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The  treatment  of  central  nervous  system  diseases  such  as  brain  glioma  is  a major  challenge  due  to  the  pres-
ence of  the  blood–brain  barrier  (BBB).  A  cell-penetrating  peptide  TAT  (AYGRKKRRQRRR),  which  appears
to  enter  cells  with  alacrity,  was  employed  to  enhance  the  delivery  efficiency  of  normal  drug  formu-
lation  to the  brain.  Targeting  liposomal  formulations  often  apply  modified  phospholipids  as  anchors.
However,  cholesterol,  another  liposomal  component  more  stable  and  cheaper,  has  not  been  fully  investi-
gated  as  an  alternative  anchor.  In  our study,  TAT  was  covalently  conjugated  with  cholesterol  for  preparing
doxorubicin-loaded  liposome  for brain  glioma  therapy.  Cellular  uptake  by  brain  capillary  endothelial  cells
(BCECs)  and  C6  glioma  cells  was  explored.  The  anti-proliferative  activity  against  C6s  confirmed  strong
inhibitory  effect  of  the  liposomes  modified  with  doxorubicin-loaded  TAT.  The  bio-distribution  findings
rain delivery
lood–brain barrier

in  brains  and  hearts  were  evident  of higher  efficiency  of  brain  delivery  and  lower  cardiotoxic  risk.  The
results on  survival  of the  brain  glioma-bearing  animals  indicate  that  survival  time of  the  glioma-bearing
rats  treated  with  TAT-modified  liposome  was  much  longer  than  in  the  other  groups.  In  conclusion,  the
potency  of  the  TAT-modified  liposome  to enter  the  BBB  appears  to  be related  with  the  TAT  on  the  lipo-
some’s  surface.  The  TAT-modified  liposome  may  improve  the therapeutic  efficacy  on brain  glioma  in vitro
and in  vivo.
. Introduction

In brain tumors, common approaches to enhance drug concen-
ration in the brain involve craniotomy-based drug delivery, such
s local intracerebral implants, or disruption of the blood–brain
arrier (BBB) by infusing hyperosmotic solution or vasoactive
gent prior to systemic administration of the drug (Petri et al.,
007). Being highly invasive, these approaches are the most appro-
riate for short-term treatments, where a single or infrequent

xposure to the drug is required. Though the invasive therapy may
otably cut down the tumor cell burden, chemotherapy is not yet
p to the task of two further orders of magnitude reduction in
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tumor cell numbers (Huynh et al., 2006). Biochemical and delivery
challenges hinder the development of effective brain tumor drug
therapies. Efficacy of the chemotherapy of brain pathologies
is often impeded by insufficient drug delivery across the BBB
(Takasato et al., 1984). Nearly 98% of small molecules and 100% of
large molecules are prevented from being uptaken by BBB (William
and Pardridge, 2005).There were several transport mechanisms
at the BBB, including paracellular aqueous pathway, transcellu-
lar lipophilic pathway, specific receptor-mediated endocytosis,
and absorptive endocytosis (Roney et al., 2005; Begley, 2004).
Absorption-mediated transcytosis is triggered by an electrostatic
interaction between the positively charged moiety of the peptide
and the negatively charged plasma membrane surface region
(Kumagai et al., 1987; Pardridge et al., 1989; Terasaki et al., 1989;
Tamai and Tsuji, 1996). One of the cell-penetrating peptides, TAT, is
the transactivating protein of the human immunodeficiency virus
type-1, which is essential for viral replication (Banks et al., 2005).

It can be reduced to a cluster of basic amino acids containing six
arginine and two lysine residues within a linear sequence of amino
acids. Their cationic charges facilitate the interaction with the nor-
mally negatively charged BBB, triggering permeabilization of the
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ell membrane via a receptor/transporter independent pathway,
hich results in endocytosis of the sequence (Derossi et al., 1996).
o saturable component to transport was found for either the

nflux or efflux of TAT. TAT has been shown to carry heterologous
roteins into several cell types (Fawell et al., 1994) and carry pro-
ein, nanoparticles and quantum dots across the BBB (Schwarze,
999; Liu et al., 2008; Santra et al., 2005). Our previous study
roved that the Rhodanmin-labeled TAT-modified liposomes bear
trong transendothelial ability in an in vitro BBB model, and biodis-
ribution test found accumulation of TAT-modified liposomes in
reat quantity in animal brains (Qin et al., 2011).

Doxorubicin (DOX) is one of the most widely used anticancer
gents. However, its clinical application is still limited by its dele-
erious side effects, including myelosuppression, gastrointestinal
oxicity, and especially cardiotoxicity (Lee and Low, 1995). To avoid
uch complications, the use of liposomes as carriers for DOX has
een recently explored in both animal and human trials (Mayer
t al., 1989).

Active targeting liposomal formulations were nano-scale vesi-
les modified with ligand that can be used as chemical or biological
rug carrying vesicles (Sharma and Sharma, 1997; Torchilin, 2005).

n a previous study (Zhao et al., 2007), ligand was  always modi-
ed on phospholipid such as DSPE. The DSPE introduces a negative
harge onto the liposome surface, which may  lead to additional
lasma protein binding. It is not as chemically stable as choles-
erol and is susceptible to degradation during storage. Cholesterol
s a neutral anchor is cheap and more chemically stable. Thus,
he replacement of DSPE with cholesterol is potentially more cost
ffective (Zhao et al., 2007).

To achieve high therapeutic efficiency of brain glioma, TAT-
odified cholesterol was used to prepare the doxorubicin-loaded

iposomes. In vitro and in vivo evaluations were made to examine
he applicability of the TAT-modified liposomes for enhanced brain
elivery.

. Materials and methods

.1. Materials

Doxorubicin was a gift from Haizheng Co. Ltd. Soybean
hospholipids (SPC) were purchased from Shanghai Taiwei Phar-
aceutical Co. Ltd., cholesterol (CHO) was purchased from Bio

ife Science & Technology Co. Ltd., Shanghai, PR China. NH2-
EG2000-Mal and mPEG2000-NH2 was purchased from Jenkem
echnology (Beijing, China). TAT peptide with terminal Cys-
eine (Cys-AYGRKKRRQRRR) was synthesized according to the
tandard solid phase peptide synthesis by Chengdu Kai Jie
io-pharmaceutical Co. Ltd. (Chengdu, China). The BCA protein
ssay kit was purchased from Pierce (USA). The other chemicals
ere obtained from commercial sources. The 1,1′-dioctadecyl-

,3,3′,3′-tetramethylindotricarbocyanine (DIR) was purchased
rom Biotium (USA).

Kunming mice and Wistar rats were purchased from the Exper-
mental Animal Center of Sichuan University (China). All animal
rocedures were approved by Experimental Animal Administrative
ommittee of Sichuan University.

.2. Synthesis of CHO-PEG2000-TAT and CHO-mPEG2000

Cholesteryl chloroformate was reacted with NH2-PEG2000-Mal
molar ratio = 2:1) in dry triethylamine (TEA) at room tempera-
ure in argon in the presence of 4-dimethylaminopyridine (DMAP)

or about 4 h. When NH2-PEG2000-Mal disappeared on thin layer
hromatography (TLC), the reaction mixture was filtered. The
ltrate was evaporated in vacuum. The residue was  purified
n a silica–gel chromatography column (DCM:MeOH = 1:1) to
armaceutics 420 (2011) 304– 312 305

afford CHO-PEG2000-MAL. CHO-PEG2000-Mal and Cys-TAT (molar
ratio = 1:1.5) were reacted in the mixture of CHCl3/MeOH (v/v = 2:1)
on gentle stirring at room temperature over night. When CHO-
PEG2000-Mal disappeared on TLC, the mixture was evaporated in
vacuum, the residue was re-dissolved with CHCl3, the insoluble
material was filtered, and the supernatant (CHO-PEG2000-TAT) was
evaporated again in vacuum and stored at −20 ◦C for later use.

CHO-mPEG2000 was  synthesized as described above with a
minor modification. NH2-mPEG2000 was used to react with the
cholesteryl chloroformate instead of NH2-PEG2000-Mal.

2.3. Preparation of liposomes

Doxorubicin-loaded liposomes were prepared by remote load-
ing using an ammonium sulfate gradient (Haran et al., 1993; Lasic
et al., 1995). Lipid compositions of the prepared liposomes were as
follows: (1) conventional liposomes (DOX-LIP), SPC:CHO = 66:34
(total lipid content: 3 �mol/mL); (2) long circulating liposomes
(DOX-LLIP), SPC:CHO:CHO-mPEG2000 = 66:26:8 (total lipid con-
tent: 3 �mol/mL); (3) TAT-modified liposomes (DOX-TAT-LIP),
SPC:CHO:CHO-mPEG2000:CHO-mPEG2000-TAT = 66:26:3:5 (total
lipid content: 3 �mol/mL). Briefly, the lipids of each composition
were dissolved in chloroform, dried into a thin film on a rotary
evaporator, and then hydrated with 300 mM of ammonium sulfate
solution. The liposomal solution was extruded five times through
a polycarbonate filter of 400, 200, and 100 nm in pore size sequen-
tially with an extruder (Avanti, USA). The free ammonium sulfate
was  removed by passing through a Sephadex G-50 column in 0.9%
sodium chloride. Five milliliters of liposomal solution and 0.65 mg
of doxorubicin were mixed, and then incubated at 60 ◦C for 20 min.
The doxorubicin-loaded liposomes were stored at 4 ◦C for later
use.

The free doxorubicin was removed by passing through a
Sephadex G-50 column. The envelopment efficiency of the lipo-
somes was  measured at Ex = 470 nm and Em = 590 nm,  respectively
on a spectrofluorimeter (RF-5301 fluorospectrophotometry, Shi-
madzu, Japan).

The mean diameters and zeta-potentials of DOX-LIP, DOX-LLIP,
and DOX-TAT-LIP were measured by Malvern Zetasizer Nano ZS90
(Malvern Instruments Ltd., UK).

DIR-loaded liposomes were prepared to investigate the distri-
bution of each liposome in the brains of mice. Various amounts of
lipid materials and DIR were dissolved in chloroform. Chloroform
was  then removed by rotary evaporation. The obtained thin film
was  kept in vacuum for over 6 h to remove the residual organic sol-
vent completely. The thin film was hydrated in 5% glucose solution
(pH 7.2) at 37 ◦C for 1 h. It was then intermittently sonicated with
a probe sonicator at 100 W for 50 s.

2.4. Aggregation characteristic of liposomes in presence of fetal
bovine serum (FBS)

Liposomes were prepared as described in Section 2.3.  In order
to investigate the aggregation characteristic of DOX-TAT-LIP and
other control groups, DOX-LIP, DOX-LLIP, and DOX-TAT-LIP were
mixed with the same volume of PBS containing 50% FBS, respec-
tively. The mixture solution was  incubated at 37 ◦C for 1, 2, 4, 8,
24 h to evaluate the variations of the transmittance at 750 nm. The
relative transmittance in relation to that in PBS was calculated to
evaluate aggregation of liposomes in blood stream (Maeda et al.,
2004).

2.5. In vitro release of doxorubucin from liposomes
In vitro release of doxorubicin from liposomes was  investigated
in saline (pH 7.4) and saline containing 50% FBS. Two milliliters
of liposomal solution was mixed with the same volume of saline
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pH 7.4) and saline containing 50% FBS, sealed into dialysis tubes
MW  8000–14,000), and incubated in 40 mL  of saline at 37 ◦C for
8 h in thermal bath on continuous stirring. At the predetermined
ime points, aliquots in the dialysis medium were withdrawn,
nd doxorubicin concentration was measured by spectrofluo-
imeter (RF-5301 fluorospectrophotometry, Shimadzu, Japan) at
x = 470 nm,  Em = 590 nm.  The cumulative release percentage (%)
as indicated by dividing the cumulative amount of doxorubicin

ecovered in the dialysis medium with the total amount in the
iposomes (Jung et al., 2010; Charrois and Allen, 2004).

.6. Confocal laser scanning microscopy (CLSM)

The doxorubicin-loaded liposomes were prepared as described
bove. BCECs and C6s were plated on gelatin-coated cover slips
n 6-well culture plates. Different groups of liposomes and free
oxorubicin were added to the plates with final concentration of
oxorubicin was 0.5 �g/mL. After incubation at 37 ◦C in 5% CO2 for

 h, 2 mL  of 2 �g/mL DAPI was added for 5 min, and the cells were
ashed three times with cold PBS and fixed using 4% paraformalde-
yde. The cover slips were mounted cell-side down and viewed
ith a Leica TCS SP5 AOBS confocal microscopy system (Leica,
ermany).

.7. Quantitative evaluation of cellular uptake

BCECs were plated on gelatin-coated 24-well culture plates and
ultured for 48 h. The BCECs were incubated with free doxoru-
icin (DOX), DOX-LIP, DOX-LLIP and DOX-TAT-LIP, which were
iluted with medium containing FBS to different final DOX con-
entrations (2.5 �g/mL, 5.0 �g/mL, 10.0 �g/mL) for 1 h at 37 ◦C. In

 separate experiment where the effects of incubation time on
iposomes cellular uptake were studied, the cells were incubated

ith DOX, DOX-LIP, DOX-LLIP, and DOX-TAT-LIP of a final con-
entration of 5.0 �g/mL at 37 ◦C for 1, 4 and 8 h. At the end of
he incubation period, the cells were washed three times with
old PBS and incubated with 1 mL/well 1% Triton-X 100 at 37 ◦C
or 20 min. 100 �L of the lysate was set aside for the test of total
rotein of cells with the BCA assay kit, and the rest was added
n additional 2 mL  of 1% Triton-X 100 each and subject to cell-
ssociated fluorescence determination at Ex = 470 nm,  Em = 590 nm
espectively on a spectrofluorimeter (RF-5301 fluorospectropho-
ometry, Shimadzu, Japan). The results were described as the
ptake indices, which were expressed in fluorescence/�g  of
rotein.

C6s were plated on gelatin-coated 24-well culture plates, and
ultured for 24 h. DOX, DOX-LIP, DOX-LLIP, and DOX-TAT-LIP were
ncubated with the C6s as described above.

.8. Anti-proliferative activity against C6 glioma cells

C6 glioma cells were seeded into 96-well culture plates at a den-
ity of 1 × 104 cells/well and grown at 37 ◦C in presence of 5% CO2
or 24 h. DOX, DOX-LIP, DOX-LLIP, and DOX-TAT-LIP were diluted
ith FBS-free medium, and added into 96-well cultured plates,

espectively. The final concentrations of doxorubicin were in the
ange from 3 to 48 �g/mL. Twenty-four hours later, the medium
as evacuated. Fresh medium was added and cultured for another

4 h. Cytotoxicity was measured with microtiter tetrazolium (MTT)
ssay, and absorbance was read on a microplate reader at 570 nm.
he cells blankly treated were evaluated as controls. The sur-

ival percentage was calculated by the following formula: Survival
%) = (A570 nm for treated cells/A570 nm for control cells) × 100,
here A570 nm was the absorbance value. Each assay was repeated

n triplicates (Xiong et al., 2005; Yang et al., 2009).
armaceutics 420 (2011) 304– 312

2.9. Ex vivo near-infrared (NIR) fluorescence imaging

For in vivo optical imaging, mice were injected intravenously
via vena caudalis with DIR-loaded liposomes. Ex vivo NIR fluores-
cence imaging was performed 4, 12 and 24 h after probe injection.
The animals were sacrificed by perfusion of sodium chloride (N.S)
in the heart. The whole brains were removed and placed into a
whole-mouse imaging system (Imaging Station IS2000MM, Kodak)
equipped with a band-pass filter at 700 nm and a long pass filter at
730 nm.  Images were captured by the CCD camera embedded in the
imaging (Ntziachristos et al., 2003; Frangioni, 2003).

2.10. Quantitative study of distribution in brain and heart

All procedures of the in vivo studies were approved by Sichuan
University Animal Ethics Experimentation Committee following
the Act of People’s Republic of China on Use of Experimental Ani-
mals.

The mice were randomly assigned into four groups with each
group further divided into five subgroups according to differ-
ent time points. DOX, DOX-LIP, DOX-LLIP, and DOX-TAT-LIP were
injected via the tail veins, where each animal received a dose
of doxorubicin at 2.5 mg/kg. At 0.5, 1, 2, 4, and 8 h after the
injection, the animals were sacrificed by cervical dislocation. The
hearts and brains were removed and flushed with water three
times to remove the blood remains. The tissues were homoge-
nized with double amount of phosphate buffer (pH 9.0). 10 �L of
internal standard (1 mg/mL  Doxorubicin) was  added into 200 �L
organ homogenate, and extracted with 1 mL  mixture solution of
methanol and chloroform (4:1). The mixture was  vortexed for
5 min, and centrifuged at 10,000 rpm for 5 min. The supernatant
was  transferred to another centrifuge tube, and dried under air
stream at room temperature. The dry residue was reconstituted
with 50 �L of mobile phase. The solution was  centrifuged at
12000 rpm for 10 min, and then 20 �L of the supernatant was
injected into the HPLC system for analysis. A reversed-phase HPLC
was  employed for the determination of doxorubicin concentrations
in the plasma and tissue samples. A HPLC (Alltech, IL, USA) system
with a Diamonsil C18 column (200 mm × 4.6 mm,  5 �m),  and a mix-
ture of methanol–acetonitrile–0.01 mol/L diammonium hydrogen
phosphate–glacial acetic acid (50:22:28:0.6) as mobile phase were
employed for the in vivo studies. The column temperature was  35 ◦C
(Han et al., 2005).

2.11. Effects on the survival of brain tumor-bearing animals

Wistar rats (8 weeks of age initially weighing 220–250 g) were
housed under standard conditions with free access to food and
water. The animals were deeply anaesthetized with Chloral Hydra-
tel (i.p. 400 mg/kg). Through a midline sagittal incision a burr hole
of 1.5 mm in diameter was drilled at a point 1 mm  posterior to
the right coronal suture and 3 mm lateral to the sagittal midline
(Adam et al., 2006; Gu et al., 2007). Approximate 5 × 107 C6 glioma
cells which in 10 �L serum-free 1640 medium was implanted at a
depth of 5 mm from the brain surface into the right forebrain. The
scalp incision was  closed. At day 3, after tumor inoculation, the rats
were randomly divided into five groups (10 rats per group). Ani-
mals in blank control group were administered with physiological
saline. Animals in other four groups were treated with DOX, DOX-
LIP, DOX-LLIP, and DOX-TAT-LIP via tail vein at a dose of 2.5 mg/kg
of doxorubicin, respectively. Administration was continued on days

6 and 12. Ten rats were used for monitoring the survival curves
(Petri et al., 2007; Brigger et al., 2004). The survival time was cal-
culated from the day 0 since tumor inoculation to the day of death.
Kaplan–Meier survival curves were plotted for each group.
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Table 1
Characters of liposomes (n = 3).

DOX-LIP DOX-LLIP DOX-TAT-LIP

Size (nm) 166.1 ± 2.17 100.2 ± 1.23 105.1 ± 2.22
PDI 0.184 ± 0.017 0.161 ± 0.025 0.179 ± 0.042

somes were delivered into the cells. The red florescence was mostly
found in the cell nucleus and cytoplasm. The fluorescence exhib-
ited by the BCECs and C6s treated with DOX, DOX-LIP and DOX-LLIP
markedly decreased.
Y. Qin et al. / International Journa

. Results and discussion

.1. Construction of liposomes

This study aims to develop liposomes formulated with TAT-
odified cholesterol for enhancing their brain delivery and

herapeutic efficiency on brain glioma. As one of the liposome
ngredients, cholesterol was electro-neutral and chemically sta-
le. The cost of cholesterol is merely one hundredth of DSPE.
s a result, replacing DSPE with cholesterol seems potentially
ore cost-effective. Having said that, we coupled the TAT in

ur study to prepare the TAT-modified liposomes. Poly(ethylene
lycol) (PEG) has always been modified onto the surface of lipo-
omes for improved pharmacokinetics (PK) after intravenous (i.v.)
dministration and minimizing their protein binding to escape the
urveillance of reticuloendothelial system (RES) (Li and Huang,
010). However, excessive PEG modified on the surface of the lipo-
omes might restrict cellular uptake.

TAT peptide density appears to be an important factor in cellular
elivery of very large structures, such as liposomes (Eguchi et al.,
001). In our previous study, we confirmed that coupling the TAT
eptide to the outer surface of liposomes might strongly increase
he binding of liposomes to cells. Yet excessive TAT hardly con-
ributed to the cellular delivery. It might also bind with the protein
n the serum, and lower the stability of the liposomes. As a result,
% of CHO-PEG-TAT was modified on the liposome to achieve ideal
ell uptake, while 3% CHO-mPEG2000 was added to shield the TAT
nd enhance the stability of the liposomes in the serum (Qin et al.,
011).

The potential of TAT-modified liposome for brain delivery was
reviously demonstrated in vitro. TAT played a key role in the cellu-

ar uptake and the transendothelial process on BBB model in vitro.
his internalization process met  the active endocytosis pathway,
hich might be mediated via multiple pathways, including the

lathrin mediated endocytosis and macropinocytosis. The cationic
harges of the TAT peptide certainly play a key role in the uptake
rocess (Vives et al., 1997a,b; Wender et al., 2000). Both the positive
nd negative charges might decrease the cellular uptake of TAT-LIP,
nd block the transport of the TAT-LIP on BBB model in vitro. This
esult confirmed that the absorptive endocytosis might be one of
he mechanisms of TAT-LIP crossing the BBB. Whether there were
ther pathways needed to further research.

To construct the liposomal drug delivery system, we  first con-
ugated PEG2000 to the CHO, and then the TAT anchored to the
istal end of PEG2000. TOF MS  ES+ confirmed the formation of
HO-PEG2000-TAT (Mw  observed = 4208, Mw  calculated = 4233).
HO-mPEG2000 was synthesized as described above. TLC showed

 purity of CHO-mPEG >95%.

.2. Characterization and stability of liposomes

In this study, DOX-LIP was a common control group without
odification. The DOX-LLIP contained 8% of CHO-mPEG2000. The

ensity of PEG on its surface was the same with the TAT-LIP. The
ontrol group certified the superiority and inferiority of the PEG. For
he three types of liposomes, the average particle sizes were less
han 150 nm,  and the PDI were less than 0.2. The values of charge
istributed around the liposome vesicles were shown in Table 1.
he DOX-LIP and DOX-LLIP were weakly negatively charged, while
he DOX-TAT-LIP was positively charged. The envelopment effi-
iencies were all over 90%.

All the liposomes investigated in vivo were tested in vitro in

erms of stability in the presence of 50% FBS, which simulated
he physiological environment of blood in vivo. The variation in
ransmittance according to different incubation periods of differ-
nt samples incubated in 50% FBS at 37 ◦C were shown in Fig. 1.
Zeta (Mv) −8.20 ± 0.98 −6.43 ± 0.78 22.87 ± 0.80
EE  (%) 96.65 ± 1.30 97.96 ± 1.60 93.53 ± 0.37

The transmittance of all kinds of liposomes did not show any dras-
tic increase, suggesting that all the liposomes did not generate large
aggregation in blood stream within 24 h.

3.3. Release of doxorubicin from liposomes

Release properties of doxorubicin from different liposomes
were investigated at 37 ◦C in saline and saline containing 50% FBS.
As shown in Fig. 2, there was little release of doxorubicin from these
three liposomes during 24 h in saline. On the other hand, the in vitro
doxorubicin release from liposomes showed a comparatively gen-
tle release profile in 50% FBS. However, the TAT might induce faster
release than other two liposomes in 50% FBS. The reason might be
that the protein in the FBS decreased the stability of the lipid bilayer,
and the permeability of the liposome was increased. In the later pro-
cess, the proteins were binding with the liposome and interrupting
the release of the doxorubicin. The cumulative release of doxoru-
bicin was almost the same for three liposomes either in saline or
in saline containing 50%FBS. The cumulative doxorubicin release
of each liposome was  over 85% in saline, and over 60% in 50% FBS.
There were no pronounced differences in doxorubicin release from
each liposome at every time point. The TAT modified on the surface
of the liposome did not change the release behavior of the liposome.

3.4. Cellular uptake

After 1 h of incubation, doxorubicin was  localized in BCECs and
C6s. The cell nucleuses were stained blue with DAPI. The red fluo-
rescence could be found in the cell nucleus and cytoplasm. Among
all the four kinds of groups, the internalization of liposomes mod-
ified with TAT by the BCECs and C6s was  the most evident (Fig. 3).
The strongest red fluorescence could be found in these two cells
after treated with DOX-TAT-LIP indicated that the most of lipo-
Fig. 1. Aggregation characteristic of each liposome. The prepared liposomes were
incubated in 50% FBS at 37 ◦C for 1, 2, 4, 8 and 24 h. Transmittance of the solutions
was  measured at 750 nm. Relative transmittance was calculated against that in PBS
(%).
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Fig. 4. Quantitative evaluation of cellular uptake by BCECs. Cellular uptake is
expressed as uptake indices (n = 3). (A) Cellular uptake was measured 1, 4, and
8  h after treatment with different formulations with the same doxorubicin con-
centration. (B) Cellular uptake was measured 1 h after treatment with different

F
w

ig. 2. Release profiles of doxorubicin from liposomes at 37 ◦C in (A) normal saline
nd  (B) 50% FBS. Mean ± SD are shown (n = 3).

The cellular uptake of each formulation by BCECs was also in a
ime-dependent manner within 8 h (Fig. 4A). The uptake indices of
OX-TAT-LIP were 3.45, 1.12 and 0.79 times higher than those of
OX; 1.31, 1.23, and 0.55 times higher than those of DOX-LIP; 5.46,
.32 and 1.12 times higher than those of DOX-LLIP at 1, 4 and 8 h

n the medium containing 10% FBS, respectively.
The uptake indices (Fig. 4B) of DOX-TAT-LIP were 0.61, 3.45 and

.85 times higher than those of DOX; 0.61, 12.31, and 1.90 times
igher than those of DOX-LIP; 2.41, 5.41 and 0.44 times higher than
hose of DOX-LLIP at 2.5, 5.0, and 10.0 �g of DOX in the medium
ontaining 10% FBS, respectively.

The cellular uptake of each formulation by C6s was also in a

ime-dependent manner within 8 h (Fig. 5A). The uptake indices of
OX-TAT-LIP were 2.24, 1.30, and 1.68 times higher than those of
OX; 1.08, 0.74, and 1.62 times higher than those of DOX-LIP; 4.26,

ig. 3. Cellular uptake of doxorubicin-loaded liposomes by BCECs (A) and C6s (B) conce
ell.  For each line was  (a) DOX, (b) DOX-LIP, (c) DOX-LLIP, and (d) DOX-TAT-LIP.
formulations with different doxorubicin concentrations (n = 3). The data are pre-
sented as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001; versus DOX-TAT-LIP.

1.56, and 2.25 times higher than those of DOX-LLIP at 1, 4, and 8 h
in the medium containing 10% FBS, respectively.

The uptake of each formulation by C6s was  in a concentration-
dependent manner within 8 h (Fig. 5B). The uptake indices of TAT-
LIP were 5.39, 2.24 and 1.30 times higher than those of DOX; 1.63,
1.08, and 0.74 times higher than those of LIP: 3.18, 4.26, and 7.75
times higher than those of LLIP at 2.5, 5.0, and 10.0 �g of DOX in
the medium containing 10% FBS, respectively.

We can conclude that the cellular uptake of DOX-TAT-LIP was

improved noticeably by TAT modification compared with unmod-
ified LLIP and LIP. In our previous study (data not shown), the
Rho-labeled liposomes had also been uptaken by BCECs efficiently.

ntrations of liposomes in all samples were adjusted to 5 �g/ml of doxorubicin per
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Fig. 5. Quantitative evaluation of cellular uptake by C6s. Cellular uptake is expressed
as  uptake indices (n = 3). (A) Cellular uptake was measured 1, 4, and 8 h after treat-
ment with different formulations with the same doxorubicin concentration. (B)
C
d
*

S
i
n
t
t
L

ellular uptake was measured 1 h after treatment with different formulations with
ifferent doxorubicin concentrations (n = 3). The data are presented as mean ± SD.
P  < 0.05; **P  < 0.01; ***P < 0.001; versus DOX-TAT-LIP.

o, the TAT could not only deliver the carrier, but also the cargo
nto the cells. The uptake process showed a time-dependent man-

er. LLIP showed the poorest cellular uptake, which might be due
o the presence of PEG in high density on the liposome. The PEG on
he surface of the liposomes restricted the interaction between the
LIP and cellular membrane.

Fig. 7. Ex vivo imaging of brain given differe
Fig. 6. Anti-proliferative effect by directly applying each formulation for 24 h.
The data are presented as mean ± SD. *P < 0.05; **P < 0.01; ***P < 0.001 versus
DOX-TAT-LIP.

3.5. Anti-proliferative effects on C6 glioma cells

Fig. 6 represents the anti-proliferative effect of each formula-
tion on C6 glioma cells. The results from MTT  assay showed that
the DOX-TAT-LIP exhibited the strongest inhibitory effect on the
proliferation of C6 glioma cells among all the other formulations
under different concentrations. The IC50 values of DOX, DOX-LIP,
DOX-LLIP, and DOX-TAT-LIP were 7.88, 1.63, 29.96, and 0.33 �g/mL,
respectively. The IC50 value of TAT-LIP was  24.24 times lower
than that of DOX. In comparisons between the drug-loaded lipo-
somes, the IC50 value of DOX-TAT-LIP was 4.94, and 90.79 folds
lower compared to DOX-LIP and DOX-LLIP, respectively, indicating
that the anti-proliferative effect of the drug-loaded liposomes was
markedly elevated by the modification with TAT.

3.6. Ex vivo near-infrared (NIR) fluorescence imaging

Recently, near-infrared (NIR) fluorescence imaging has emerged

as a potential tool for imaging (Ntziachristos et al., 2003; Frangioni,
2003). In the NIR wavelength range of 700–900 nm,  light penetrates
relatively deep into the tissue. The NIR fluorescence imaging offers
advantages such as nonradioactivity and high sensitivity compared

nt DIR-loaded liposomes via tail vein.
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Fig. 8. Bio-distribution of each formulation in mice at different time points
expressed as doxorubicin concentration in brain (A) and heart (B). The data are
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ith conventional techniques (Xu et al., 2007; Tromberg et al.,
008). After 4 h the injection, there was defined fluorescent signal

n the brains of DIR-TAT-LIP group. However, the strong NIR flu-
rescent signal was observed coming from the brains of the mice
njected intravenously with the DIR-TAT-LIP 12 and 24 h after injec-
ion. Weak signals exhibited in the brains of control animals treated
ith DIR-LIP and DIR-LLIP during the same period of time (Fig. 7).

he LLIP might be more stable in vivo, and its circulating time might
e longer than the LIP. So it might have more chance to contact with
he BBB. That might be the reason that we found more fluorescence
ignals in LLIP group.

.7. Distribution of different liposomes and free doxorubicin in
ouse brains and hearts

The quantitative study of biodistribution could reveal the
haracter of each formulation in vivo more precisely and literally.
oxorubicin distributed in brain and heart could be completely

eparated and detected under the selected analytical method,
hich could be validated by the standard curves (r of all tissues

0.995), and the recoveries were between 85% and 115% in all tested
issues. The concentrations of doxorubicin in the brain of TAT-LIP
t 0.5, 1, 2, 4, 8 h were 3.05, 5.60, 1.80, 1.74, and 1.09 times higher
han those of DOX; 3.38, 6.58, 2.16, 2.08, and 0.20 times higher than
hose of DOX-LIP; and 0.22, 0.73, 2.72, 10.49, and 0.45 times higher
han those of DOX-LLIP (Fig. 8A). The concentrations of doxorubicin
n the hearts of DOX-TAT-LIP at 0.5, 1, 2, 4, 8 h were much lower
han those of free doxorubicin (Fig. 8B), which indicated that the
istribution of doxorubicin in heart was decreased. The data had
howed that the DOX-TAT-LIP accumulated the most in the brain
f all within 8 h after the administration. The clinical application of
oxorubicin is still limited by its deleterious side effects, especially
or cardiotoxicity (Lee and Low, 1995). The concentration of DOX-
AT-LIP in the heart was lower that that of DOX. These data showed
hat the DOX-TAT-LIP could not only transport into the brain effec-
ively, but also decrease the distribution of the doxorubicin in the
eart.

.8. Effects on survival of brain tumor-bearing animals

For defining the efficacy of the functionalized liposomes in
nimals, brain glioma-bearing rat models were applied. As shown
n Table 2, the presence of TAT as well as the liposomes as a
ormulation parameter increased the therapeutic efficacy. The
ata in Table 2 focused on the short-term survival results. After
he treatment, the median survival time of rats treated with
OX-TAT-LIP (89 days) was significantly longer than those of

ats treated with physiological saline (54 days), DOX (32 days),
OX-LIP (53 days), and DOX-LLIP (69 days), respectively (Table 2).

he Kaplan–Meier survival curves (Fig. 9) emphasized on the
ong-term survivors. It can be seen that DOX-TAT-LIP showed
he best anti-tumor effects, endowing long-term remission to
0% of the animals. The DOX-LLIP produced single long-term

able 2
eans and median for survival time (n = 10).

Group Means SD 95% Conf. interval (days)

Lower Uppe

N.S 53.500*** 5.323 43.066 63.93
DOX  42.600*** 8.429 26.079 59.12
DOX-LIP 57.500*** 3.798 50.055 64.94
DOX-LLIP 66.800** 9.401 48.260 85.34
DOX-TAT-LIP 79.400 8.351 63.872 94.92

P < 0.05 versus DOX-TAT-LIP.
** P < 0.01 versus DOX-TAT-LIP.

*** P < 0.001 versus DOX-TAT-LIP.
presented as mean ± SD. *P < 0.05; **P  < 0.01; ***P < 0.001 versus DOX-TAT-LIP.

survivor. The animals in other three groups were all dead
within 100 days. Necropsy of the long-term survivors performed
100 days post tumor implantation revealed no signs of tumor
growth.

At the initial days after the administration, some of the ani-
mals which were treated with doxorubicin solution refused to
take food and water, moved slowly, developed hematuria and
appeared lethargy, while the weight decreased rapidly. These might
be caused by the side effects of the doxorubicin. As a result, the life
span of animals treated with doxorubicin was slightly shorter than
the N.S group. Survival curves, median survival time, and mean
survival time showed that the DOX-TAT-LIP significantly enhance

the therapeutic effect in the brain glioma-bearing Wistar rats, indi-
cating that the TAT is able to increase the transport of the drug
across the BBB and to improve the therapeutic effect on the brain
glioma.

 Median SD 95% Conf. interval [days]

r Lower Upper

4 54.000*** 3.162 47.802 60.198
1 32.000*** 3.162 25.802 38.198
5 53.000*** 2.635 47.835 58.165
0 69.000 22.136 25.614 112.386
8 89.000 20.555 48.713 129.287
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Fig. 9. Kaplan–Meier survival curves.

. Conclusion

In conclusion, the in vitro and in vivo experimental data indi-
ate that the TAT-modified liposomes may  be a promising brain
rug delivery system, which is capable of improving the therapeutic
fficacy on brain glioma both in vitro and in vivo.
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