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Delivery of drugs to the brain is a major challenge due to the presence of the blood-brain barrier (BBB).
The cell penetrating peptide TAT, which appears to enter cells with alacrity, can pass through the BBB
efficiently. With this in mind, a novel TAT-modified liposome (TAT-LIP) was developed for overcom-
ing the ineffective delivery of normal drug formulation to the brain. Targeting liposomal formulations
are always composed of modified phospholipids as an anchor. However, cholesterol, another liposo-
mal component, which was more stable and cheaper, has not been fully investigated as an alternative

{r(g-words: anchor. In this study, TAT was covalently conjugated with the cholesterol to prepare the liposome. The
Cholesterol cellular uptake by brain capillary endothelial cells (BCECs) of rats and the mechanism of TAT-LIP path-
Liposome way of endocytosis was explored. The blood brain barrier model in vitro was established to evaluate

the transendothelial ability crossing the BBB and its transport mechanism. The biodistribution of each
formulation was further identified. The results showed that the positive charge of the TAT-LIP played an
important role in enhancing its brain delivery. The absorptive endocytosis might be one of the mech-
anisms of TAT-LIP crossing the BBB. In conclusion, the experimental data in vitro and in vivo indicated
that the TAT-LIP was a promising brain drug delivery system due to its high delivery efficiency across
the BBB.
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1. Introduction

Central nervous system (CNS) diseases such as brain tumor,
epilepsy, and neurodegenerative disorders have become one of
the most dangerous threatens to the health of the human. Deliv-
ery of drugs to the brain is a major challenge due to the presence
of the blood-brain barrier (BBB). The BBB is a unique, selective
barrier formed by the endothelial cells that line cerebral capillar-
ies, together with perivascular elements such as closely associated
astrocytic end-feet processes, perivascular neurons and pericytes
(Cecchell et al., 2007; Newton, 2006). It is a dynamic and com-
plex interface between blood and the central nervous system that
strictly controls the exchanges between the blood and brain com-
partments, therefore playing a key role in brain homeostasis and
providing protection against many toxic compounds and pathogens
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(Cardoso et al., 2010). Nearly 98% of small molecules and 100% of
large molecules are prevented to be uptaken by the BBB (William
and Pardridge, 2005). Many potential drugs, which are effective at
their site of action, have failed and have been discarded during their
development for clinical use due to the failure to deliver them in
sufficient quantity to the CNS. In consequence, many diseases of
the CNS are undertreated.

Various strategies have been developed that can achieve
BBB penetration (Temsamani and Scherrmann, 2003; Pardridge,
1994), including neurosurgery-based strategies (Temsamani and
Vidal, 2004), pharmacology-based strategies, and physiology-
based strategies. However, problems have been encountered
with in many of these approaches (Temsamani and Vidal, 2004;
Pardridge, 2002). Therefore, new and non-invasive methods are
urgently needed. An alternative approach, which overcomes many
of the drawbacks of the existing methods, is the use of CPPs. Several
cell-penetrating peptides, which appear to enter cells with alacrity,
have been developed recently (Wadia and Dowdy, 2002; Zhao and
Weissleder, 2004). At present, little is known about the mechanism
by which these peptides can cross the cell membrane. Some stud-
ies suggest that the peptides by virtue of their structure are able
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to “worm” their way directly through the cell membrane (Derossi
et al,, 1996; Vives et al., 1997). They may thus be able to penetrate
the cell membrane without causing damage.

One of these cell-penetrating peptides, transactivating-
transduction (TAT), is the trans-activating protein of the human
immunodeficiency virus type-1 and is essential for viral replica-
tion (Banks et al., 2005). TAT contains a basic region consisting
of six arginine and two lysine residues (Loret et al., 1991). Their
cationic charges facilitate interaction with the normally negatively
charged BBB, triggering permeabilization of the cell membrane
via a receptor/transporter independent pathway which results in
endocytosis of the sequence (Derossi et al., 1996). TAT showed to
cross the BBB and accumulated in the CNS (Banks et al., 2005).
No saturable component to transport was found for either the
influx or efflux of TAT. TAT has been shown to carry heterologous
proteins into several cell types (Fawell et al., 1994) and carry
protein, nanoparticles, quantum dots across the BBB (Schwarze
etal., 1999; Liu et al., 2008; Santra et al., 2005).

Liposomes coating with polyethylene glycol (PEG) has been
proved to be very successful as a drug carrier system. It is known
that PEG-modified liposomes have long-circulating characteristics
through avoidance of getting trapped by the reticuloendothelial
system (RES) such as liver and spleen (Lasic, 1996). Phospholipids
have been extensively evaluated as an anchor for both PEGyla-
tion and receptor-targeting in liposomal formulations. Cholesterol
is another important component in biomembranes. However, it
has always being neglected as an alternative anchor. Choles-
terol as an anchor may have advantages over DSPE (Zhao et al.,
2007). Firstly, incorporation of DSPE as a lipid anchor introduces a
negative charge to the liposome surface, which may lead to addi-
tional plasma protein binding (Miller et al., 1998). In contrast,
cholesterol, a neutral molecule and component of most liposome
formulations, is electrically neutral. Secondly, DSPE molecule is not
as chemically stable as cholesterol and is susceptible to degrada-
tion during the storage (Parr et al., 1994). Thirdly, the cost of DSPE
is more than 100 times higher than that of cholesterol, which is
less desirable for product development. Thus, the replacement of
DSPE with cholesterol is potentially more cost effective (Zhao et al.,
2007).

In this study, TAT modified cholesterol was used to prepare the
liposome to enhance the brain delivery. The brain targeting effi-
ciency of TAT-LIP was evaluated in vitro and in vivo. Furthermore,
the mechanism of TAT-LIP pathway was explored.

2. Materials and methods
2.1. Materials and animals

Soybean phospholipids (SPC) and cholesterol (CHO) were
purchased from Bio Life Science & Technology Co., Ltd. Shang-
hai, PR China. Dioleoyl phosphatidylethanol-amines (DOPE) and
rhodamine-phosphatidylethanolamine (Rho-PE) were purchased
from Avanti Lipids (USA). NH,-PEGyggo-Mal and mPEG;ggo-NH>
were all purchased from JenKem Technology (Beijing, China). TAT
peptide with terminal cysteine (Cys-AYGRKKRRQRRR) was syn-
thesized according to the standard solid phase peptide synthesis
by Chengdu KaiJie Bio-pharmaceutical Co., Ltd. (Chengdu, China).
Coumarin-6 and didecyldimethylammonium bromide (DDAB)
were all purchased from the Sigma-Aldrich (USA). DIR was pur-
chased from Biotium (USA). The BCA protein assay kit was
purchased from Pierce (USA). The other chemicals were obtained
from commercial sources.

The brain capillary endothelial cells (BCECs) and astrocyte cells
(ACs) of rats were cultured primarily.

Kunming mice and Wistar rats were purchased from Experi-
ment Animal Center of Sichuan University (PR China). All animal
procedures for this study were approved by the Experiment Animal
Administrative Committee of Sichuan University.

2.2. Synthesis of CHO-PEGyg9—TAT and CHO-mPEG>ggg

Cholesteryl chloroformate was reacted with NH;-PEG,gg9-Mal
(molar ratio=2:1) in dry dichloromethane (DCM) at room tem-
perature under argon in the presence of triethylamine (TEA)
and 4-dimethylaminopyridine (DMAP) for about 4h. After thin
layer chromatography (TLC) showed the disappearance of NH;-
PEG;ggo-Mal, the reaction mixture was filtered and the filtrate was
evaporated under vacuum. The residue was purified on a silica-gel
chromatography column (DCM:MeOH =1:1) to get CHO-PEG;(00-
Mal. CHO-PEGypgp-Mal and Cys-TAT (molar ratio=1:1.5) were
reacted in the mixture of CHCl3/MeOH (v:v=2:1) with gentle
stirring at room temperature over night. After TLC showed the
disappearance of CHO-PEGggpo-Mal, the mixture was evaporated
under vacuum, the residue was redissolved by CHCl3, and the insol-
uble material was filtered, the supernatant (CHO-PEGyggo-TAT)
was evaporated again under vacuum and stored under —20 °C until
use (Fig. 1).

The CHO-mPEGygg9 Was synthesized as described above with
a little modification. NH,-mPEG;g99 was used to react with the
Cholesteryl chloroformate instead of NH,-PEG;qgp-Mal.

2.3. Preparation of the liposomes

Rho-labeled liposomes were prepared by the thin film-
hydration method. Various amounts of lipid materials were
dissolved in chloroform (Table 1). Chloroform was then removed
by rotary evaporation. The obtained lipidic thin film was kept in
vacuum for over 6 h to completely remove the residual organic sol-
vent. The thin film was hydrated in 5% glucose solution (pH 7.2) for
1hat37°C. Then it was further intermittently sonicated by a probe
sonicator at 100 W for 50s.

Rho-labeled liposomes with different amounts of
CHO-PEGy0o-TAT and different amounts of CHO-mPEGyggg
were prepared as Table 1 to select the optima prescription of
TAT-LIP. Conventional liposome (LIP), long circulating liposome
(LLIP) and cationic liposome (CL) were evaluated as the controls in
this study (Table 1).

Coumarin-6-loaded liposomes and DIR-labeled liposomes were
prepared as the method described above. Various amounts of lipid
materials and coumarin-6/DIR were dissolved in chloroform. Fol-
lowing operations were the same as the Rho-labeled liposomes.
The final concentration of coumarin-6 and DIR of the liposome was
10 pg/ml and 20 p.g/ml respectively.

The mean size and zeta-potential of the LIP, LLIP, CL, and TAT-LIP
were detected by Malvern Zetasizer Nano ZS90 (Malvern Instru-
ments Ltd., UK).

2.4. Stability of liposomes in the presence of fetal bovine serum
(FBS)

In order to choose the optimal amount of CHO-mPEG3gg0, 100 .
of liposomes with different amounts of CHO-mPEG;qqo (prepared
as Table 1) were added to 1ml culture medium containing 10%
FBS, and incubated at 37 °C (Chertok et al., 2009). At different time
points, the size change was determined by Malvern Zetasizer Nano
ZS90 (Malvern Instruments Ltd., UK).

In order to investigate the stability of the TAT-LIP and other con-
trol groups, 100 .l of LIP, LLIP, CL, and TAT-LIP were added to 1 ml
culture medium containing 10% FBS to evaluate the variations in
size.
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Fig. 1. Schematic of synthesis of CHO-PEG;000—TAT.

2.5. Cellular uptake

2.5.1. Quantitative evaluation of cellular uptake

BCECs were plated on gelatin-coated 24-well culture plates and
cultured for 48 h. Rho-labeled liposomes with different amounts of
CHO-PEG30go-TAT or CHO-mPEG;ggg9 were added to the plates at
the amount of 0.12 p.mol/ml. After incubation at 37 °C under 5% CO,
for 1 h, the cells were washed three times with cold PBS and incu-
bated with 1 ml/well 1% Triton-X 100 for 30 min at 37 °C. 100 .l of
the lysate was used for the total protein of cells by BCA assay Kkit,
the rest was added with 2.9 ml 1% Triton-X 100 and used to deter-
mine the cell-associated fluorescence at Ex=560 nm, Em =578 nm
respectively on a spectrofluorimeter (RF-5301 fluorospectropho-
tometry, Shimadzu, Japan), the results were expressed as the
Uptake Indices (UI) which was expressed as fluorescence/pug of
protein.

Table 1
Various formulations of liposomes.

In order to compare the cellular uptake of TAT-LIP with other
controls (LIP, LLIP, CL), the BCECs were incubated with Rho-labeled
liposomes which were diluted with FBS-free medium or medium
containing 10% FBS to different final concentrations of total lipid
(0.06 pumol/ml, 0.12 pwmol/ml, 0.24 pmol/ml) for 60 min at 37°C.
In a separate experiment, to study the effects of incubation time
on liposomes cellular uptake, the cells were incubated with Rho-
labeled liposomes of a final concentration of 0.12 pwmol/ml for 1 h,
4h and 8h at 37°C. At the end of the incubation period, the cells
were washed with ice-cold PBS for three times, and treated as
described above.

2.5.2. Confocal laser scanning microscopy (CLSM)

The Rho-labeled liposomes were prepared as described above.
BCECs were plated on gelatin-coated cover slips in 6-well culture
plates and cultured for 48 h. Different formulations (LIP, LLIP, CL,

Type of liposomes Composition of liposomes (molar ratio)

SPC CHO CHO-PEG2000 CHO-PEG000-TAT DDAB DOPE Rho-PE
Liposomes with different amounts of CHO-mPEG200o-TAT
3% PEG +0% TAT 2 equiv. 0.91 equiv. 0.09 equiv. - - - 4 pg/ml
3% PEG + 1% TAT 2 equiv. 0.88 equiv. 0.09 equiv. 0.03 equiv. - - 4 pg/ml
3% PEG +3% TAT 2equiv. 0.82 equiv. 0.09 equiv. 0.09 equiv. - - 4 pg/ml
3% PEG +5% TAT 2 equiv. 0.76 equiv. 0.09 equiv. 0.15 equiv. - - 4 pg/ml
3% PEG +8% TAT 2 equiv. 0.67 equiv. 0.09 equiv. 0.24 equiv. - - 4 pg/ml
3% PEG +10% TAT 2 equiv. 0.61 equiv. 0.09 equiv. 0.3 equiv. - - 4 pg/ml
Liposomes with different amounts of CHO-mPEG2g00
0% PEG +5% TAT 2 equiv. 0.85 equiv. - 0.15equiv. - - 4 pg/ml
1% PEG + 5% TAT 2 equiv. 0.82 equiv. 0.03 equiv. 0.15equiv. - - 4 pg/ml
3% PEG +5% TAT 2equiv. 0.76 equiv. 0.09 equiv. 0.15 equiv. - - 4 pg/ml
5% PEG +5% TAT 2 equiv. 0.7 equiv. 0.15equiv. 0.15equiv. - - 4 pg/ml
8% PEG +5% TAT 2 equiv. 0.61 equiv. 0.24 equiv. 0.15equiv. - - 4 pg/ml
10% PEG + 5% TAT 2 equiv. 0.55 equiv. 0.3 equiv. 0.15 equiv. - - 4 pg/ml
Study groups
LIP 2 equiv. 1equiv. - - - - 4 pg/ml
LLIP (8% PEG) 2 equiv. 0.76 equiv. 0.24 equiv. - - - 4 pg/ml
CL - - - - 2 equiv. 1 equiv. 4 pg/ml
TAT-LIP (3% PEG + 5% TAT) 2 equiv. 0.76 equiv. 0.09 equiv. 0.15equiv. - - 4 pg/ml




88 Y. Qin et al. / International Journal of Pharmaceutics 419 (2011) 85-95

and TAT-LIP) were added to the plates with a total lipid concen-
tration of 0.12 wmol/ml. After incubation at 37 °C under 5% CO, for
1h,2ml 2 pwg/ml DAPI was added for 5 min, cells were washed three
times with cold PBS and fixed using 4% paraformaldehyde. Cover
slips were mounted cell-side down with slides and viewed using a
Leica TCS SP5 AOBS confocal microscopy system (Leica, Germany).

2.5.3. Cellular uptake mechanism of TAT-LIP on BCECs

The effect of temperature on TAT-LIP uptake was performed at
4°C and 37°C. To study the effect of various inhibitors on their
cellular uptake, the cells were pre-incubated with the following
inhibitors (Kheirolomoom and Ferrara, 2007; Chen et al., 2010)
at 37°C for 30 min: sodium azide (0.1%, w/v), filipin (10 pg/ml),
oxophenylarsine (PHAsO) (10 wM), colchicine (10 Mm), sucrose
(400 mM), heparin (100U/ml and 20U/ml), TAT (5mg/ml and
1 mg/ml), and polylysine (500 p.g/ml and 100 pg/ml). Following the
pre-incubation, Rho-labeled TAT-LIP with a total lipid concentra-
tion of 0.12 wmol/ml was added and the incubation was continued
at 37°C for 1h. At the end of the incubation period, the cells were
washed with ice-cold PBS for three times. Subsequently, the cells
were treated as described in Section 2.5.1.

2.6. Cytotoxicity

Microtiter tetrazolium (MTT) assay was performed according
to a standard MTT-based colorimetric assay. Briefly, BCECs were
seeded onto 96-well plates. 48 h later, fresh medium containing
serial concentrations of various drug formulations, including LIP,
LLIP, CL, and TAT-LIP, were given different concentrations of lipids
ranging from 75 nmol/ml to 1.2 wmol/ml of lipids. Cells incubated
in medium without any drugs were used as blank controls. After
incubating for 12 h, the liposomes were moves away, 20 ul per
well 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (5mg/ml) was added. The plates were incubated for an
additional 4 h. The cells were lysed using 200 .1 of dimethylsulfox-
ide (DMSO) solution, and placed in the incubator at 37 °C for 15 min.
The absorbance values of the lysed cells were read on a microplate
reader (BIO-RAD model 550, Bio-Rad, USA) at the wavelength of
570 nm. The survival percentages were calculated using the follow-
ing formula: survival ratio (%) [(A570 for the treated cells)/(A570
for the control cells)] x 100, where A570 is the absorbance value.

2.7. Transendothelial ability and mechanism of Rho-labeled
liposomes on in vitro BBB model

The study of transendothelial ability and mechanism was
performed according to previous reports (Lu et al., 2005). Ringer-
HEPES (150 mM Nacl, 5.2 mM KCl, 2.2 mM CacCl,, 0.2 mM MgCl,,
6 mM NaHCOs3, 2.8 mM glucose, 5 mM HEPES; pH 7.4) was added to
the acceptor chamber of 24-well plate (1 ml per well). After pre-
incubating with Ringer-HEPES for 15 min, 200 .l of Rho-labeled
liposomes in Ringer-HEPES solution with a total lipid concentra-
tion of 240 nmol were added to the donor chamber, respectively.
The incubations were performed at 37 °C. At 15 min, 30 min, 60 min,
90 min, 2 h,3h,4h,5hand 6h, the Rho-labeled liposome in accep-
tor chamber was assayed by RF-5301 fluorospectrophotometry
(Ex=560nm, Em=578 nm, Shimadzu, Japan). Triplicate samples
were performed. The accumulated permeating volume was indi-
cated by dividing the accumulated amount of lipids recovered in
the abluminal side by its initial concentration in the luminal side
(Siflinger-Birnboim et al., 1987).

To study the effect of various inhibitors on the transendothe-
lial profile of the TAT-LIP, in vitro BBB model was used. Following
inhibitors were added in the donor chamber and incubated with
cells at 37 °C for 30 min: (1) TAT (5 mg/ml or 1 mg/ml); (2) heparin
(100U/ml or 20U/ml); (3) polylysine (500 pg/ml or 100 pg/ml).

Following the pre-incubation, the study of transport was performed
the same as above.

2.8. Bio-distribution in vivo

2.8.1. Exvivo NIR fluorescence imaging

For ex vivo optical imaging, mice were injected intravenously
with DIR-loaded liposomes (Pharm et al., 2005). Ex vivo NIR fluo-
rescence imaging was performed 1 h after probe injection. Animals
were perfused with 0.9% sodium chloride solution from the heart
and sacrificed. The whole brains were removed and frozen as
quickly as possible. The frozen brains were then cut into frozen
coronal sections of approximately 1 mm thickness, and placed into
imaging system (Imaging Station 1S2000MM, Kodak), equipped
with a band-pass filter at 770 nm and a long pass filter at 830 nm.
Images were captured by the CCD camera embedded in the imaging.

2.8.2. Quantitative study of bio-distribution

All procedures of the in vivo studies were approved by Sichuan
University animal ethical experimentation committee, according
to the requirements of the National Act on the use of experimental
animals (People’s Republic of China).

96 mice were randomly assigned to four groups; each was then
divided into 8 time point groups. LIP, LLIP, CL, and TAT-LIP were
given to the mice via the tail veins; each was equivalent to the
administration dose of coumarin-6 of 0.1 mg/kg. At 15 min, 30 min,
1h,2h,4h,8h,12h, and 24 h after injection, the animals were sac-
rificed by cervical dislocation, and the organs (heart, liver, spleen,
lung, kidney, and brain) were removed and flushed with water
for three times to remove the blood remained (Han et al., 2006).
All the tissues were homogenized with triple amount of water.
10l of internal standard (coumarin-7) was added into 200 .l
organ homogenate, and extracted with 1 ml N-hexane. The mixture
was vortexed for 5min, 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 pl of methanol. The solution was centrifuged
at 12,000 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 coumarin-6 concentrations
in the tissue samples. A HPLC (Alltech, Illinois, USA) system with
a Diamonsil Cyg column (200 mm x 4.6 mm, 5 wm), and a mixture
of methanol-water (92:8) as mobile phase was employed for the
in vivo studies. The concentrations of coumarin-6 were analyzed by
fluorescence detector with Ex 465 nm and Em 502 nm. The column
temperature was 35°C.

The area under the concentration-time profile (AUCy_;), maxi-
mal concentration (Cpax ) of brain was calculated by Data and max
Statistics (DAS, Shanghai, China). The relative uptake efficiency (RE)
and concentration efficiency (CE) were calculated to evaluate the
brain targeting property of liposome. The values of RE and CE were
defined as follow (Chen et al., 2009):

_ (AUCo)s
RE= (AUCo—)c
(Cmax)s
CE =
(Cmax)c

where s and c represent sample (TAT-LIP) and controls (LIP, LLIP,
and CL), respectively.

2.8.3. Distribution of coumarin-6 loaded liposomes in specific
brain regions of rats

Adult, male Wistar rats (180 £ 20 g body weight) were injected
with coumarin-6-loaded LIP, LLIP, CL, and TAT-LIP into the caudal
veins (dose 0.1 mg/kg of coumarin-6, n=3). 1h later, the animals
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were perfused with N.S. from the heart and sacrificed. The brains
were removed and quickly washed with cold deionized water, then
isolated into the following regions (Banks et al., 2005): the cerebral
cortex, hippocampus, striatum, cerebellum, and brainstem. Sub-
sequently, the regional brain tissues were subjected to n-hexane
extraction and analyzed by HPLC-fluorescence (Alltech Technol-
ogy Co., Ltd., Chengdu, China) with coumarin-7 as internal standard
(Qin et al., 2010).

3. Results
3.1. Synthesis OfCHO—PEG2000—TAT/CHO—mPEGZOOO

To construct the liposomal drug delivery system, we conjugated
TAT to the distal end of PEGyggg anchored to cholesterol. In the 'H
NMR spectrum of CHO-PEG;qgo-Mal, 'TH NMR (CDCl3, 400 MHz) §
(ppm): 6.70 (s, 2H), 5.31 (d, 1H), 3.80-3.30 (br, m, PEG protons,
~181H), 2.30 (d, 2H), 1.50-0.82 (m, Chol protons), with 0.63 (s,
3H), 0.86 (d, 6H), 0.92 (d, 3H,), 0.99 (s, 3H). MS (m/z) confirmed the
formation of CHO-PEGyggo-TAT (Mw observed =4208, Mw calcu-
lated =4255). CHO-mPEGygpg was synthesized as described above,
TLC showed the purity of CHO-mPEGyqgg >95%.

3.2. The optimizing prescription of TAT-LIP

The cellular uptake of liposomes with different amounts of
CHO-PEG300o-TAT showed obvious distinction among each other.
The sizes of liposomes with different amounts of CHO-PEG3go-TAT
were all below 200 nm, PDI were smaller than 0.3. The Uptake
Indices of liposomes modified with 5% CHO-PEGyggo-TAT was
much higher than liposomes without CHO-PEG;ggo-TAT or with
1% and 3% CHO-PEGyggo-TAT. The cellular Uptake Indices of lipo-
somes with 8% and 10% CHO-PEG;qgo—TAT was almost the same
with the liposomes modified with 5% (Fig. 2). So the 5% was chosen
as the optimal ratio of CHO-PEGyggo-TAT.

Fig. 3 shows that 0-3% of CHO-mPEG,qqg did not affect the cel-
lular uptake of liposome. However, the Uptake Indices decreased
obviously when the amount of CHO-mPEG;ggo was more than 5%.

The stability experiment showed that the size of liposomes
without CHO-mPEGygo changed distinctly during 8 h. In the first
10 min, the size of it became more than 1000 nm. The size of lipo-
somes with 1% CHO-mPEGyqqg varied from 173.5 nm to 397.7 nm
during 8 h. Liposomes with more than 3% CHO-mPEGyggo were
stable in the serum, whose sizes were all below 200 nm. So the
liposomes contained 3% CHO-mPEG;q9p would not decrease the
cellular uptake, and it also maintained good stability in the serum.
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Fig. 2. Quantitative observation of effect of different amounts of CHO-PEG,000-TAT
on the uptake of Rho-labeled liposomes by BCECs.
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the uptake of Rho-labeled liposomes by BCECs.

3.3. Characterization and stability of the liposomes

For the four types of liposomes, the average particle sizes were
less than 150 nm. The values of charge distributing around the lipo-
somes vesicles were shown in Table 2. The LIP and the LLIP were
negative charged. The TAT-LIP was slightly positive charged. The
positive charge of CL was much higher than that of TAT-LIP.

The stability data showed that the LIP, LLIP, TAT-LIP were mainly
below 150 nm during 8 hin the culture medium with 10% FBS, while
the size of CL was over 500 nm 15 min later.

3.4. Quantitative analysis of cellular uptake

The cellular uptake of each formulation by BCECs was in a
concentration-dependent manner within 8 h (Fig. 4A). The Uptake
Indices of TAT-LIP were 13.03, 6.96, and 6.71 times higher than
those of LIP; 12.49, 15.44, and 12.78 times higher than those of
LLIP; 4.05, 1.44 and 1.52 times higher than those of CL at 0.06 mol,
0.12 wmol, and 0.24 wmol of lipids in the medium contained 10%
FBS, respectively. In the serum free medium, they were 5.29, 2.27
and 2.24 times higher than those of LIP; 7.82, 6.62, and 3.05 times
higher than those of LLIP; 1.07, 0.80, and 0.86 times higher than
those of CL, respectively.

The cellular uptake of each formulation by BCECs was also in a
time-dependent manner within 8 h (Fig. 4B). The Uptake Indices of
TAT-LIP were 6.96, 3.91, and 3.82 times higher than those of LIP;
15.44,7.27,and 5.36 times higher than those of LLIP; 1.44, 1.45, and
1.78 times higher than those of CLat 1 h, 4 h, and 8 h in the medium
contained 10% FBS, respectively. In the serum free medium, they
were 2.27, 2.66, and 2.13 times higher than those of LIP; 6.62, 3.76,
and 2.66 times higher than those of LLIP; 0.80, 0.47, and 0.40 times
higher than those of CL, respectively.

3.5. Confocal laser scanning microscopy (CLSM)

After 1h of incubation, both liposomal labels were localized at
the plasma membrane and the cytoplasm of the BCECs. The cell

Table 2
Size and zeta potential of each liposome (n=3).
LIP LLIP CL TAT-LIP
Size (nm) 1434 + 0.8 119.7 £ 0.6 89.1 £ 6.1 147.6 £ 0.6
PDI 0.262 £+ 0.002 0.210 + 0.009 0.276 £+ 0.018 0.207 £+ 0.018
Zeta(mV) -22.66 + 1.53 —8.00 + 1.55 36.37 +£ 2.31 3.87 £ 1.13

Data represented the mean +SD (n=3).
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nucleuses were stained blue with DAPI. The red fluorescence could
be found around the cell nucleus. Among all four kinds of liposomes,
the internalization of liposomes modified with TAT by the BCECs
was the most evident (Fig. 5). The fluorescence exhibited by the
BCECs was markedly decreased which were treated with LIP and
LLIP. The LLIP showed the poorest cellular uptake.

3.6. Uptake mechanism of TAT-LIP on BCECs

To determine whether the TAT-modified liposomes under inves-
tigation in this study follow an energy dependent or independent
pathway, the cellular uptake of TAT-LIP was evaluated at 4°C or in
the presence of metabolic inhibitors (sodium azide). Fig. 6A shows
that after incubation at 37 °C, the TAT-LIP was efficiently uptaken by
the cells. However, compared with the controls, the cellular uptake
of TAT-LIP decreased significantly when incubated at 4°C or in the
presence of sodium azide at 37 °C. The cellular uptake of TAT-LIP
at 4°C and in the presence of sodium azide at 37 °C decreased by
33.63% and 45.8%, respectively (Fig. 6A).

Different inhibitors of endocytosis were further used to reveal
the pathways involved in the uptake of TAT-LIP by BCECs. The
cellular uptake of TAT-LIP was inhibited at different extents with
the exposure to different inhibitors (Fig. 6B). Compared with the
controls, treatment with filipin, PHAsO, colchicines, and sucrose
significantly decreased the uptake of TAT-LIP by 16.36%, 33.52%,
31.32%, and 35.61%, respectively (P<0.05).

Ionic inhibitors (heparin and polylysine) and excess free TAT
were pre-incubated with the cells to investigate the contribution
of the positive charge of TAT-LIP to the association of their uptake
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by BCECs. The ionic inhibitors significantly inhibited the cellular
uptake of TAT-LIP in a similar profile (Fig. 6C). The uptake of TAT-LIP
decreased by 84.73%, 78.01%, 79.84%, 86.04%, 23.42%, and 27.36%
after treated by 20U/ml and 100 U/ml of heparin, 100 pg/ml and
500 wg/ml of polylysine, 1 mg/ml and 5 mg/ml TAT, respectively.
The uptake inhibition of TAT-LIP induced by excess free TAT was
not more significant than that of other ionic inhibitors.

3.7. Cytotoxicity

Several groups have reported a significant cytotoxicity of free
TAT peptides (Brooks et al., 2005). Therefore, we characterized
the cytotoxicity of our liposomes by measuring the mitochondrial
activity. After direct exposure, effect of each liposome on the pro-
liferation of BCECs was depicted in Fig. 7. MTT assay has showed
that LIP, LLIP, and TAT-LIP exhibited little cytotoxicity on the BCECs
during 12 h at the concentrations of lipids ranging from 75 nmol/ml
to 150 nmol/ml (the cell survival ratio >70%); and showed obvious
cytotoxicity on the BCECs at the concentrations of lipids ranging
from 300 nmol/ml to 1200 nmol/ml (the cell survival ratio >55%
for LIP, >65% for LLIP and TAT-LIP). Linking of TAT peptides to the
liposome did not increase their cytotoxicity of the liposome. The CL
showed obvious inhibitory effect at the amount of 15-600 nmol/ml
(<30% cell survival ratio) and the strongest inhibitory effect at the
amount of 1200 nmol/ml (<4% cell survival ratio).

3.8. Transendothelial ability of Rho-labeled liposomes on BBB
model in vitro

BBB model was constructed according to the previous study
(Lu et al, 2005) by co-culturing BCECs and ACs. By mea-
suring transendothelial electrical resistance (TEER) primarily
(>250 2 cm?), they were employed to evaluate the transport of
various formulations across the BBB model in vitro. No obvious
reduction in the TEER values was observed in LIP,LLIP, and TAT-LIP
groups during this study, which indicated that the transport of drug
did not disrupt the BBB barrier properties. Results had showed that
the rank of accumulated cleared volume (l) across the BBB was
at 6 h. TAT-LIP showed a significant drug transport across the BBB.
The transendothelial transport ability was TAT-LIP > CL> LIP > LLIP
illustrated in Fig. 8. In addition, the drug transport across the BBB
was time-dependent manner.

3.9. Transendothelial mechanism of Rho-labeled TAT-LIP on
BCECs

To reveal the contributions of free TAT and the charge of TAT-
LIP particles to their transendothelial transport across the BBB,
excess free TAT and ionic inhibitors (heparin and polylysine) were
used in the transendothelial transport studies. The transendothelial
transport of TAT-LIP was inhibited by free TAT and ionic inhibitors
(Fig. 9).

3.10. Bio-distribution in vivo

3.10.1. In vivo NIR fluorescence imaging

There was defined fluorescent signal in the brain of each group
(Fig. 10). Ex vivo imaging was performed on excised mouse brains.
A strong NIR fluorescent signal from the brain of the mouse
injected intravenously with the TAT-LIP was observed 1h after
injection. Brains from control mice treated with LIP, LLIP, and CL
had weaker signal compared to TAT-LIP. Control animals injected
with saline solution produced no background signal, to confirm that
the observed fluorescence signal was truly from the brain.
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Fig. 5. Qualitative observation of the uptake of different Rho-labeled liposomes by BCECs under fluorescence microscopy. Concentration of liposomes of all samples were
adjusted to 0.12 wmol of lipids each well. For each line was (A) LIP, (B) LLIP, (C) CL, and (D) TAT-LIP. The row I was the bright field, the blue fluorescence exhibited in row Il was
due to DAPI-staining of the nuclei. The red fluorescence exhibited in row IIl was due to the Rho-labeled liposomes. The forth row was the overlay sight. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.10.2. Quantitative study of bio-distribution

To further evaluate the possibility of the TAT-LIP being trans-
ported across BBB, the tissue distribution of LIP, LLIP, CL, and
TAT-LIP were studied. The tissue distribution of coumarin-6 was
measured at 15min, 30 min, 1h,2h,4h, 8h, 12 h, and 24 h after i.v.
injection.

Coumarin-6 distributed in tissues could be completely sepa-
rated and detected under the selected analytical method, which
could be validated by the standard curves (r of all tissues >0.995),
and the recoveries were between 85% and 115% in all tested tissues.

After i.v. administration of LIP, LLIP, CL, and TAT-LIP, the phar-
macokinetic parameters, RE and CE of coumarin-6 in brain were
reported in Table 3. In brain, the AUCy_; of coumarin-6 for TAT-LIP
was 2.54 times that of LIP, 1.88 times that of LLIP, and 1.79 times that
of CL. The Cinax of TAT-LIP was 2.01 times that of LIP, 1.57 times that
of LLIP, and 1.91 times that of CL. The biodistribution of coumarin-6
in each tissue at each time point was shown in Fig. 11.

Table 3
Pharmacokinetic parameters of coumarin-6 in brain following i.v. injection of LIP,
LLIP, CL and TAT-LIP in mice.

PK parameters LIP LLIP CL TAT-LIP
Cmax (h) 30.39" 40.36 33.19° 63.37
AUCo_¢ (pg/lh) 132.92” 179.56" 189.08" 338.00
RE 2.54 1.88 1.79 -

CE 2.01 1.57 1.91 -

Data represented the mean +SD (n=3).
" P<0.05, versus TAT-LIP.
" P<0.01, versus TAT-LIP.
""P<0.001, versus TAT-LIP.

3.10.3. Distribution of coumarin-6 loaded liposomes in specific
brain regions of rats

To evaluate the possibility of the TAT-LIP being transported to
the specific brain regions, the distribution of LIP, LLIP, CL, and TAT-
LIP in the cerebral cortex, hippocampus, striatum, cerebellum, and
brainstem was studied. After i.v. administration of LIP, LLIP, CL, and
TAT-LIP, the concentration of coumarin-6 in specific brain regions
was shown in Fig. 12.

The concentration of coumarin-6 in the cerebral cortex, hip-
pocampus (HP), striatum, cerebellum, and brainstem of TAT-LIP
groups were 1.47, 1.68, 0.57, 1.41,and 1.99 times higher than that
of LIP; 1.37, 1.07, 0.46, 0.78, and 1.41 times higher than that of
LLIP; and 1.23, 1.18, 0.77, 1.08, and 1.51 times higher than that of
CL. The distribution tendency was almost the same between these
four groups.

4. Discussion

The peptide TAT was modified on cholesterol, one of the com-
ponents of liposomes, therefore a better stability for the ligand and
a lower cost for the material were achieved compared with the
modifications on phospholipid. Before this study, a comparative
uptake study was conducted between liposomes prepared with
TAT-modified cholesterol and TAT-modified DOPE using BCECs as
the model cell. The result exhibited no difference in uptaking them
by BCECs (see supplementary material). TAT was then modified on
the cholesterol considering the fact that cholesterol is chemically
stable and much cheaper than phospholipid. The comparative study
between TAT-modified cholesterol and TAT-modified phospholipid
was now under further investigation.
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lated cleared volume (1) at assigned time points. Data represented the mean + SD
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A pilot study on the cell uptake was conducted as to the
liposomes prepared with different amounts of CHO-PEGy0go-TAT
before a formal experimental screening for the optimum amount of
TAT, and the cells were subjected to observation under fluorescent
microscope over different periods of incubation time. The results
validated that after 1 h of incubation, difference among each group
was already obvious enough, and the uptake tendency remained
the same after 2 h and 4 h of incubation. So 1 h of incubation was
adopted in the quantification assays. Coupling the TAT-peptide to
the outer surface of liposomes strongly increased the binding of
liposomes to BCECs. The more TAT-peptide modified on the lipo-
some, the stronger fluorescence exhibited by the cells. It could be
concluded that the TAT can enhance the cellular uptake of lipo-
somes. When the TAT was over 5% of total lipids, more TAT did little
contribution to the cellular uptake. The size data and the transmis-
sion electron micrographs (see supplementary material) showed
that the liposomes with different amounts of CHO-PEGyggo—-TAT
all kept the liposome structure.

Poly(ethylene glycol) (PEG) was always used to modify the
surface of liposomes for improving pharmacokinetics (PK) after
intravenous (i.v.) administration and minimizing their protein
binding to escape the surveillance of RES (Li and Huang, 2010).
In this study, PEG was used as linker to connect the cholesterol
and TAT. However, the TAT modified on the surface of the lipo-
somes might bind with the protein in the serum and decrease the
stability of the liposomes. So, the CHO-mPEG,ggp was added to
shield the TAT and enhance the stability of the liposomes. But the
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CHO-mPEG3qqq also restricted the cellular uptake of liposomes by
BCECs. When the molarity ratio of CHO-mPEG;qgo of total lipids
was over 3%, the cell Uptake Indices decreased obviously. 3% of
CHO-mPEGyggg could help maintaining good stability of the lipo-
some while its size did not vary markedly in the culture medium
with 10% FBS.

The general approach to fabricate the active-targeting liposome
is interior extrapolation method, that is, to insert ligand-modified
phospholipid or cholesterol into the preformed liposome, thus
ensuring that the ligand and PEG distributed on the surface of lipo-
some. In this study, the liposome was prepared by organic phase
reaction method. TAT-modified cholesterol was dissolved in the
chloroform with other lipids, and then the solvent was removed
under reduced-pressure evaporation to obtain a thin lipid film. The
film was subsequently hydrated to attain the liposome. To cer-
tify that PEG and TAT distributed on the surface of the liposome,
the different capacities of BCECs to uptake liposomes prepared by
organic-phase method and insertion method were explored. BCECs
showed no preferences in uptaking these two preparations (see
supplementary material), confirming the fact that TAT and PEG
distributed on the surface of the liposome. The possible explana-
tion for this is that the hydrophilic interior space of the liposome
is quite limited, so most of the long-chain PEG remains on the
surface.

There were three control groups in this study. LIP was a com-
mon control group without any modification. The LLIP had 8%
of CHO-mPEG;qgo. The density of PEG on its surface was the
same with the TAT-LIP which contained 3% CHO-mPEG5gg9 and
5% CHO-PEGyqg0-TAT. As the carrier of the gene, the CL had strong
transfection ability which might be due toits strong positive charge.
The TAT was also weakly positively changed, but it could still pass
through the cells efficiently. So the CL group was set up to identify
the effect of the positive charge.

The size and the deformability of particles play a critical role
in their clearance by the sinusoidal spleens of humans and rats.
Particles must be either small or deformable enough to avoid the
splenic filtration process at the interendothelial cell slits (IES) in
the walls of venous sinuses (Kaur et al., 2008). However, the slit
size rarely exceeds 200-500 nm in width, even with an erythrocyte
in transit. Therefore, the size of an engineered long circulatory par-
ticle should not exceed 200 nm ideally. If larger, the particle must
be deformable enough to bypass IES filtration. Alternatively, long-
circulating rigid particles of greater than 200 nm may act as spleen
otropic agents and removed later on, if they are not rigid. Hence
liposomes of size below 200 nm have an increased blood circula-
tion and thus an increase in the time for which the drug remains in
contact with BBB and for the drug to be taken up by the brain (Chen
et al.,, 2004). Since the particle size is an important property of par-
ticles that affects its endocytosis by the brain capillary endothelial
cell, the size distribution is generally controlled under 200 nm in
diameter (Hu et al., 2009).

To examine the cellular uptake of liposomes, the liposomal
bilayer was fluorescently labeled with rhodamine. The cell nucleus

was stained with DAPI to investigate the localization of the lipo-
somes in the cells. The red florescence were mostly found around
the cell membrane which indicated that some of liposomes were
fused with the plasma membrane. Rhodamine was marked on
the phospholipid of the liposomes. Liposomes underwent a par-
tial fusion with the membranes of the cells when transporting into
the cells, resulting in remarkable red fluorescent signaling on the
cell membranes. In the following studies, doxorubicin with red flu-
orescence was able to achieve an effective delivery into the cells by
liposomes.

The characteristics and behavior of different Rho-labeled lipo-
somes were also investigated on BCECs quantitatively. The cellular
uptake of TAT-LIP was improved by TAT modification compared
with unmodified LLIP and LIP. The uptake process showed a time
and concentration depending manner. LLIP showed the poorest cel-
lular uptake which might be due to the presence of high density PEG
on the liposome. The PEG on the surface of the liposomes enhanced
the hydrophilicity of the liposome and restricted the interaction
between the LLIP and the cellular membrane. The FBS contained in
the medium could influence on the cellular uptake of each formu-
lation, especially for the cationic liposomes. The fluorescence of the
cells treated with CL decreased notable in the presence of 10% FBS,
which might be caused by the aggregation of the positively charged
CL in the serum.

The BBB model in vitro was established to evaluate the tran-
scytosis ability of each formulation. In order to further mimic
properties of BBB, we cultured the BCECs on the top side of the
membrane of cell culture inserts and the ACs on the bottom side,
where the ACs can gain their processes through the membrane
pores to contact BCECs. Since more and more evidence illustrated
that ACs played an important role in the anatomical formation of
BBB and functional expression of its specific properties, this model
can be characterized as tight junction and specific functional pro-
teins such as enzymes, transporters. Tight junctions between the
BCECs played an important role in maintaining the barrier proper-
ties of the BBB in vitro. The characterization results of the co-culture
showed the TEER values was >250 2 cm? of BBB model in vitro
(Du et al., 2008). The scanning electron microscope and trans-
mission electron microscope displayed the tight junction between
two endothelial cells and the astrocytes could spread its foot
through the membrane pore to touch the endothelial cells. In the
transendothelial ability study on BBB model in vitro, for all formu-
lations contacted with the BCECs directly, the cytotoxicity of each
formulation might affect the final result. Cytotoxicity result showed
that at the amount of 240 nmol for 12 h contact with the BCECs, the
cytotoxicity of LIP, LLIP, and TAT-LIP was acceptable. The TEER val-
ues also confirmed that the BBB model in vitro was intact within
6 h. However, the cytotoxicity of CL was too notable to be ignored,
while the TEER values had slightly decrease during 6h. The BBB
model might be broken by the CL. We also found the deposit of
the CL in the cell culture inserts. This might be the reason that the
accumulated clear volume of CL was still lower than that of the
TAT-LIP.
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The internalization of TAT-LIP by BCECS was slightly reduced
following incubation at 4 °C and in the presence of sodium azide. In
contrast to previous reports, this result clearly demonstrates that
the uptake of the TAT-LIP was via an energy-dependent process,
while the process met the active endocytosis pathway.

To clarify the mechanism by which TAT-LIP was transferred
into the cells, BCECs were pretreated with four inhibitors of cel-
lular function: filipin, oxophenylarsine; colchicine, and sucrose;
filipin was used to specifically block caveolae-mediated uptake
without affecting the function of coated pits (Schnitzer et al.,
1994; Orlandi and Fishman, 1998); sucrose is known to inhibit
fluid-phase endocytosis; colchicines is to inhibit macropinobyto-
sis; oxophenylarsine is to inhibit clathrin mediated endocytosis.
The internalization of TAT-LIP by BCECS was slightly reduced fol-
lowing incubation with oxophenylarsine, colchicine, and sucrose.
This active endocytosis might be mediated via multiple pathways,
including the clathrin mediated endocytosis and the macropinocy-
tosis.

Both the positive and the negative charge might decrease the
cellular uptake of TAT-LIP obviously. That could be inferred that
the pathway of TAT-LIP across the BBB might be the absorptive
endocytosis. The free TAT did not influence the internalization of
TAT-LIP possibly due to its weak positive charge.

The transendothelial transport studies were carried in the pres-
ence of heparin, polylysine, and free TAT. All of these substances
blocked the transport of the TAT-LIP. This result confirmed that the
absorptive endocytosis might be one of the mechanisms of TAT-
LIP crossing the BBB. Whether there were other pathways needed
further research.

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 pene-
trates relatively deep into tissue. The NIR fluorescence imaging
offers advantages such as non-radioactivity, high sensitivity com-
pared with conventional techniques (Xu et al., 2007; Tromberg
et al.,, 2008). A near-Infrared dye DIR was enveloped in each lipo-
some. In order to demonstrate the delivery of each formulation
into mouse brain, NIR fluorescence imaging experiments were
performed. The TAT-LIP showed the highest accumulation in the
brain.

The quantitative study of biodistribution could reveal the char-
acter of each formulation in vivo more precisely and literally. The
data had showed that the TAT-LIP accumulated the most in the
brain of all within 24 h after the administration. But the concentra-
tion of TAT-LIP in the liver and kidney was high within 4 h after
the administration. These data showed that though the TAT-LIP
could transport into the brain effectively, it also might accumulate
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in other tissues. This delivery system could not target to the brain
specially. How to enhance the specificity of this delivery system
was in study now.

Biodistribution test of mice had showed a great quantity of
TAT-LIP was accumulated in the brain one hour after the adminis-
tration. In order to determine which brain regions took up different
formulations more readily, the biodistribution of liposomes in spe-
cial regions of rat’s brain was evaluated quantitatively 1h after
the administration. The concentration of TAT-LIP in each region
of the brain was still highest of all. The concentrations of differ-
ent liposomes in these five regions were almost the same at 1h
after the administration, indicating that all the formulations were
distributed in the brain uniformly.
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