating cell membranes and efficient intracellular deliv-
ery of various cargoes (13–15). Even if the definite mecha-
nisms for TAT peptide across cell membrane are still unclear,
many studies have suggested that positive charges of TAT
peptide play a key role in the uptake process (14,16,17).
However, TAT peptide is a non-specific ligand, which limits
its applications especially in targeted drug delivery (18). To
overcome this deficiency, two major approaches have recently
emerged. One approach was to attach TAT peptide to the
distal end of short chain PEG and shield it through cleavable
long chain PEG using disulfide or hydrazone bond as linkers
(19,20). In the other approach, TAT peptide was directly
attached to the surface of nanocarrier, then shielded by non-
cleavable PEG chain whose hydrophilic end was further dec-
orated with specific ligand (21). Remarkably, there is a com-
mon ground underlying the two approaches: TAT peptide is
expected to exert its transmembrane ability upon nanocarriers
arriving at tumor sites.

Enlightened by aforementioned work, we assume that si-
multaneous attachment of TAT peptide and specific ligand to
nanocarrier using different molecular weights of PEG as
linkers may take advantage of the respective merits of non-
specific and specific ligands. In our case, liposome was selected
as the model nanocarrier because of its ease to prepare as well

as that ligand densities on liposomal surface were easily ad-
justed by post-insertion method (22). Folate (FA) was selected
as the specific ligand since folate-mediated targeting has been
demonstrated effective both in vitro and in vivo (23–25). FA was
attached to the liposome using long chain PEG (MW 5,000),
while TAT peptide was attached to the liposome using short
chain PEG (MW 2,000). Doxorubicin was chosen as the
payload in that it could be loaded into liposome with high
entrapment efficiency by a pH-gradient method and used as a
fluorescence probe. KB cell line, which overexpresses folate
receptors, was used as the tumor cell model.

Schematic illustration of this dual-ligand nanocarrier
was showed in Fig. 1b. The potential advantages of such
a nanocarrier are that: (i) Specific ligand conjugated to
the distal end of long chain PEG allows full exposure to
cell surface receptors and favors tumor recognition and
following receptor-mediated endocytosis. Additionally,
long chain PEG is able to protect TAT peptide from
opsonization during blood circulation. (ii) Application of
flexible short chain PEG to anchor TAT peptide, not
rigid coupling to connect TAT peptide to nanocarrier,
partly minimize steric hindrance effect of long chain
PEG on TAT peptide and is beneficial to free
interaction of TAT peptide with the plasma membrane
(26). (iii) PEG offers a wide variety of functional groups,
making chemical conjugation of l igands to the
nanocarrier convenient and controllable (27,28). (iv)
Moreover, efficient intracellular transport of the dual-
ligand liposome is highly dependent on the receptors
overexpressed on the surfaces of tumor cells, unlike the
stimuli-cleavable nanocarriers, there is no need for any
additional manual operation.

In this study, FA/TAT-LP-DOXwas first constructed with
screened optimal density of each individual ligand. In vitro
cytotoxicity and cellular uptake studies were conducted to
ascertain whether this liposomal nanocarrier could achieve
synergistic antitumor activity and enhanced cellular uptake
efficiency. A further point of interest of this study was to
elucidate the potential cellular entry mechanisms of the
nanocarrier, which would make us better understand the
exact role of FA and TAT peptide in cellular uptake of the
nanocarrier. Finally, animal model of tumor-bearing mice
was built, and in vivo tumor targeted delivery of the
nanocarrier over time was monitored by near-infrared imag-
ing system.

MATERIALS AND METHODS

Materials

Distearoyl phosphatidylethanolamine (DSPE) was purchased
from Advanced Vehicle Technology Co., Ltd (Shanghai,
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China); Soybean phospholipids (SPC) were purchased from
Tywei pharmaceuticals (Shanghai, China); Cholesterol and
folate (FA) were obtained from sinopharm chemical reagent
Co., Ltd (Shanghai, China); Dicyclohexylcarbodiimide
(DCC) , d i succ in imidy l subera te (DSS) and N-
hydroxysuccinimide (NHS) were purchased from Sigma (St
Louis, MO, USA); DSPE-PEG2000-Mal, mPEG5000-DSPE
and mPEG2000-DSPE were purchased from Avanti Polar
Lipids Inc (Alabaster, AL, USA); H2N-PEG5000-NH2 were
from Yarebio (Shanghai, China); TAT peptide with terminal
Cysteine (Cys-AYGRKKRRQRRR) was synthesized by GL
Biochem Co., Ltd. (Shanghai, China); Doxorubicin Hydro-
chloride was from Hua Feng United Technology Co., Ltd
(Beijing, China); Folate-free DMEM culture media and new-
born calf serum were purchased from Every Green Organism
Engineering Materials Co., Ltd (Hangzhou, China);
Lysotracker Green was obtained from Molecular Probes

(Eugene, OR, USA). Hoechst 33342, polylysine (PLL),
chloropromazine and colchicine were all from Sigma (St
Louis, MO, USA) and filipin III was from Cayman Chemical
(Ann Arbor,MI). Cy7 mono NHS ester was fromMycomebio
Biomedical Science and Technology Center (Beijing, China).
All other chemicals and reagents used were of analytical purity
grade or higher, obtained commercially.

Human oral epithelial carcinoma cell line (KB) was pur-
chased from cell bank of Chinese Academy of Sciences (Shang-
hai, China). Female Balb/c nude mice of 4–6 weeks age were
purchased from Shanghai SLAC laboratory animal Co., Ltd.
(Shanghai, China). Mice were housed at 25°C and 55% of
humidity under natural light/dark conditions and allowed free
access to standard folate-free food and water (Shanghai SLAC
laboratory animal Co., Ltd., Shanghai, China). All animal
procedures were performed following protocol approved by
the Animal Study Committee of Soochow University.

Fig. 1 Schematic illustration of
impetus and resistance for
transvascular and interstitial
transport of nanocarriers (a) and the
dual-ligand modification strategy
achieving superior tumor-specific
penetration (b).
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Synthesis of DSPE-PEG5000-FA

DSPE-PEG5000-FA was synthesized as described previously
(29). First, FA-PEG5000-NH2 was synthesized by reacting
200 mgNH2-PEG5000-NH2 with 11mg folate in 5 ml DMSO
containing 5 mg NHS, 10 mg DCC and 15 μl TEA. The
reaction mixture was stirred overnight in the dark at room
temperature. Then 5 ml water was added into the reaction
mixture and the insoluble by-product, dicyclohexylurea
(DCU), was removed by centrifugation (3,000 rpm, 5 min).
The supernatant was then dialyzed against 5 mM NaHCO3

buffer (pH 9.0) and then against deionized water to remove
the DMSO and unreacted folate in the mixture. The solution
was then lyophilized and analyzed by TLC and 1H-NMR.
Second, 10 mg DSPE dissolved in CHCl3 was reacted with
6 mg DSS in the presence of 10 μl TEA overnight at room
temperature to yield an activated lipid anchor, DSPE-
CO-(CH2)6-CO-NHS. Finally, equimolar of FA-PEG5000-
NH2 and DSPE-CO-(CH2)6-CO-NHS were reacted in
CHCl3 overnight at room temperature. The solvent was
removed on a rotary evaporator and the product was
suspended in 50 mMNa2CO3 water solution to formmicelles
and then dialyzed against deionized water using a membrane
with molecular weight cut-off (MWCO) 8,000~14,000 Da.
The product was then lyophilized and analyzed by TLC and
1H-NMR.

Synthesis of DSPE-PEG2000-TAT

DSPE-PEG2000-TAT was synthesized as described previously
(19). Briefly, 15 mg DSPE-PEG2000-Mal and 12mgCys-TAT
were reacted in 5 ml water with gentle stirring at room
temperature for about 30 h. The reaction progress was mon-
itored by TLC. The solvent was then dialyzed against deion-
ized water using a membrane with MWCO 8,000~
14,000 Da for 48 h. The product was then lyophilized for
use. The conjugation efficiency of TAT to DSPE-PEG2000-
Mal was analyzed by HPLC. Promosil Column: C18

(4.6 mm×250 mm, 5 μm); Mobile phase: solution A, pure
water and solution B, acetonitrile, both containing 0.1%
trifluoroacetic acid; Gradient elute: 0~16 min, 12%~37%
B; Flow rate: 1.0 ml/min; Wavelength: 220 nm; injection
volume: 20 μl.

Preparation of Liposomes

Liposomes were prepared by the thin film hydration method
and doxorubicin hydrochloride was loaded by the pH gradi-
ent method. Firstly, SPC and Cholesterol (2:1 molar ratio)
were dissolved in ethanol and dried on a rotary evaporation at
37°C under vacuum. The lipid film was then hydrated with
pH 4.0 citric acid buffer. Then it was sonicated by probe
sonicator (100 W, 400 s) and finally homogenized by high

pressure microfluidization (Nano DeBEE, USA) at 20,000 psi
for 300 s.

For in vivo imaging investigations, DSPE was decorated
with Cy7 by reacting DSPE and near-infrared (NIR)
fluorophore, Cy7-NHS, and then DSPE-Cy7 was incorporat-
ed into liposomes at about 0.5 mol% of total lipids.

To obtain doxorubicin loaded liposomes (LP-DOX), the
external phase of liposomes was adjusted to pH 7.6 by phos-
phate buffer. Then doxorubicin, at a drug-to-lipid molar ratio
of 1:15, was dissolved in it and incubated at 70°C for 30 min.
Unencapsulated doxorubicin was removed by dialysis.

Targeted liposomes FA/TAT-LP-DOX were prepared by
the post-insertion method (22). DSPE-PEG5000-FA and
DSPE-PEG2000-TAT were rehydrated with water to form
micelles and then mixed with doxorubicin liposomes at
55°C for 1 h to allow insertion. Following heating, liposomes
were immediately cooled on ice. Other types of liposomes
(mPEG5000-LP-DOX、mPEG2000-LP-DOX、FA-PEG5000-
LP-DOXand TAT-PEG2000-LP-DOX, abbreviated as PEG-
LP-DOX、PEG2000-LP-DOX、FA-LP-DOX、TAT-LP-
DOX, respectively) were prepared as the same method.

Characterization of Liposomes

The mean diameter and zeta potential of liposomes were
determined by dynamic light scattering (DLS) using a Nicomp
TM380 ZLS (NICOMP, USA). Morphological analysis of
liposomes was carried out by transmission electron microsco-
py (TEM) (TecnaiG220, FEI, USA).

The entrapment efficiency of doxorubicin liposomes was
determined by the ultra filtration-HPLC method. Briefly,
500 μl doxorubicin liposomes were added to ultrafiltration
devices (Millipore UFC501096) and centrifuged at
10,000 rpm for 15 min. Then free doxorubicin was collected
and its concentration was determined by HPLC. Promosil
Column: C18 (4.6 mm×250 mm, 5 μm); Mobile phase: solu-
tion A (0.01 mol/L NH4H2PO4 buffer solution) : solution B
(methanol)=35:65; Flow rate: 1.0 ml/min; Wavelength:
497 nm; injection volume: 20 μl.

Doxorubicin encapsulation efficiency (EE, %) was calculat-
ed as follows.

EE% ¼ weight of the feeding drug−weight of the unencapsulated drugð Þ
=weight of the feeding drug� 100%

In Vitro Release of DOX

The release profiles of DOX from FA/TAT-LP-DOX were
studied at 37°C using a dialysis tube (MWCO 12,000) under
shaking (200 rpm) in three different media, i.e. phosphate
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buffer pH 7.4, phosphate buffer pH 6.8 and acetate buffer
pH 5.0. Typically, 0.5 ml FA/TAT-LP-DOX was dialyzed
against 20 ml of release media. At desired time intervals, 5 ml
release media was taken out and replenished with an equal
volume of fresh media. The amount of released DOX was
determined by using fluorescence (FLS920) measurement
(Ex=480 nm, Em=560 nm). The release experiments were
conducted in triplicate and data are expressed as means ± SD.

Cell Culture

KB Cells were maintained in folate-free DMEM medium
supplemented with 1% penicillin, 1% streptomycin, and
10% newborn calf serum. The cells were cultured as a mono-
layer in a humidified atmosphere containing 5% CO2 at
37°C.

In Vitro Cytotoxicity Assay

Cytotoxicity studies were conducted by seeding KB cells at a
density of 5×103 cells/well of a 96-well plate 24 h prior to
incubation with liposomes. The culture medium was then
replaced with 100 μl of medium containing different types of
doxorubicin liposomes at different DOX concentrations. Fol-
lowing 72 h incubation at 37°C, the cells were washed with
PBS and then 20 μl MTT stock solution (5 mg/ml) was added
to each well, and the plates were further incubated for 4 h at
37°C in the dark. Medium was then discarded and 100 μl
DMSO was added to dissolve the blue formazan crystal. Cell
viability was assessed by absorbance at 492 nmmeasured on a
microplate reader (Multiskan MK3, Thermo Labsystems,
Finland). The data were expressed as the percentages of viable
cells compared to the survival of a control group (untreated
cells as controls of 100% viability).

Cellular Uptake Studies

To determine the cellular uptake, KB cells were seeded at a
density of 2×104 cells/well in 24-well plates and incubated for
36 h until 70% confluence reached. The medium was re-
placed by 500 μl medium containing different types of doxo-
rubicin liposomes (PEG-LP-DOX, FA-LP-DOX, PEG/
TAT-LP-DOX or FA/TAT-LP-DOX) at the concentration
of 3 μg/ml for 1 h. The solution was removed, and the cells
were washed with cold PBS. Nuclei were stained with Hoechst
33342 for 15 min, washed three times with PBS and finally
cells were examined on fluorescent microscope (IX51, Olym-
pus, Japan).

For quantitative analysis of the cellular uptake, KB cells
were seeded at a density of 2×105 cells/well in 6-well plates,
incubated for 48 h. Then cells were incubated with different
types of doxorubicin liposomes (PEG-LP-DOX, FA-LP-
DOX, PEG/TAT-LP-DOX or FA/TAT-LP-DOX) at the

DOX concentration of 6 μg/ml for 1 h. After that, the cells
were washed three times with PBS, detached with 0.25%
trypsin, centrifuged at 1,000 rpm for 5 min and suspended
in 0.5 ml of PBS. Then the cells were analyzed using a flow
cytometry (FACSCalibur, BD Biosciences, USA) at FL2-
channal. For each sample, 10,000 events were collected and
KB cells cultured under normal conditions were served as the
control. In the competition experiments, 500 μg/ml of free
folate (FA) or 800 μg/ml of polylysine (PLL) was added to the
cells 30 min prior to the addition of FA/TAT-LP-DOX
(DOX concentration, 6 μg/ml). After 1 h incubation, the cells
were analyzed quantitatively as described above. For the
determination of uptake rate, cells were treated with PEG-
LP-DOX, FA-LP-DOX or FA/TAT-LP-DOX at different
time points (0.5, 1, 1.5, 2 and 3 h) at the DOX concentration
of 6 μg/ml. Then the cells were analyzed quantitatively as
described above.

Subcellular Localization of the Liposomes by Confocal
Microscopy

A confocal laser scanning microscopy (CLSM, TCS-SP2,
Leica, Germany) was used to investigate intracellular distri-
bution of different types of doxorubicin liposomes. KB cells
were seeded on coverslips (22×22 mm), cultured for 36 h at
37°C, and then incubated with FA-LP-DOX or FA/TAT-
LP-DOX in DMEM medium respectively for 1 or 2 h at the
DOX concentration of 6 μg/ml. After that, cells were incu-
bated with 50 nM LysoTracker Green (60 min) and 10 mM
Hoechst 33342 (15 min) to visualize lysosomes and nuclei,
respectively, and then fixed in 4% paraformaldehyde. Finally
the cells were washed three times with cold PBS, and observed
with the laser scanning confocal microscope.

Investigation of the Mechanism Involved in the Uptake
of FA/TAT-LP-DOX

To study the uptake pathways of FA-LP-DOX, TAT-LP-
DOX and FA/TAT-LP-DOX, cells were treated with follow-
ing inhibitors individually at chosen concentrations: 10 μg/ml
of chlorpromazine, 40 μg/ml of colchicine or 40 μg/ml of
filipin (30,31). TheMTT assay was employed to confirm their
toxicity. Cells cultured in presence of test liposomes but with-
out inhibitors were used as controls and their fluorescence
intensities were expressed as 100%. Following pre-incubation
for 30 min, cells were treated with FA-LP-DOX, TAT-LP-
DOX or FA/TAT-LP-DOX for 1 h, respectively. Then cells
were washed three times with PBS and the fluorescence
intensity of DOX was determined by flow cytometry. The
subcellular distribution of FA/TAT-LP-DOX was also ob-
served by confocal microscope after 30 min incubation with
different endocytosis inhibitors and subsequent incubation
with FA/TAT-LP-DOX for 2 h.
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In Vivo Imaging Investigations

Tumor-bearing mice were established as described previously.
Briefly, about 1×107 KB cells were subcutaneously injected in
the left flank of the mice. Tumors were allowed to grow to an
average size of about 6 mm in diameter before the experi-
ment. To investigate the tumor targeting efficacy of different
types of liposomes in vivo, Cy7-labeled PEG/TAT-LP, FA-LP
or FA/TAT-LP were injected into the tumor-bearing mice via
tail vein at a dose of Cy7 0.4 mg/kg, respectively. At 6, 12, 18,
24, and 48 h post injection, the mice were anesthetized, and
the whole body fluorescence images were acquired using a
near-infrared fluorescence imaging system (Kodak, Roches-
ter, New York) with a wavelength set at Ex=747 nm, Em=
774 nm. During the imaging acquiring process, 3% isoflurane
anesthesia was delivered via a nose cone system. The mean
fluorescence intensity of Cy7-labeled liposomes in tumor re-
gion was calculated using the region of interest (ROI) function.

Major organs and tumors were removed from the tumor-
bearing mice at 48 h and finally visualized as described above.

Statistical Analysis

Comparisons between multiple treatments were made using
one-way analysis of variance (ANOVA). Pair-wise compari-
sons between treatments were made using a student’s t-test.
P<0.05 was considered significant.

RESULTS AND DISCUSSION

Synthesis of DSPE-PEG5000-FA and DSPE-PEG2000-TAT

The chemical structure of DSPE-PEG5000-FA was confirmed
by 1H NMR spectrum (Fig. 2a), DSPE: 0.88 (t), 1.25 (s), PEG:

Fig. 2 Characterization of ligand-PEG-lipid conjugates. (a) The 1H-NMR
spectrum of DSPE-PEG5000-FA. (b) HPLC assessment of TAT peptide con-
jugated to the distal end of DSPE-PEG2000-Mal by monitoring absorbance at
220 nm. (a DSPE-PEG-Mal, b TAT peptide before reaction, c TAT peptide
after reaction)

Fig. 3 In vitro cytotoxicity of FA-LP-DOX (a) or TAT-LP-DOX (b) with
different density (molar ratio of ligands to lipid) of DSPE-PEG5000-FA or
DSPE-PEG2000-TAT at 1.5μg/ml of DOX. Data are presented as means ±
SD (n=3). *P<0.05, **P<0.01, N.S. not significant.
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3.50 (s), FA: 6.80 (d), 7.80 (t), 8.71 (s). The purity of DSPE-
PEG5000-FA was 85%, which was calculated by the integral
area ratio. For DSPE-PEG2000-TAT, TLC confirmed the
formation of DSPE-PEG2000-TAT as the spot of DSPE-
PEG2000-Mal disappeared after the reaction (data not shown).
HPLC analysis was applied to determine the conjugation effi-
ciency of TAT peptide to DSPE-PEG2000-Mal. The retention
time of TAT peptide was about 7.6 min, while NHS-PEG-Mal
did not show obvious characteristic absorption peak under this
condition (Fig. 2b, curve a). The conjugation efficiency was
about 95% in accordance with the integrated areas of TAT
peptide before and after reaction (Fig. 2b, curve b and c).

In Vitro Screening of the Optimal Ligand Density

For targeted nano drug delivery systems, the density of surface
ligand is a key determinant for targeting efficiency (32). Low
ligand density of nanoparticles makes it hard to satisfy specific

recognition by cells, while high ligand density is prone to result
in greater accumulation of nanoparticles in liver and spleen
(4). Additionally, transmembrane ability of TAT peptide
modified nanocarrier is believed to be tightly related to
TAT peptide density (14,18). Therefore, prior to the construc-
tion of the dual-ligand liposome, a series of single-ligand
liposomes with different ligand densities were firstly prepared
and antitumor activities of these liposomes were examined by
cytotoxicity assay. Figure 3a showed the relationship between
FA density and cell viability. It was obvious that cell viability of

Fig. 4 Characterization of dual-
ligand modified doxorubicin
liposomes. (a) Schematic illustration
of FA/TAT-LP-DOX. (b) TEM
micrographs of LP-DOX (a) and FA/
TAT-LP-DOX (b). (c) Particle size
distribution of FA/TAT-LP-DOX. (d)
Zeta potential of PEG-LP-DOX (a),
FA-LP-DOX (b), TAT-LP-DOX (c),
PEG/TAT-LP-DOX (d) and FA/TAT-
LP-DOX (e).

Table I Sizes, Zeta Potential and Entrapment Efficiency of Different Types of
Liposomes (n=3)

Type of liposomes Particle size (nm) Zeta potential (mV) EE (%)

PEG-LP-DOX 145.6±1.4 −15.3±0.8 94.3±1.3

FA-LP-DOX 148.2±2.5 −11.7±0.7 92.8±2.3

TAT-LP-DOX 112.1±2.3 5.6±0.3 94.5±1.8

PEG/TAT-LP-DOX 140.8±3.4 −3.2±1.4 93.2±2.1

FA/TAT-LP-DOX 142.1±1.2 −4.4±0.2 92.2±1.2
Fig. 5 In vitro release profiles of DOX from FA/TAT-LP-DOX at different pH
values (pH 7.4, pH 6.8 and 5.0) at 37°C for 48 h. Data are expressed as the
mean ± SD (n=3).
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KB cells was gradually decreased with increased FA density.
When FA density reached 5%, the lowest cell viability was
obtained. However, no significant difference in cell viability
was observed between 5% and 10% of FA density, suggesting
that 5% of FA density was sufficient to occupy all the FA-
receptors on cell surface. Similarly, cytotoxicity of TAT pep-
tidemodified liposome was highly dependent on TAT peptide
density. Liposome with 5% of TAT peptide exhibited the
strongest tumor killing activity (Fig. 3b). However, it was still
noteworthy that no significant difference was found on cyto-
toxicity between liposomes with 2.5% and 5% of TAT pep-
tide, indicating that 2.5% of TAT peptide was enough to exert
transmembrane ability. Interestingly, it was found that with
the equal drug loading and the same ligand density, TAT
peptide modified liposomes always showed lower cell viability

than FA modified liposomes, proving the advantage for TAT
peptide in intracellular drug delivery.

Preparation and Characterization of the Dual-ligand
Liposome

According to the above results, the dual-ligand liposome was
constructed with 5%mol FA and 2.5%mol TAT peptide. For
comparative analysis, liposomes with single-ligand modifica-
tion or PEG modification only were also prepared. Physico-
chemical properties of these liposomes were shown in Fig. 4
and Table I. All the liposomes had a narrow size distribution,
regular spherical shape and relatively high entrapment effi-
ciency (above 90%). Interestingly, chain length of PEG
seemed to affect the particle size of the liposomes. It was found
that liposomes with long chain PEG, no matter with or with-
out ligands, was about 30 nm larger in particle diameter than
that of liposome with short chain PEG (about 110 nm for
TAT-LP-DOX). The larger particles may provide a possible
space to shield the TAT peptide. Data of zeta-potential de-
termination further supported our assumption. The charge of
TAT-LP-DOX was positive (5.6±0.3 mV), while the charge
of either PEG-LP-DOX or FA-LP-DOXwas negative,−15.3
±0.8 mV and −11.7±0.7 mV, respectively. As for PEG/
TAT-LP-DOX and FA/TAT-LP-DOX, pronounced chang-
es in charge of the liposomes occurred. The determined zeta-
potentials for PEG/TAT-LP-DOX and FA/TAT-LP-DOX
were −3.2±1.4 mV and −4.4±0.2 mV, about 9 and 10 mV
lower than that of TAT-LP-DOX. These findings suggested
that cationic TAT peptide was able to be shielded by long
chain PEG completely. In our case, slightly negative charge
was considered necessary to repel opsonins, allowing the lipo-
some to circulate in blood for a long time (33,34).

In Vitro Release of DOX

In vitro drug release of DOX from FA/TAT-LP-DOX was
studied and this experiment was carried out at three different
pH values (physiological pH 7.4, extracellular pH 6.8 and
intracellular lysosomal pH 5.0). As shown in Fig. 5, a slow and
sustained rather than burst release of DOX was observed at
physiological pH 7.4, which is proposed for tumor targeted
drug delivery, as during the blood circulation, the drug loss
must be as less as possible to avoid its side effects. As the pH
value of release medium decreased, the drug release became
faster. At pH 5.0, nearly 60% of DOXwas released after 48 h.
This trend was consistent with the aforementioned drug-
loading pH gradient method, and this pH-dependent phe-
nomenon also benefited intracellular DOX release in the
lysosomal acidic environment. Actually, the mechanisms for
drug release from liposomes in lysosomes are complex, which
involve pH-triggered release, membrane fusion triggered re-
lease, enzyme-triggered release and so on (35). Thus, the

Fig. 6 (a) In vitro cytotoxicity of different types of liposomes at 1.5 μg/ml of
DOX. (b) IC50 value of different types of liposomes from 0.01 to 20 μg/ml of
DOX. Data are presented as means ± SD (n=3). *P<0.05, **P<0.01.
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in vitro drug release profiles only provided partial information
on the intracellular DOX-release from FA/TAT-LP-DOX.

In Vitro Cytotoxicity Assay

Cytotoxicity assay was conducted to evaluate the antitumor
activity of the dual-ligand liposomes. It could be seen in Fig. 6a
that on the same experimental condition, FA/TAT-LP-DOX
exhibited a significant decrease in cell viability compared with
single-ligand liposomes FA-LP-DOX and PEG/TAT-LP-DOX
(P<0.01). This result manifested the combination of FA and

TAT peptide was beneficial to the antitumor efficacy of the
liposome. Accidentally, cytotoxicity of PEG/TAT-LP-DOX
was remarkably declined, which was approximate to that of
PEG-LP-DOX, hinting that the translocation ability of TAT
peptide was almost completely hindered by long chain PEG.
IC50 (half maximal inhibitory concentration) determination of-
fered further evidence for the greater antitumor efficacy of FA/
TAT-LP-DOX. As displayed in Fig. 6b, the IC50 value of FA/
TAT-LP-DOX (0.68 μg/ml) was 5.3-times and 2.6-times lower
than that of PEG/TAT-LP-DOX (3.58 μg/ml) and FA-LP-
DOX (1.78 μg/ml), respectively.

Fig. 7 Cellular uptake after 1 h culture with PEG-LP-DOX, FA-LP-DOX, PEG/TAT-LP-DOX or FA/TAT-LP-DOX. (a) Cellular uptake examined by fluorescent
microscopy. Blue: Hoechst (a–d). Red: DOX (e–h). Merge: (i–l). (b) Flow cytometry analysis of different types of doxorubicin liposomes accumulated in KB cells.
(c) Quantitation of mean fluorescent intensity of different types of doxorubicin liposomes by flow cytometry. Data are presented as means ± SD (n=3).
*P<0.05, **P<0.01, N.S. not significant.
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Evaluations of Cellular Uptake

Cellular uptake of the liposomes was assessed by fluorescent
microscopy. As shown in Fig. 7, after 1 h incubation, KB cells
treated with FA-LP-DOX exhibited stronger red fluorescence
in cytoplasm than those treated with PEG-LP-DOX, indicat-
ing decoration of FA could facilitate cellular uptake of the
liposomes. As anticipated, fluorescence image for PEG/TAT-
LP-DOX resembled that of PEG-LP-DOX. Together with
the inferior tumor killing activity of PEG/TAT-LP-DOX, we
could infer that long chain PEG in PEG/TAT-LP-DOX
created a steric hindrance and blocked the association of
TAT peptide with plasma membrane, leading to such an
insufficient cellular uptake. As for FA/TAT-LP-DOX, the
strongest red fluorescence was observed, suggesting that
TAT peptide contributed to cellular uptake of FA/TAT-LP-
DOX. Later, DOX fluorescence intensity in KB cells was
analyzed by flow cytometry. FA/TAT-LP-DOX showed the
highest mean fluorescence intensity, followed in a descending
order by FA-LP-DOX > PEG/TAT-LP-DOX > PEG-LP-
DOX (Fig. 7b and c). The mean fluorescence intensity of FA/
TAT-LP-DOX was about 1.6-times and 2.6-times stronger
than that of FA-LP-DOX and PEG/TAT-LP-DOX,
respectively.

Further, uptake rates of FA-LP-DOX, PEG/TAT-LP-
DOX and FA/TAT-LP-DOX by KB cells were investigated
by determining the fluorescence intensities of DOX in cells at
predetermined time points. As shown in Fig. 8a, the three
types of liposomes presented distinct mean fluorescence inten-
sities after 0.5 h incubation. The mean fluorescence intensity
of FA/TAT-LP-DOX was about 1.2-times and 1.7-times
stronger than that of FA-LP-DOX and PEG/TAT-LP-
DOX, respectively. Later, differences in fluorescence intensity
among the three types of liposomes were continuously wid-
ened as time prolonged. Interestingly, good linearity was
observed between the mean fluorescence intensity and the
incubation time by curve fitting using linear regression. In
the time periods from 0.5 to 3 h, FA/TAT-LP-DOX had
about 1.6-time and 2.8-time average uptake rate than that of
FA-LP-DOX and PEG/TAT-LP-DOX, respectively
(Fig. 8b). Thus, it was apparent that the combination of FA
and TAT peptide not only remarkably boosted the liposomal
uptake amount, but also significantly accelerated the liposo-
mal uptake.

Competitive Inhibition Experiment

To explore the respective role of FA and TAT peptide in
cellular uptake of the liposome, a competitive inhibition ex-
periment was performed. Free FA and polylysine (PLL, pos-
itive charged) were used as the uptake inhibitors, which were
expected to block folate receptor mediated endocytosis (22)
and the electrostatic interaction between TAT peptide and

Fig. 8 (a) Linear fitting of the cellular uptake of KB cells incubated with
different types of liposomes (FA/TAT-LP-DOX, FA-LP-DOX or PEG/TAT-LP-
DOX) for various lengths of time (0.5, 1, 1.5, 2 and 3 h). (b) The relative
uptake rate of different types of liposomes during 0–0.5 and 0.5–3 h. The
uptake rate of PEG/TAT-LP-DOX was served as control (100%). Data are
presented as means ± SD (n=3). *P<0.05, **P<0.01.

Fig. 9 Cellular uptake after 1 h culture with FA/TAT-LP-DOX, TAT-LP-DOX,
FA-LP-DOX or PEG/TAT-LP-DOX examined by flow cytometry. In compe-
tition experiments, 500 μg/ml of free folate (FA) or 800 μg/ml of polylysine
(PLL) was added to the cells 30 min prior to the addition of FA/TAT-LP-DOX.
Data are presented as means ± SD (n=3). *P<0.05, **P<0.01,
***P<0.001 as compared with FA/TAT-LP-DOX. N.S. not significant.
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plasma membrane (30), respectively. As shown in Fig. 9, cel-
lular uptake of FA/TAT-LP-DOX was significantly sup-
pressed after PLL or FA treatment. It was noteworthy that
the determined fluorescence intensity of FA/TAT-LP-DOX
treated by PLL was highly similar to that of FA-LP-DOX,
indicating that inhibition of TAT peptide-mediated translo-
cation did not affect FA receptor mediated endocytosis. Re-
garding to the case of treatment with FA, it was apparent that
the determined mean fluorescence intensity of FA/TAT-LP-
DOXwas almost as close to that of PEG/TAT-LP-DOX and
PEG-LP-DOX (not shown), but far less than that of TAT-LP-
DOX. This result suggested that activation of translocation
ability of TAT peptide relied heavily on the existence of
specific ligand FA. It was probable that specific recognition
and binding of FA to FA receptors on cell surface made TAT
peptide fully exposed to plasma membrane, resulting in
subsequent effective membrane penetration of TAT peptide
(26).

Subcellular Localization of the Liposome by Confocal
Microscope

Confocal laser scanning microscopy (CLSM) was used to
observe intracellular trafficking of the liposomes. DOX-
loaded liposomes were visualized as red fluorescence, lyso-
somes and nucleus were labeled with Lysotracker green (green
fluorescence) and Hoechest 33342 (blue fluorescence), respec-
tively. After 1 h incubation, FA-LP-DOX was observed pri-
marily on the cytoplasmic side close to cell plasma membrane
as shown by ring-shape red fluorescence (Fig. 10a), while FA/
TAT-LP-DOX exhibited a uniform distribution of red fluo-
rescence in the whole cytoplasm (Fig. 10b). In addition, strong
yellow fluorescence in the cytoplasm derived from the over-
lapping of red fluorescence and green fluorescence was obvi-
ous for FA-LP-DOX and FA/TAT-LP-DOX treatment

group, manifesting that both liposomes were transported into
lysosomes after endocytosis. Further, it was clear that except
for the yellow fluorescence in the cytoplasm, there was hardly
any purple fluorescence visible in the nucleus for both lipo-
somes at 1 h. This phenomenon pointed out that uptake of the
liposomes was the predominant cellular activity instead of
drug release in this time period. With the prolongation of
time, a distinct situation was witnessed for both liposomes.
Previous yellow fluorescence in the cytoplasm nearly disap-
peared, and was replaced by obvious green fluorescence.
Meanwhile, strong purple fluorescence emerged in the nucle-
us. This change implied that the majority of DOX entrapped
in the liposomes were librated and then entered the nucleus.
Noticeably, the purple fluorescence for FA/TAT-LP-DOX
was much stronger than that for FA-LP-DOX, reflecting that
more DOX molecules entered the nucleus for FA/TAT-LP-
DOX. It has been known that DOX exerts its cytotoxicity by
chelating into the DNA, more DOX in the nucleus represents
higher antitumor effect, according with the results of
cytotoxcity assay. Additionally, it was worth mentioning that
both liposomes showed similar intracellular transport behav-
ior, but the fluorescence intensities observed in the nucleus
were markedly different, indicating that uptake efficiency of
liposome determined the drug amount delivered into the
nucleus.

Uptake Mechanisms of the Dual-ligand Liposome

Nanocarriers can employ multiple pathways for cellular entry,
mainly including clathrin-mediated endocytosis (CME),
caveolae-mediated endocytosis and macropinocytosis (36).
To elucidate the uptake mechanisms of FA/TAT-LP-DOX,
we investigated the effect of different representative endocytic
inhibitors on cellular uptake of FA/TAT-LP-DOX, namely,
chlorpromazine (an inhibitor of CME) (37), colchicine (an

Fig. 10 Subcellular location of FA-
LP-DOX (a) and FA/TAT-LP-DOX
(b). Photos were taken after cells
incubated with FA-LP-DOX or FA/
TAT-LP-DOX for 1 or 2 h. Nuclei
was stained by Hoechst 33342
(blue). 1: red fluorescent DOX; 2:
green fluorescent late endosomes/
lysosomes; 3: overlay of 1, 2 and
Nuclei. Yellow: Lysotracker Green
co-localized with DOX. Bar:
10 μm.
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inhibitor of macropinocytosis) (38) and filipin (an inhibitor of
caveolae-mediated endocytosis) (31). Under the same condi-
tion, FA-LP-DOX and TAT-LP-DOX were served as the
positive controls. Prior to the inhibition experiment, cytotox-
icity of the three inhibitors at individual concentration was
assessed and demonstrated nontoxic to the cells (Fig. 11a).

Figure 11b presented the results of cellular uptake of the
three types of liposomes in the presence of different inhibitors.
For FA-LP-DOX, only chlorpromazine among the three
endocytic inhibitors significantly reduced the cellular uptake
of FA-LP-DOX (P<0.05, 19.4%), indicating that CME was
the major pathway for cellular entry of FA-LP-DOX. With
regard to TAT peptide-mediated endocytosis, studies have
suggested diversity of mechanisms for its translocation across
the cellular membrane (18,39). Recent studies proposed that
non-specific macropinocytosis was the main endocytic path-
way for TAT-conjugated large molecules (40). In our case, it
was revealed that both CME and macropinocytosis were the
main endocytic routes for TAT-LP-DOX, as evidenced by
15.3% and 10.2% reduction in cellular uptake by chlorprom-
azine and colchicine treatment, respectively. As for FA/TAT-
LP-DOX, even all known three endocytic pathways were
involved into the cellular entry of these dual-ligand liposomes.
Significantly, chlorpromazine and colchicine inhibited 29.2%
and 11.5% of cellular uptake of the dual-ligand liposomes,
respectively. Further, it was interesting to note that the
inhibition rate of FA/TAT-LP-DOX by chlorpromazine
approximated the summation of the corresponding inhi-
bition rates of FA-LP-DOX and TAT-LP-DOX (34.7%),
while the inhibition rate of FA/TAT-LP-DOX by col-
chicine was highly similar to that of TAT-LP-DOX
(10.2%). This result suggested that it was very probable
that FA and TAT peptide mediated the endocytosis of
the dual-ligand liposome in their individual ways.

Further, confocal microscopy images directly showed the
changes in cellular internalization of FA/TAT-LP-DOX after
co-incubation with above inhibitors (Fig. 11c). Chlorpromazine
almost completely blocked the clathrin-mediated endocytosis
pathway, therefore apparent green fluorescence dots and ab-
sence of yellow fluorescence were observed in Fig. 11c-b. At the
same time, severely weakened red fluorescence compared with
the control was also seen in the nucleus, which could be
ascribed to the liposomes internalized via the pathway of
macropinocytosis-mediated endocytosis. In the case of colchi-
cine (Fig. 11c-c), it presented a little inhibitory effect on FA/
TAT-LP-DOX, as shown by somewhat diminished red fluo-
rescence in the nucleus. This image agreed well with the data
determined by flow cytometry (10.2% reduction in fluores-
cence intensity). As anticipated, filipin had negligible impact
on the uptake of FA/TAT-LP-DOX (Fig. 11c-d). These obser-
vations, from another point of view, demonstrated that
clathrin- and macropinocytosis-mediated endocytosis were the
primary pathways for cellular entry of FA/TAT-LP-DOX.

Fig. 11 (a) In vitro cytotoxicity of different endocytosis inhibitors. Cells
cultured without inhibitors were served as control. (b) Percent inhibition of
cellular uptake of FA-LP-DOX, TAT-LP-DOX and FA/TAT-LP-DOX in the
presence of endocytosis inhibitors (chloropromazine, colchicine or filipin).
Cells incubating with corresponding liposomes only were served as control.
Data are presented as means ± SD (n=3). *P<0.05, **P<0.01. (c)
Confocal laser scanning microscopy images of KB cells incubated with FA/
TAT-LP-DOX for 2 h in the presence of chloropromazine (b), colchicine (c) or
filipin (d). Cells incubating with FA/TAT-LP-DOX only were served as control
(a). Bar: 10 μm.
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In Vivo Targeted Delivery

A noninvasive real-time imaging technique was used to mon-
itor the dynamic distributions of Cy7-labeled PEG/TAT-LP,
FA-LP and FA/TAT-LP in tumor bearing mice from 6 to
48 h post-injection. To avoid the interference of the strong
fluorescence in liver, kidney and bladder as they are main
metabolic and excretory organs, we applied the function of
spectral unmixing only for tumor and its surrounding areas.

The acquired fluorescence images and the corresponding
fluorescence intensities of the Cy7-labeled liposomes in tu-
mors were reflected in Fig. 12a and b, respectively. Clearly,
all three types of liposomes showed tumor-selective accumu-
lation, which could be explained by the EPR effect. However,
it was noteworthy that PEG/TAT-LP always had the weaker
fluorescence intensities in comparison with FA-LP and FA/
TAT-LP, revealing that the transmembrane ability of TAT
peptide was also effectively suppressed in vivo due to the

Fig. 12 The targeted delivery of PEG/TAT-LP, FA-LPor FA/TAT-LP to tumor-bearing mice in vivo. (a) Time-dependent in vivo fluorescent images of PEG-LP, FA-LP
or FA/TAT-LP in KB tumor bearing mice. The red dotted circles indicate the sites of tumors. (b) Quantitative analysis of PEG/TAT-LP, FA-LP or FA/TAT-LP in tumor
tissues estimated from the fluorescence intensities. Data are presented as means ± SD (n=3). (c) Ex vivo images of organs and tumors at 48 h.
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shielding of long chain PEG. Moreover, the fluorescence
intensity of PEG/TAT-LP in tumors reached maximum val-
ue at 12 h post-injection, while the fluorescence intensities of
FA-LP and FA/TAT-LP continuously increased until the
maximum values were observed at 18 h. This time lag sug-
gested that passive targeting was far from enough for
nanocarriers to settle at tumor tissue and be taken by tumor
cells. Interestingly, FA-LP and FA/TAT-LP exhibited
similar profiles of fluorescence changes in intensity with
time. But, we should be aware of the difference that
stronger fluorescence intensities of FA/TAT-LP were
attained at all the experimental time points. Obviously,
this phenomenon could be ascribed to the synergistic
effect of FA and TAT peptide on promoting fast uptake
of FA/TAT-LP by tumor cells in vivo. As we know, rapid
endocytosis of nanocarriers would create greater diffusion
gradients which encouraged the directed transport of
nanocarriers into tumor (4), thus substantially boosted
the efficiency of tumor-targeted drug delivery. Specifical-
ly, resembling the in vitro experiments, it seemed that
recognition and binding of FA to FA receptors triggered
the cell-penetrating potential of TAT peptide in vivo in
accordance with the inferior tumor accumulation of
PEG/TAT-LP.

Figure 12c showed ex vivo images of main organs and tumors
excised from the experimental animals at 48 h. It was evident
that fluorescence signals only remained in kidney and tumors.
Among them, FA/TAT-LP exhibited the strongest fluores-
cence signals in either kidney or tumor. These findings fully
proved that the dual-ligand liposome was feasible to achieve
long-term in vivo retention and superior tumor targeting.

CONCLUSIONS

In our work, liposomal nanocarriers with tumor-specific rec-
ognition and penetration properties were successfully con-
structed by a novel dual-ligand modification strategy. It was
feasible to completely shield the positive charge of TAT
peptide and hinder its translocation ability by introducing
long chain PEG into the liposome, and we found that FA
located on the outer surface of the liposome was essential for
activating the translocation ability of TAT peptide. As dem-
onstrated in vitro, the dual-ligand liposome exhibited stronger
tumor killing activity and significantly improved cellular up-
take efficiency compared with FA-LP-DOX and PEG/TAT-
LP-DOX. In addition, uptake mechanism experiments re-
vealed that FA and TAT peptide performed synergistically
in promot ing ce l lu lar uptake v i a c la thr in - and
macropinocytosis-mediated endocytosis. Importantly, the
dual-ligand liposome retained cell-selective penetrating ability
in vivo, and showed higher tumor accumulation than FA-LP.

These studies demonstrated the superiority of FA/TAT-LP-
DOX in vitro and in vivo and this dual-ligand modification
strategy may provide an attractive approach for tumor-
targeted intracellular drug delivery.
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