
C
l

W
a

b

a

A
R
R
A
A

K
C
D
P
F

1

t
t
e
a
c
t
2
n
o
(
b
i

p
4

w

0
d

International Journal of Pharmaceutics 393 (2010) 119–126

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journa l homepage: www.e lsev ier .com/ locate / i jpharm

o-delivery of doxorubicin and plasmid by a novel FGFR-mediated cationic
iposome

enjing Xiaoa,b, Xiang Chena, Li Yanga, Yongqiu Maoa, Yuquan Weia, Lijuan Chena,b,∗

State Key Laboratory of Biotherapy, West China Hospital, West China Medical School, Sichuan University, Chengdu 610041, China
West China School of Pharmacy, West China Medical School, Sichuan University, Chengdu, China

r t i c l e i n f o

rticle history:
eceived 21 September 2009
eceived in revised form 14 April 2010
ccepted 15 April 2010
vailable online 21 April 2010

eywords:
ationic liposomes
oxorubicin
lasmid
GF-mediated

a b s t r a c t

In our previous study, we developed a novel cationic liposome, which was modified with truncated
human basic fibroblast growth factor (tbFGF) peptide. This tbFGF-mediated cationic liposome could
deliver chemotherapeutic agents or gene specifically to FGFRs on tumors and obtained higher transfection
efficiency than plain cationic liposomes. In order to investigate whether this novel cationic liposome could
achieve a synergistic/combined anti-tumor effect as a co-delivery system, we simultaneously delivered
doxorubicin (DOX) and the plasmid encoding the phosphorylation-defective mouse survivin threonine
34 → alanine mutant (Msurvivin T34A plasmid) to the same cells through this cationic liposome. As a
result, an enhanced antiproliferative activity in vitro has been achieved by delivering DOX and DNA
simultaneously to the Lewis lung carcinoma cells (LLC) using this liposome. The concentration of DOX
in the co-delivery system which caused 50% killing was nearly 3-fold lower than that of the free DOX.

Furthermore, the co-delivery system suppressed tumor growth more efficiently than either DOX or the
Msurvivin T34A plasmid alone in the Lewis lung carcinoma-bearing C57BL/6 mice. After 18 days of treat-
ment with the co-delivery system, the average tumor volume in mice was decreased by 80%, which was
higher than liposomal DOX (70%, P < 0.05) and Msurvivin T34A plasmid (41%, P < 0.01). The co-delivery
system also caused 15 days delay of tumor growth, which was longer than the other treatment groups.
In conclusion, this novel cationic liposome is an efficient vector to simultaneously deliver drugs and DNA

and in
to the same cells in vitro

. Introduction

Co-delivery system, which could deliver drugs and DNA simul-
aneously to the same cells in vitro and in vivo has been proposed
o enhance gene expression or achieve the synergistic/combined
ffect of drug and gene therapies (Zhang et al., 2001; Kishida et
l., 2003; Janát-Amsbury et al., 2004). Some studies suggested that
ationic liposome could be used as a successful co-delivery sys-
em to deliver DNA and drugs into the immune cells (Liu et al.,
004). Meanwhile these liposomes have been demonstrated sig-
ificant benefits as delivery systems for anticancer drugs because

f their selectively targeting angiogenic endothelial cells in tumors
Thurston et al., 1998). In addition, as non-viral vectors, they could
e safely administered to humans for their lower toxicity and

mmunogenicity than viral vectors (Xu et al., 1997).
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However, the obstacle of the cationic liposome used as a vector
for DNA was the low transfection efficiency in contrast to viral vec-
tors (Nakase et al., 2005). Numerous strategies have been explored
to overcome this disadvantage including receptor-mediated gene
delivery methods (Hara et al., 1995). Basic fibroblast growth fac-
tor (FGF2)-receptor was reported to be ubiquitously up-regulated
in many human tumor types, such as lung cancers (Takanami et
al., 1996; Volm et al., 1997), making this receptor as an attrac-
tive target for cancer gene therapy. In fact, the FGF2-retargeted
adenoviral (FGF2-Ad) molecular conjugates have been reported to
obtain efficient transfer in many kinds of cells (Rogers et al., 1997;
Rancourt et al., 1998; Gu et al., 1999; Printz et al., 2000; Kleeff et al.,
2002). Moreover, our lab has reported the cationic liposome com-
bining the truncated basic fibroblast growth factor (tbFGF) peptide
(a.a. 30–115) can specifically lead to location in tumors (Chen et
al., 2010). This peptide, containing FGF2-receptor binding site and
part of heparin-binding site, could effectively bind FGF2-receptor

on cell’s surface, but not stimulate cell proliferation.

The aim of this paper was to evaluate the potential of the
above-mentioned novel cationic liposome designed by our lab
as a carrier to deliver drugs and DNA simultaneously in the
same cells. Doxorubicin (DOX) and the plasmid encoding the
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hosphorylation-defective mouse survivin threonine 34 → alanine
utant (Msurvivin T34A plasmid), as the model drug and plasmid,
ere delivered to the same cells by it.

DOX, as an anthracycline antibiotic, has become part of stan-
ard treatment regiments for both hematological malignancies and
olid tumors (Tan et al., 1973). However, it has been limited in clin-
cal use for lack of tumor specificity and development of natural
r acquired resistance to tumor (Zou et al., 1994). Many attempts
ave been done to overcome these limitations. Prodrug and par-
iculate methods involved as active fields of DOX research for past
wo decades (Van Heeswijk et al., 1984). Liposomes also have been
sed as carriers for delivery of DOX to reduce side effect, such as
nthracycline-induced cardiomyopathy (Batist et al., 2001). How-
ver, the clinical trails showed drug resistance even could not be
olved by combination chemotherapy (Henk et al., 2009).

Survivin is an unique member of the inhibitor of apoptosis gene
amily, which is a Mr 16,500 intracellular protein (Salvesen and
uckett, 2002). Previous studies have demonstrated that the level
f survivin protein appeared to be involved in tumor cell resistance
o ionizing, radiation (Asanuma et al., 2000) and some chemothera-
eutical drug, like DOX (Paduano et al., 2006). Thus, many attempts
ave been made to counteract survivin in tumor cells includ-

ng anti-sense, ribozymes, RNAi-mediated survivin knockdown,
urvivin-directed vaccines or dominant negative mutants (Peng et
l., 2008). Msurvivin T34A plasmid, as a dominant negative mutant
as also been reported to reduce tumor cell proliferative potential
nd lead to caspase-dependent apoptosis in melanoma cell lines
Grossman et al., 2001; Kanwar et al., 2001).

Therefore, we supposed that this novel cationic liposome
as an effective vector to deliver DOX to cells simultaneously
ith Msurvivin T34A plasmid, resulting in achieving the syn-

rgistic/combined anti-tumor effect in vitro and in vivo for the
nteraction of DOX with Msurvivin T34A plasmid.

. Materials and methods

.1. Materials

1,2-Dioleoyloxy-3-trimethylammonium-propane (DOTAP;
vanti Polar Lipids Inc., Alabaster, AL) and cholesterol (Chol;
igma Chemical Co., St. Louis, MO) were used for preparation of the
iposome. Pure doxorubicin (DOX; Meiji Seika Kaisha Ltd., Kitakami
lant) was used for encapsulation into cationic liposomes. The
lasmid encoding the phosphorylation-defective mouse survivin
hreonine 34 → alanine mutant (Msurvivin T34A plasmid) and
runcated human basic fibroblast growth factor (tbFGF) peptide
ere bound to the surface of cationic liposomes, prepared by our

ab. A pEGFP-N1 plasmid designed for eukaryotic cell expression
f the green fluorescent protein (GFP) was obtained from Elim
iopharmaceuticals (Hayward, CA).

.2. Cells and culture conditions

LLC were incubated in DMEM (GIBICO). These cells were sup-
lemented with 10% heat-inactivated fetal calf serum, 100 units/ml
enicillin, 100 units/ml streptomycin, at 37 ◦C, 95% relative humid-

ty, under 5% CO2. Cell concentrations were determined by counting
rypsinized cells with a hemocytometer.

.3. Preparation of liposomes
Cationic liposomes (LPs) composed of DOTAP/Chol (molar ratio,
:1) as described previously (Chen et al., 2010). Briefly, DOTAP and
hol were dissolved in chloroform. Then the mixture was warmed
o 37 ◦C in a round-bottomed flask, and the solvent was evapo-
ated under vacuum in a rotary evaporator until a thin lipid film
armaceutics 393 (2010) 119–126

was formed. Solvent traces were eliminated by drying the film
at 5 millibars overnight. Lipid films were hydrated with 5% glu-
cose (w/v) to achieve a final concentration of 5 mg/ml lipid. The
hydrated lipid film was rotated in a water bath at 55 ◦C for 45 min
to form multilamellar liposomes (MLVs), spontaneously. Then the
MLVs were sonicated at 55 ◦C (200W, 5 min). Next, the suspension
was extruded 3 times through polycarbonate membrane (Millipore
Billerica, MA) with the size of 220 nm.

DOX was encapsulated in the LPs (LPs–DOX) using the trans-
membrane pH gradient loading procedure. 5 mg/ml of the LPs
were mixed with 1 mg/ml DOX with equal volume at 55 ◦C for
15 min. tbFGF was combined to the LPs (tbFGF–LPs) and LPs–DOX
(tbFGF–LPs–DOX) by incubated with respective liposomes at 4 ◦C
overnight. The final LPs/tbFGF ratio is 12.5:1 (w:w). Msurvivin T34A
plasmid, as the tbFGF, was also bound to the surface of liposomes.
tbFGF–LPs–MsurvivinT34A and tbFGF–LPs–DOX–MsurvivinT34A
were prepared by incubating Msurvivin T34A plasmid with
tbFGF–LPs or tbFGF–LPs–DOX at 4 ◦C for 40 min to obtain the con-
centration of 0.05 mg/ml.

2.4. Characterization of liposomes

The particle size and surface charge of liposomes were ana-
lyzed, using Nano-ZS (Malvern Instruments, Herrenberg, Germany)
at 25 ◦C (Ghera et al., 2009).

2.5. Transfection in vitro

Cells (LLC) grown to 60–70% confluence in 6-well plates
were incubated in serum-free medium with LPs–pEGFP,
tbFGF–LPs–pEGFP complexes (in the quantity required to deliver
2 �g DNA per well), which were composed of DNA/liposomes
(weight ratio, 1:5). After 4 h incubated at 37 ◦C under 5% CO2,
the medium was removed and cells were incubated with com-
plete DMEM for 24 h. GFP expression was visualized by light
microscopy and assessed by fluorescent microscopy (ESP Elite,
Beckman-Coulter, Miami, FL).

2.6. Antiproliferative activity in vitro

Antiproliferative activity of tbFGF–LPs–DOX–MsurvivinT34A,
tbFGF–LPs–DOX, LPs–DOX and DOX was measured in MTT assay.
Cells (LLC) were seeded in 96-well plates at a density of 1 × 105/ml
(0.1 ml of medium per well), and exposed to respectively liposomes
or DOX. The concentration of free DOX or DOX encapsulated in
liposomes was 5, 2.5, 1.25, 0.625 and 0.3125 �g/ml. The control
group was treated with LPs contained equivalent dose of cationic
liposomes as LPs–DOX and 6 wells were left as blank. After 48 h
20 �l MTT was added to each well and the absorbance was mea-
sured at 570 nm 3 h later by the Spectramax M5 Microtiter Plate
Luminometer (Molecular Device, USA) (Shi et al., 2009).

2.7. Flow cytometry and apoptosis analysis

LLC were seeded in 6-well plate and treated with 1.25 �g/ml
tbFGF–LPs–DOX, tbFGF–LPs–DOX–MsurvivinT34A and DOX, at the
time LPs contained equivalent dose of cationic liposomes as
LPs–DOX was used as the control group. After 48 h cells were
collected, washed with PBS and suspended in 1 ml hypotonic fluo-

rochrome solution which contained 50 �g propidium iodide/ml in
0.1% sodium citrate plus 0.1% Triton X-100. The cells were analyzed
by flow cytometer (ESP Elite, Beckman-Coulter, Miami, FL). Apop-
totic cells appeared in the cell cycle distribution were estimated
with Listmode software.
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Table 1
Mean diameter and � potential of liposomes.

Liposomes Diameter (nm) � Potential (mV)

LPs 87.2 ± 5 58.7 ± 8
tbFGF–LPs 164.5 ± 12 16.3 ± 10

ious concentrations of DOX, LPs–DOX, tbFGF–LPs–DOX and
tbFGF–LPs–DOX–MsurvivinT34A, respectively. The antiprolifera-
tive activity of tbFGF–LPs–DOX–MsurvivinT34A was the highest in
all of the groups, with the IC50 value of 1.8 ± 0.08 �M (Table 2).

Table 2
Antiproliferatve activity of DOX and various kinds of liposomes against LLC in vitro.

Liposomes IC50
a

W. Xiao et al. / International Journa

.8. Animals and tumor model

The LLC bearing-tumor model was established in C57BL/6N mice
female; 18–20 g body weight; 8 weeks old). These mice were inoc-
lated s.c. in the right posterior limb area with LLC (1 × 106). All
hese mice were purchased from Sichuan University Animal Cen-
er (Chengdu, China). All animals used in the experiments were
reated humanely in accordance with Institutional Animal Care and
se Committee guidelines.

.9. Anti-tumor activity in vivo

Tumor-bearing mice (tumor size about 5 mm × 5 mm)
ere divided into five groups (n = 8). Treatments con-

isted of tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A,
bFGF–LPs–DOX–MsurvivinT34A and control included DOX
nd NS. All of these groups were injected via tail vein. The dose of
OX was 2.5 mg/kg and that of Msurvivin T34A plasmid was 5 �g
er mouse. All of these groups were treated on days 0, 3, 6, 9, 12
nd 15. Survival time and tumor volumes were observed. Tumor
ize was determined by measuring of the largest and perpendicular
iameters every 3 days. Tumor volumes were calculated according
o the formula V = a × b2 × 0.52, where a is the largest superficial
iameter and b is the smallest superficial diameter. To detect
ecrosis, apoptosis and the microvessel density, tumors tissues
xcised were fixed in 10% formalin.

.10. Immunohistochemistry for microvessel, cell apoptosis and
roliferation analysis

Tumor tissues were fixed in 10% neutral buffered formalin
olution and embedded in paraffin. The activity of inducing apop-
osis was evaluated by TUNEL assay using an in situ cell death
etection kit (Roche Molecular Biochemicals) following the manu-
acturer’s protocol (Sawant and Torchilin, 2009). Cells undergoing
poptosis and necrosis were identified per high-power field. Anti-
ngiogenesis of every kind of liposomes and DOX were detected
y paraffin sections. The paraffin sections were deparaffinized in
ylol and rehydrated in graded alcohol series. Antigen retrieval
as carried out by autoclaving sections in retrieval buffer (10 mM,
H 6.0 EDTA citrate buffer) for 3 min in saturated steam after up-
ressure gaining (126 ◦C, 1.6 bars, 23 psi). Endogenous peroxidase
ctivity was blocked by incubation in 3% hydrogen peroxide at
oom temperature free of light for 20 min. Nonspecific binding of
eagents was quenched by incubation of sections for 20 min in
% normal rabbit serum. Then the sections were incubated with
monoclonal rat anti-mouse CD31 overnight at 4 ◦C, followed by

ncubating with the secondary antibody, biotinylated goat anti-rat
ntibody. The sections were then stained with labeled streptavidin
iotin reagents. Vessel density was determined by counting the
umber of microvessels per high-power field in the sections.

.11. Statistical analysis

Statistical comparisons were made with one-factor analysis of
ariance (ANOVA). For the survival time of animals, Kaplan–Meier

urves were established for each group, and the survivals were
ompared by means of the log rank test. Differences between means
r ranks as appropriate were considered significant when yielding
P < 0.05. Results are presented as mean ± SD. Experiments were
erformed at least in triplicate.
tbFGF–LPs–DOX 285.4 ± 20 28 ± 6
tbFGF–LPs–MsurvivinT34A 498.1 ± 25 15.2 ± 5
tbFGF–LPs–DOX–MsurvivinT34A 524.7 ± 32 10.3 ± 3

3. Results and discussion

3.1. Liposome characterization

Table 1 shows the particle size and surface charge of vari-
ous types of liposomes. The mean diameter of LPs, tbFGF–LPs
and tbFGF–LPs–DOX were 87.2 ± 5 nm, 164.5 ± 12 nm and
285.4 ± 20 nm (mean ± SD, n = 6), respectively. Moreover,
liposomes have larger particle size after incubating with
the plasmid, the particle size of tbFGF–LPs–MsurvivinT34A
and tbFGF–LPs–DOX–MsurvivinT34A were 498.1 ± 25 nm
and 524.7 ± 32 nm (mean ± SD, n = 6). The size of LPS and
tbFGF–LPs increased after DOX entrapping showed that free
DOX was encapsulated. Meanwhile, after the tbFGF–LPs–DOX
and Msurvivin T34A plasmid complexes forming, the size
also increased. These data demonstrated that the plasmid
was combined to the cationic liposome. The � potential of
LPs, tbFGF–LPs, tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A
and tbFGF–LPstbFGF–LPs–DOX–MsurvivinT34A were about
58.7 ± 8 mV, 16.3 ± 10 mV, 28 ± 6 mV, 5.2 ± 5 mV and 10.3 ± 3 mV
(mean ± SD, n = 6). The surface charge decreasing after mixing
of tbFGF–LPs and tbFGF–LPs–DOX with MsurvivinT34A plasmid
may be owing to the electrostatic interactions between lipids and
plasmid.

3.2. Transfection in vitro

The results of the LLC treated with LPs–pEGFP and
tbFGF–LPs–pEGFP complexes were presented in Fig. 1. The
flow cytometry data (Fig. 1B) showed the transfection efficiency
of the treatment of LLC with LPs–pEGFP was only 3.4 ± 0.09%. At
similar conditions, cells treated with tbFGF–LPs–pEGFP complexes
demonstrated a higher fluorescence, which was 9.3 ± 0.15%. These
results suggest that the plain cationic liposome have obtained the
higher efficient transfection through combining with the tbFGF.
The transfection efficiency were expressed as mean ± SD, n = 3.

3.3. Antiproliferative activity

Antiproliferative activity of DOX and various kinds of
liposomes against LLC was evaluated by MTT assay. The
antiproliferative activity of DOX and various kinds of lipo-
somes was shown in Fig. 2. LLC were exposed to var-
DOX 3.6 ± 0.10 �M
LPs–DOX 5.3 ± 0.11 �M
tbFGF–LPs–DOX 2.2 ± 0.06 �M
tbFGF–LPs–DOX–MsurvivinT34A 1.8 ± 0.08 �M

a 50% inhibitory concentration.
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Fig. 1. (A) Images show the plain cationic liposomes combining tbFGF increase transfectio
complexes in LLC. The liposomes–pEGFP complexes were composed of DNA/liposomes (w

Fig. 2. Antiproliferative activity of various kinds of lipsomes exposured in LLC. LLC
were treated with tbFGF–LPs–DOX–MsurvivinT34A, tbFGF–LPs–DOX, LPs–DOX and
DOX at concentration of 5, 2.5, 1.25, 0.625, 0.3125 �g/ml and LPs as the control
group contained equivalent dose of cationic liposomes as LPs–DOX. After 48 h, cell
viability was quantified by a standard MTT assay. � Control; � DOX; � LPs–DOX; ©
tbFGF-LPs–DOX; � tbFGF–LPstbFGF–LPs–DOX–MsurvivinT34A.
n in LLC. (B) Flow cytometry analysis of the effects of LPs–pEGFP, tbFGF–LPs–pEGFP
eight ratio, 1:5).

This result could suggest that the synergistic/combined effect has
been achieved by tbFGF–LPs as an efficacy vector to co-deliver
the drug and gene to the same cells in vitro. Meanwhile, the
DOX had a slightly lower IC50 value of 3.6 ± 0.10 �M compared to
5.3 ± 0.11 �M of LPs–DOX, which was probably a result of seques-
tration of the drug within the liposomes leading to low amounts of
drug released from the liposomes and taken up by cells. However,
IC50 value for tbFGF–LPs–DOX is 2.2 ± 0.06 �M that was lower than
free DOX. This enhanced antiproliferative activity may contribute to
the fact that this tbFGF-modified cationic liposome could improve
tumor specific attachment to cancer cells, resulting in enhancing
drugs uptaken by cells (Table 2). The IC50 values were expressed as
mean ± SD, n = 4.

3.4. Flow cytometry analysis

Apoptosis was measured by sub-G1 DNA content determined
by flow cytometry. The cells in sub-G1 phase were considered
as apoptotic cells. The apoptosis rate in LPs, 1.25 �g/ml DOX

and tbFGF–LPs–DOX were 6.1 ± 1.2%, 14.3 ± 2.4%, and 23.6 ± 1.5%,
respectively. The apoptosis rate in co-delivery treatment was
32.3 ± 4.2%, which was the highest in all the groups (Fig. 3).
These results further supported that this novel cationic lipo-
some designed by our lab could lead to specifically locate in
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Fig. 3. Apoptosis effect of various kinds of lipsomes expo-
sured in LLC. LLC were treated with 1.25 �g/ml tbFGF-LPs–DOX,
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bFGF–LPstbFGF–LPs–DOX–MsurvivinT34A, DOX and LPs as the control group
ontained equivalent dose of cationic liposomes as LPs–DOX. After 48 h, the cells
ere analyzed by flow cytometer. The data shows the apoptosis rate (mean ± SD).

P < 0.05, ** P < 0.01.

umors and result in uptaken by cells increasing. Moreover,
t also demonstrated that the novel liposome as a vector co-
elivering drugs and plasmid in same cells in vitro was successfully
ecause the highest apoptosis rate obtained as cells treated by
bFGF–LPs–DOX–MsurvivinT34A.

.5. Anti-tumor effect of the co-delivering system in vivo
In order to demonstrate the synergistic/combined effect of co-
elivery system in vivo, Msurvivin T34A plasmid was used as
therapeutic gene to be co-delivered with DOX into LLC bear-

ng C57BL/6N mice by injecting via tail vein. On days18 after

ig. 4. Anti-tumor effect of DOX, tbFGF-LPs–DOX, tbFGF–LPstbFGF–LPs–MsurvivinT34A
ith DOX, tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A, tbFGF–LPs–DOX–MsurvivinT34
ata were presented as mean ± SD. (C) Survival curves of C57BL/6N mice bearing Lewis

bFGF–LPs–DOX–MsurvivinT34A and NS. LLC (1 × 106/mice, 8 mice/group) were inocul
mm × 5 mm on day 0.
armaceutics 393 (2010) 119–126 123

treatment, as shown in Fig. 4B, the tumor volume in the mice
treated with tbFGF–LPs–DOX–MsurvivinT34A was 983 ± 136 mm3

with 80% decrease compared to that of untreated tumor vol-
ume, while the tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A and
DOX only reduced the tumor volume by 70% (1485 ± 184 mm3),
41% (2952 ± 209 mm3) and 67% (1630 ± 202 mm3) respectively as
compared to the NS groups (4951 ± 164 mm3). Meanwhile, the
treatment by Msurvivin T34A plasmid co-delivered with DOX sig-
nificantly resulted in improving the survival time versus the other
groups (Fig. 4C). The tbFGF–LPs–DOX–MsurvivinT34A has resulted
in longer than 15 days delay of tumor growth to reach 4000 mm3.
In contrast, tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A and DOX
only led to 9, 6 and 6 days delay of tumor growth to reach
4000 mm3. The delay time of tumor growth was defined as
the different time of tumor volume reached 4000 mm3 in
average between treated groups and control group. All of
these results indicated that a significant synergistic/combined
effect of co-delivering of DOX and Msurvivin T34A plas-
mid have been gained in vivo by using this novel cationic
liposome. The tumor volumes were expressed as mean ± SD,
n = 8.

3.6. Synergistic/combined induction of apoptosis

DNA fragmentation by TUNEL detection revealed the different
activities of inducing apoptosis in all the groups. Treatment with
tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A and DOX increased
apoptosis compared to the untreated group. What is more, the
tbFGF–LPs–DOX–MsurvivinT34A induced the highest apoptosis in

all the groups. As shown in Fig. 5, significant increases of TUNEL-
positive nuclei were found in the co-delivering system compared
to the tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A and DOX. These
data supposed that drugs and plasmid or plasmid and plasmid
even drugs and drugs could be administered to animals or humans

, tbFGF-LPs–DOX–MsurvivinT34A in vivo. (B) Tumor growth after being treated
A and NS in a Lewis lung carcinoma model. Eight mice per group were used.
lung carcinoma treated with DOX, tbFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A.,

ated s.c in the right flank. Treatment was administered i.v. as tumor size about
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Fig. 5. Terminal deoxynucleotidyltransferase-mediated dUTP nick-end labeling staining of tumor tissues. Sections after treatment were stained by TUNEL analysis to detect
apoptotic cells (400×). (A) NS, (B) DOX, (C) tbFGF–LPs–DOX, (D) tbFGF–LPs–MsurvivinT34A and (E) tbFGF–LPs–DOX–MsurvivinT34A.

Fig. 6. Immunohistochemical analysis of CD31 protein levels as a marker of vascular cells. Vascularization with tumors was detected by an antibody CD31 and
vascular density was quantified by counting the number of microvessel per field (400×). (A) NS, (B) DOX, (C) tbFGF–LPs–DOX, (D) tbFGF-LPs–MsurvivinT34A, (E)
tbFGF–LPs–DOX–MsurvivinT34A and (F) CD31 positive microvessel in each group. Values were expressed as mean ± SD *P < 0.05, ** P < 0.01.
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nly by one appropriate vector and synergistic/combined effect
ere obtained. This hypothesis led to the number of injections

educed, which may result in compliance increasing in clinical
reatment.

.7. Synergistic/combined inhibition of angiogenesis

Angiogenesis within tumor tissue was estimated in tumor
ections stained with an antibody reactive to CD31 and quan-
ified as described in Section 2. Compared to untreated group,
bFGF–LPs–DOX, tbFGF–LPs–MsurvivinT34A and DOX led to
pparent inhibition of angiogenesis in tumors. The average
umber of blood vessels observed at a magnification of 400×

n tumors treated with NS, DOX, tbFGF–LPs–DOXLPs–DOX,
bFGF–LPs–MsurvivinT34A and tbFGF–LPs–DOX–MsurvivinT34A
ere 90.13 ± 9.6, 74.58 ± 2.9, 51.18 ± 15.0, 70.63 ± 5.4 and

4 ± 3.6 (Fig. 6F). Reduced numbers of blood vessels in tumors
reated with tbFGF–LPs–DOX–MsurvivinT34A in comparison
ith tbFGF–LPs–DOX (P = 0.024), tbFGF–LPs–MsurvivinT34A

P = 0.001), tbFGF–LPs–DOX and DOX (P = 0.002) so signifi-
antly suggested that the more reduction of tumor visualization
ay contribute to enhance tumor regression. This data fur-

her illustrated the advantage of the novel delivery system in
ivo.

.8. Toxicity assays

During the experiment all groups of mice were well toler-
ted towards DOX and no gross signs of cumulative adverse
onsequences were observed such as huddling, weight loss, ruf-
ing of fur, life span, behavior, and feeding. Furthermore, no
athologic changes in liver, lung, kidney, spleens, brain, heart,
ancreas, intestines, or bone marrow were found by micro-
copic examination. In order to measure systemic toxicity of
he treatments, pathologic inspection was assessed by hema-
oxylin and eosin staining of sections. No pathologic changes in
iver, lung, kidney, spleens, brain, heart, pancreas, intestines, or
one marrow were found by microscopic examination (data not
hown).

. Conclusion

The data presented in this report confirmed our hypothesis that
his tbFGF-modified cationic liposome can be used as the vector co-
elivering drugs and gene to gain the synergistic/combined effect
fter improving the transfection efficacy by combining with tbFGF.
ur study reveals the perspective of this liposome as a novel deliv-
ry system. The Msurvivin T34A plasmid can be replaced with
ynthetic siRNA or another DNA and they can be successfully co-
elivered with drugs to enhance gene expression or to achieve
he synergistic/combined effect in gene therapy. Meanwhile, this
o-delivery system may provide a new treatment strategy for
umors.
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