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Transferrin conjugated biodegradable polymersomes (Tf-PO) were exploited for efficient brain drug
delivery, and its cellular internalization mechanisms were investigated. Tf-PO was prepared by a nano-
precipitation method with an average diameter of approximately 100nm and a surface Tf molecule
number per polymersome of approximately 35. It was demonstrated that the uptake of Tf-PO by bEnd.3
was mainly through a clathrin mediated energy-dependent endocytosis. Both the Golgi apparatus and
lysosomes are involved in intracellular transport of Tf-PO. Thirty minutes after a 50 mg/kg dose of Tf-PO

K.eywordS: or PO was injected into rats via the tail vein, fluorescent microscopy of brain coronal sections showed
Biodegradable polymersomes . . . . . .
Transferrin a higher accumulation of Tf-PO than PO in the cerebral cortex, the periventricular region of the lateral

ventricle and the third ventricle. The brain delivery results proved that the blood-brain barrier (BBB) per-
meability surface area product (PS) and the percentage of injected dose per gram of brain (%ID/g brain)
for Tf-PO were increased to 2.8-fold and 2.3-fold, respectively, as compared with those for PO. These

Brain delivery
Cellular internalization
Brain-blood barrier (BBB)

results indicate that Tf-PO is a promising brain delivery carrier.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to the blood-brain barrier (BBB), which prevents most
drugs from entering the brain, the prognosis for many neurological
disorders remains poor, and targeting drug delivery to the brain is
still a therapeutic challenge (Pardridge, 2002, 2007). Over the last
decade, an increasing number of studies have been performed to
develop strategies for effective brain drug delivery and nanocarrier
systems such as micelles (Liu et al., 2008), liposomes (Ying et al.,
2009), nanoparticles (NPs) (Gan and Feng, 2010), dendrimers (Ke
et al.,, 2009), and polymersomes (Pang et al., 2008) have emerged
as interesting treatment strategies. Among the various nanocar-
riers, polymersomes currently attract great interest as promising
alternatives to liposomes regarding their remarkable and feasible
characteristics such as stealthiness, improved stability, and ease
of functionalization (Discher and Eisenberg, 2002; Discher et al.,
2007; Du and O'Reilly, 2009). In addition, polymersomes can be
designed to combine and optimize features required for drug deliv-
ery applications, such as biodegradability (Liu et al., 2010; Meng
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et al., 2003), targeting capability (Zhou et al., 2006), and respon-
siveness to biologically relevant stimuli (Meng et al., 2009) such as
pH(Chenetal.,,2010), temperature (Qinetal.,2006), light (Mabrouk
et al., 2009), and a reductive environment (Cerritelli et al., 2007).
Therefore, polymersomes are good candidate carriers for brain drug
delivery; however, the application of biodegradable polymersomes
as brain drug delivery systems in vivo has little been reported.
Similar to many drugs, nanocarriers are not able to breach the
BBB. Thus, to enable the nanocarriers to cross the BBB, target ligands
are attached to the surface of the nanocarriers to target the nanocar-
riers to receptors on the BBB, thus facilitating receptor-mediated
transcytosis of the nanocarriers. The specific receptors on the BBB
used for brain delivery usually include the transferrin receptor
(TfR), the insulin receptor, the low-density lipoprotein receptor
family, the diphtheria toxin receptor, and the leptin receptor (de
Boer et al., 2003). Among these receptors, TfR, a transmembrane
glycoprotein, consisting of two linked 90-kDa subunits, is the most
widely studied receptor for BBB targeting (Qian et al., 2002). The
receptor is highly expressed by brain capillaries to mediate the
delivery of iron to the brain (Jefferies et al., 1984) and is also
expressed by neurons (Jones and Shusta, 2007). Moreover, the level
of TfR expression in other normal, non-dividing healthy tissues is
nearly undetectable (Gatter et al., 1983). Therefore, a single ligand
targeted to TfR can not only mediate the transport of nanocarriers
across the BBB but can also help to increase intracellular delivery
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into neurons (Jones and Shusta, 2007). As a classic BBB targeting
ligand, holo-transferrin has a high affinity for the TfR and has been
successfully used for brain delivery of nanocarriers (Gan and Feng,
2010; Gupta et al., 2007; Qian et al., 2002; Ren et al., 2010) even
though high levels of endogenous transferrin nearly saturate trans-
ferrin receptors (de Boer and Gaillard, 2007). Thus, transferrin has
been shown to be a promising ligand for targeted drug delivery to
the brain.

Although many studies have demonstrated that transferrin
increases brain delivery of nanocarriers in vitro and in vivo,
the brain uptake mechanisms of transferrin modified nanocarri-
ers have not yet been clearly defined. Hence, the main aims of
this study were to develop biodegradable polymersomes that are
functionalized with transferrin (Tf-PO) for brain delivery and to
elucidate their cellular internalization mechanisms. Biodegradable
poly(ethyleneglycol)-poly(e-caprolactone) (PEG-PCL) was applied
to prepare polymersomes by a nanoprecipitation method. The
morphology and particle size of Tf-PO were characterized by trans-
mission electron micrograph and dynamic light scattering. Using
coumarin-6 as a fluorescent probe, the cellular uptake mechanisms
and brain delivery of Tf-PO were investigated. A cell viability assay
was also performed to confirm the safety of the biodegradable Tf-
PO.

2. Materials and methods
2.1. Materials and animals

Monomethoxy-polyethyleneglycol (MPEG, Mn=3000Da)
and hydroxy-polyethyleneglycol-maleimide (Maleimide-PEG,
Mn =3400Da) were purchased from PegBio Corporation (Suzhou,
China) and Laysan Bio (Arab, AL, USA), respectively. e-Caprolactone
(e-CL) was ordered from Dow (Houston, TX, USA). Stannous
octoate (95% pure), holo-transferrin, monensin, Brefeldin A, and
2-iminothiolane (Traut’s reagent) were purchased from Sigma
(Saint Louis, MO, USA). Coumarin-6 and coumarin-7 were from
Aldrich. A human transferrin ELISA quantitation kit was obtained
from Bethyl (Montgomery, TX, USA). The BCA protein assay was
from Shanghai Shenergy Biocolor Bioscience and Technology
Corporation (China). Filipin was purchased from Fluka (Germany).
Chlorpromazine was kindly provided by Shanghai Mental Health
Center. The bEnd.3 cell line was from the American Type Culture
Collection (Rockville, MD). Fetal bovine serum and related cell
culture medium were from Invitrogen (Gibco, Carlsbad, CA). Plastic
cell culture dishes, plates, and flasks were ordered from Corning
Incorporation (Lowell, MA). Double distilled water was purified
using a Millipore Simplicity System (Millipore, Bedford, MA, USA).
All the other chemicals were analytical reagent grades and were
used without further purification.

Sprague-Dawley rats (weighing 200-230 g) were obtained from
Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai, China). The
animals used for the experiment were treated according to pro-
tocols that had been evaluated and approved by the ethical
committee of Fudan University.

2.2. Preparation and characterization of transferrin conjugated
polymersomes

2.2.1. Copolymer synthesis and characterization

The MPEG-PCL or Maleimide-PEG-PCL diblock copolymers
were synthesized by ring-opening polymerization of &-CL using
MPEG or Maleimide-PEG-PCL as the initiator (Pang et al., 2008).
TH NMR spectra of these copolymers were recorded in CDCl3 with
a Varian Mercury Plus-400 MHz apparatus. Chemical shifts in ppm
(8) were determined, and the chloroform signals at 7.26 ppm were

used as references. The integrals of the peaks corresponding to
the PCL methylene protons (6 2.31 ppm) and the PEG methylene
protons (§ 3.65ppm) were used to calculate the average num-
ber molecular weight (Mn) of the PCL block (He et al., 2004). The
peak at 6.70 ppm for the maleimide protons was used to vali-
date the preservation of the maleimide function in the synthesized
Maleimide-PEG-PCL. Molecular weight and molecular distribution
were also determined by gel permeation chromatography (GPC)
with an Angilent 1100 GPC (Angilent, USA), using tetrahydrofuran
(THF) as the solvent.

2.2.2. Preparation of biodegradable polymersomes conjugated
with transferrin

Biodegradable polymersomes were made with a blend of
MPEG-PCL and Maleimide-PEG-PCL by a nanoprecipitation
method (Meng et al., 2005). In brief, 20 mg of MPEG-PCL and 2 mg
of Maleimide-PEG-PCL were dissolved in 1.0 mL of THF and were
then injected slowly into 10 mL of 0.01 M PBS (pH 7.4). Mild stirring
was performed to induce self-assembly for 30 min. The polymer-
somes solution was dialyzed against 0.01 M PBS (pH 7.4) to remove
THF and was followed by concentration of the solution using a TM
Ultra-4 (Amicon) concentrator tube. For Tf conjugation, Tf was thi-
olated and characterized in the same manner as our previous work
(Lu et al., 2005b). Thiolated Tf was then incubated for 8 h with the
above concentrated polymersomes with a thiol group to maleimide
group molar ratio of 1:3. The resulting Tf-PO was purified by pass-
ing it through a Sepharose CL-4B column, and it was eluted with
0.01 M PBS buffer (pH 7.4).

The preparation of polymersomes loaded with coumarin-6 was
the same as that of blank Tf-PO, except that an additional 120 p.g
of coumarin-6 was added to the copolymer solution.

2.2.3. Morphology, particle size and zeta potential

The formation of blank polymersomes was visualized by Cryo-
transmission electron micrograph (Cryo-TEM, JEOL 2010, Japan)
(Bermudez et al., 2002). Tf-PO was observed by transmission elec-
tron microscope (TEM, JEM-1230, JEOL, Japan) following negative
staining with 1% uranyl acetate solution. The mean diameters and
zeta potential of Tf-PO were determined by dynamic light scatter-
ing (DLS) using a Zeta Potential/Particle Sizer NICOMP TM 380 ZLS
(S.NICOMP PARTICLE SIZE SYSTEM, Santa Barbara, USA). Surface Tf
densities were determined by the ELISA method combined with a
turbidimetry method, as previously described (Pang et al., 2008).

2.2.4. Drug loading efficiency and in vitro release of coumarin-6
from Tf-PO

The drug loading efficiency (DLE) of coumarin-6 in Tf-PO was
determined by HPLC combined with a turbidimetry method (Lu
et al., 2005b). In vitro release of coumarin-6 from Tf-PO in PBS
(pH 4 or 7.4) and in rat plasma was characterized as previously
described (Pang et al., 2008). The released samples were analyzed
by HPLC (Angilent 1200) with a fluorescence detector at an excita-
tion wavelength of 465 nm and an emission wavelength of 502 nm
(Lu et al., 2005b). Samples were kept away from light throughout
the experimental procedure.

2.3. Cellular uptake of coumarin-6 loaded polymersomes

2.3.1. Fluorescent microscopy of polymersomes uptake by bEnd.3
cells

The bEnd.3 cells were seeded onto a polylysine-coated glass
cover slip at a density of 10% cells per cm? and were incu-
bated at 37 °C for 24 h. After a 30-min incubation in DMEM, cells
were treated with coumarin-6-loaded Tf-PO or PO suspensions
(100 pg/mL in DMEM) for 0.25, 0.5 and 2 h at 37°C, respectively.
At the end of the experiment, the cells were washed three times
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Fig. 1. "HNMR spectra of Maleimide-PEG3.4k-PCL15k (A) and MPEG3k-PCL15k (B)
in CDCI3.

with PBS and fixed by 4% paraformaldehyde for 15min. After
being washed with PBS 3 times, the cells were mounted in Dako
fluorescent mounting medium and observed under a fluorescent
microscope (Olympus, Japan).

2.3.2. Quantitative determination of cellular uptake of
coumarin-6 loaded polymersomes

Toinvestigate the effect of different inhibitors on cellular uptake
of Tf conjugated polymersomes, bEnd.3 cells were seeded onto a
24-well plate at a density of 10° cells per well and were incu-
bated at 37°C for 24 h. After a 30-min incubation in DMEM, the
cells were treated with 100 g/mL of coumarin-6-loaded Tf-PO and
with various inhibitors for 60 min: DMEM (control), Tf (0.5 mg/mL),
0.1% (w/w) sodium azide, 20 wmol/L phenylarsinoxide (PheAso),
10 pg/mL chlorpromazine, 5 wg/mL Brefeldin A, 100 nmol/L mon-
ensin or 10 wg/mL filipin (Drin et al., 2003). At the end of the
incubation period, the polymersomes suspension was removed,
and the cells were washed three times with ice-cold PBS, subse-
quently with acid buffer (consisting of 120 mM NaCl, 20 mM sodium
barbital, and 20 mM sodium acetate, pH 3) at 4°C for 5min, and
again with ice-cold PBS. Afterward, the cells were solubilized with
0.4 mL of 1% Triton X-100 at 4°C overnight, and 25 L of the cell
lysate from each well was sampled to determine the total cell pro-
tein content using the BCA protein assay. The rest of the cell lysate

Table 1
Particle size and zeta potential of PO and Tf-PO loaded with or without coumarin-6
(n=3).

Vesicle Mean size Zeta potential (mV)?
(mean 4 SD, nm)

PO 952 +£35 -20.2 + 0.7

Tf-PO 99.1 £55 -20.5+0.8

Courmarin-6-loaded PO 98.2 £ 6.7 —-203 + 0.5

Courmarin-6-loaded Tf-PO 1014 + 59 -19.9 £ 0.5

2 Measured in NaCl solution (103 M).

was used for extraction and HPLC determination of courmarin-6
(Lu et al., 2005b). The standard curve for polymersomes was con-
structed by suspending polymersomes in varying concentrations
(5-200 pg/mL) in 1% Triton X-100 followed by the same extraction
and HPLC determination process as the previous samples. Polymer-
some uptake was presented as the percent uptake of the control.

To evaluate the effect of temperature on cellular uptake, the cells
were treated with the same process as described above except that
the cells were incubated with 100 p.g/mL of coumarin-6-loaded Tf-
PO or PO at 4°C and 37°C for 1h, respectively. The uptake index
(UI) was expressed as polymersomes (g)/cellular protein (mg).

To study the effects of incubation time on polymersome
uptake, the cells were treated with the same process as described
above except that the cells were incubated with 100 wg/mL of
coumarin-6-loaded Tf-PO or PO at 37°C for 0.25, 0.5, 1 and 2h,
respectively. The uptake index (UI) was expressed as polymer-
somes (j.g)/cellular protein (mg).

2.4. Invitro cytotoxicity of Tf-PO

The bEnd.3 cells were seeded onto a 96-well plate at a density of
10* cells per well and incubated for 24 h. Afterward the cells were
incubated with PO and Tf-PO samples in DMEM with a series of
concentrations for 4 h at 37 °C. Eight wells treated only with DMEM
were prepared as controls. After exposure to polymersomes, the
cytotoxicity of these formulations was assayed by the MTT method
(Lu et al., 2005a).

2.5. Brain delivery of Tf-PO

2.5.1. Qualitative studies

To verify the brain delivery property of Tf-PO, the experiment
was performed as previously described (Hu et al., 2009; Lu et al.,
2005Db). Briefly, coumarin-6-labeled Tf-PO or PO was injected into
rat tail veins at a dose of 50 mg/kg. Thirty minutes later, the animals
were anaesthetized, and the heart was perfused with 100 mL of
saline followed by 200 mL of 4% paraformaldehyde. Afterwards, the
brain was removed and fixed in 4% paraformaldehyde overnight.
Samples measuring 0.5 cm in thickness of the coronal section post
optic chiasma were collected and placed in 15% sucrose PBS solu-
tion for 12 h followed by 30% sucrose overnight. The samples were
embedded in Tissue Tek® 0.C.T. compound (Sakura, USA) and
frozen at —70°C. The frozen sections of 5 wm thickness were pre-
pared with a cryotome Cryostat (Leica, CM 1900, Germany), and
were stained with 1 wg/mL DAPI for 10 min at room temperature.
The sections were washed with PBS 3 times, mounted in fluorescent
mounting medium and examined under the fluorescence micro-
scope (Olympus, Japan).

2.5.2. Quantitative studies

Animal experiments were performed as previously described
(Pang et al., 2008). In brief, rats were anesthetized with
chloral hydrate. Then, coumarin-6-labeled Tf-PO and PO were
injected into the left femoral vein at a dose of 10 mg/kg. Blood
samples were collected via a cannula implanted in the left
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Fig. 2. (A) Cryo-TEM images of polymersomes in water (bar 100 nm). The hydrophobic cores of polycaprolactone are the darker areas. (B) TEM images of Tf-PO negatively
stained with 1% uranyl acetate solution (bar 100 nm).

femoral artery at 0.25, 1, 2, 5, 15, 30, 60 and 120min fol- by quick washing with cold saline to remove surface blood.
lowing i.v. injection. The blood volume was replaced with an The tissue samples and blood samples were spiked with the
equal volume of saline. At 120min, the animals were decap- internal standard coumarin-7 and were subjected to n-hexane
itated, and the brain and other major organs including the extraction for HPLC analysis as previously described (Lu et al.,
liver, spleen, heart, lung and kidneys were collected followed 2007).

Fig. 3. Fluorescence imaging of bEnd.3 uptake of 100 p.g/mL polymersomes (upper row) and Tf-PO (lower row) at 37 °C incubation for 0.25h (A and D), 0.5h (B and E) and
2h (C and F), respectively. The magnification bar is 25 pm.
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Using a nonlinear regression, the plasma data was fitted to a
biexponential equation:
A(t) =Aje kit 4 pse ket

where A(t) was %ID per mL of plasma (%ID, percentage of injected
dose) (Kang et al., 1994). Pharmacokinetic parameters, such as
plasma clearance (Cl) and steady-state volume of distribution

140 - EPO OTfPO

Viability (%)
£

0.25 0.625 1.25 2.5 5
Polymersomes concentration (mg/ml)

Fig. 5. In vitro cytotoxicity of PO, Tf-PO against bEnd.3 cells with a series of concen-
trations from 0.25 to 5 mg/mL. Data represented the mean+SD (n=4).

(Vss) were calculated from Aq, Aj, ki, and k,. The area under
the blood concentration curve (AUCy_¢) was calculated using a
noncompartmental data analysis of the blood concentrations. The
brain permeability surface area (PS) product was determined as
described elsewhere (Huwyler et al., 1996). Brain uptake was
expressed as %ID per g of tissue and calculated as:

%ID/g(t) = PS x AUCy_;.

3. Results and discussion
3.1. Copolymer synthesis

Two block copolymers, MPEG3k-PCL15k and Maleimide-
PEG3.4k-PCL15k, were synthesized with molecular weights of
15,200 and 15,300 Da, respectively, as determined by 'H NMR
(Fig. 1). The typical "H NMR spectra and chemical shifts of these
copolymers were in good agreement with previously published
data on PEG-PCL copolymers (Yuan et al., 2000) and on maleimide
functions (Olivier et al., 2002). For Maleimide-PEG-PCL, the exist-
ing peak for maleimide protons proved that the maleimide function
was mostly preserved in the final product. GPC measurements
demonstrated that the polydispersity index of MPEG3k-PCL15k
and Maleimide-PEG3.4k-PCL15k were 1.18 and 1.27, respectively.

3.2. Characterization of transferrin conjugated polymersomes

Cryo-TEM results revealed that a blend of MPEG3k-PCL15k and
Maleimide-PEG3.4k-PCL15k spontaneously assembled into poly-
mersomes with a diameter of approximately 100nm (Fig. 2A).
The hydrophobic core of the polymersome membrane provided
the contrast, and the membrane thickness has a measured width
of about 18 nm. These self-assembled bilayers were considerably
thicker than any previously studied lipid system, indicating they
may be electromechanically tough, have low permeability and good
stability (Discher et al., 1999). TEM examination demonstrated that
polymersomes had an average diameter of approximately 90 nm
(Fig. 2B), and the conjugation with Tf did not change their vesicle-
like shape. The vesicle size and zeta potential of polymersomes
measured by DLS were shown in Table 1. The average diameter
of unconjugated polymersomes was around 95 nm, and the vesicle
size was slightly increased to approximately 100 nm after trans-
ferrin conjugation or coumarin-6 incorporation. It has been shown
that the optimal size for polymersomes is 100 nm for improving
the PK parameters (Alexis et al., 2008), and that a similar size is
advantageous for endocytosis by brain capillary endothelial cells
(Huwyler et al., 1996; Massignani et al., 2009). No significant dif-
ference in vesicle size was observed between unloaded Tf-PO and
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Fig. 6. Distribution of coumarin-6 labeled PO (upper row) and Tf-PO (lower row) in cerebral cortex (A and D), the periventricular region of lateral ventricle (B and E) and
the third ventricle (C and F) was visualized using the FITC filter 30 min after i.v. injection of polymersomes at a dose of 50 mg/kg (green). The cell nuclei were stained with
1 wg/mL DAPI visualized using UV filter (blue). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

those loaded with coumarin-6, indicating that the incorporation
of coumarin-6 did not influence the vesicle size. The zeta poten-
tial values of polymersomes, Tf-PO and coumarin-6 loaded Tf-PO
in 0.001 M NacCl solution (pH 7.0) were all approximately —20 mV.
There was no significant difference in the zeta potential value
between PO and Tf-PO loaded with or without coumarin-6, indi-
cating that Tf conjugation and coumarin-6 incorporation did not
influence the zeta potential value. There were 37.3 & 3.5 transfer-
rin molecules on the surface of each Tf-PO, which was a reasonable
density for brain targeting (Huang et al., 2007; Huwyler et al., 1996).

As an accurate fluorescent probe, coumarin-6 was usually
encapsulated into nanocarriers to trace the behavior of nanocar-

100
—=— PO
10 —— Tf-PO
3
S
1t
0.1 1 1 1 L

0 0.5 1 15 2 2.5
time (h)

Fig. 7. %ID/mL of plasma of polymersomes is plotted vs various times after intra-
venous injection. Data are means & SD of n =4 rats/point.

riers in vitro and in vivo (Davda and Labhasetwar, 2002; Gao et al.,
2006). In this study, the DLE of coumarin-6 loaded Tf-PO and PO
were 0.81% and 0.83%, respectively. This amount of coumarin-6
proved to be enough for qualitative and quantitative study both
in vitro and in vivo (Davda and Labhasetwar, 2002; Lu et al., 2007).
In vitro release tests demonstrated that the accumulated percent-
age of coumarin-6 released from Tf-PO in pH 4.0, 7.4 PBS and rat
plasma for 60 h were approximately 0.49%, 0.43% and 2.77%, respec-
tively. The low leakage property of coumarin-6 from polymersomes
indicated that the fluorescence signal detected in the cells, blood
or organ samples was mainly attributed to the coumarin-6 encap-
sulated into the polymersomes. Therefore, coumarin-6 could be a
suitable fluorescent probe for the polymersomes’ behavior in vitro
and in vivo.

A major concern with using nanocarriers for brain delivery
is neurotoxicity; however, biodegradable nanocarriers are gener-
ally safe when used for brain delivery. In our previous report, it
was also shown wheat germ agglutinin conjugated biodegradable
nanoparticles exerted little toxicity on the brain after intranasal
delivery to the brain (Liu et al., 2011). In this study, block copoly-
mer PEG-PCL was selected for preparing polymersomes due to
its biodegradability. Unlike our previous reported “biodegradable
polymersomes”, which were formed from blending bioinert poly-
mers and biodegradable components (Gao et al., 2010), PEG-PCL
polymersomes promise to be fully biodegradable, leaving no poten-
tially toxic byproducts upon their degradation (Ghoroghchian etal.,
2006). It has been previously shown that PEO2k-PCL12k and
PEG3k-PCL15.8k, which have a relatively low hydrophilic volume
fraction (f=0.15 and 0.17, respectively) can form vesicles by a film
hydration method (Ghoroghchian et al., 2006; Pang et al., 2010).
However, the hydration process needed high temperatures for
a long time, which might induce degradation of the polyesters
block and inactivation of the maleimide group. In this study, a
nanoprecipitation method was applied to prepare PEG-PCL poly-
mersomes under mild conditions. It was found that PEG-PCL with
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Table 2
Pharmacokinetic parameters and brain delivery of polymersomes after i.v. injection.

Group AUCss (%ID*h/mL) AUCy_ (%ID*h/mL) Cl (mL/h/kg) MRT (h) PS (nL/h/g) %ID/g brain

PO 4.57 £ 0.75 2.65 + 0.28 99 + 15 2.44 + 0.65 186 + 1.7 0.049 + 0.005

Tf-PO 2.66 + 0.62° 2.16 + 0.15" 172 + 36" 1.23 +£0.41° 52.6 + 72" 0.113 £ 0.018"
Values were mean + SD, n=4. Statistically significant difference by Student’s t-test when compared to the corresponding value of control.

" p<0.05vs PO.

" p<0.01vs PO.

an f of 0.18 self-assembled into vesicles. This was not in agree-
ment with the previous reports that amphiphilic diblock polymers
self-assembling into polymersomes generally possess an fbetween
0.20 and 0.42 (Discher et al., 2007). These results indicate that both
the preparation method and the hydrophilic volume fraction of
copolymers might affect the formation of polymersomes.

3.3. Cellular uptake of polymersomes

As an immortalized mouse brain endothelial cell line, bEnd.3
cells exhibit endothelial properties, blood-brain barrier character-
istics and amenability to numerous molecular interventions. They
are typically chosen as a simple BBB model to study the brain deliv-
ery properties of nanocarriers in vitro (Brown et al., 2007; Hu et al.,
2009). In this study, fluorescence imaging revealed that bEnd.3 cel-
lular uptake of Tf-PO was higher than that of PO at the same time
point (Fig. 3). The cellular uptake of both Tf-PO and PO increased
with time, showing a time-dependent pattern. Quantitative deter-
mination results also proved that Tf-PO accumulated within the
cells at a faster rate and to a larger extent than PO (Fig. 4A). After a
2-h incubation period, the cellular uptake index of Tf-PO was 1.53-
fold higher than that of unconjugated PO. These results agreed well
with our previous report (Gao et al.,2010). Moreover, polymersome
uptake by bEnd.3 cells showed a temperature or energy dependent
pattern. As shown in Fig. 4B and C, the uptake index of both Tf-PO
and PO at 37°C was much higher than at 4°C. Energy depletion
by sodium azide significantly decreased the cellular uptake of Tf-
PO. The cellular internalization pathway of Tf-PO was characterized
by adding a pharmacological inhibitor of clathrin-mediated endo-
cytosis, chlorpromazine, and an inhibitor of caveolae-mediated
endocytosis, filipin, into the mediums, respectively. It was evi-
denced that chlorpromazine significantly decreased the cellular
uptake of Tf-PO but that filipin did not have any effect, indicating
that clathrin but not caveolae was involved in the endocytosis pro-
cess of Tf-PO (Fig. 4C). In addition, both excess free transferrin and
PheAso, inhibitors of endocytosis greatly reduced the polymersome
uptake, suggesting that uptake of Tf-PO was subject to receptor-
mediated endocytosis. The Golgi apparatus and lysosomes have
important roles in both intracellular cargo transport and dispo-
sition (Gabor et al., 2002; Jiang et al., 2006). In this study, both
BFA, which disrupts the Golgi apparatus and intracellular traffick-
ing, and monensin, a lysosome inhibitor, significantly reduced the
uptake of Tf-PO (Fig. 3A), confirming that both the Golgi apparatus
and lysosomes are involved in intracellular transport of Tf-PO. All of
these results suggest that Tf-PO interacts with the BBB in a specific
manner that facilitates their endocytosis.

Many studies have demonstrated that transferrin increases
brain delivery of nanocarriers via receptor-mediated transcytosis;
however, little is known about the cellular internalization pathway
of transferrin modified nanocarriers. In contrast to previous reports
that a caveolae endocytosis pathway is preferentially involved in
the cellular uptake of transferrin conjugated nanoparticles (Tf-NPs)
(Chang et al., 2009), Tf-PO uptake by bEnd.3 cells occurred via a
clathrin-mediated endocytosis, and both the Golgi apparatus and
the lysosome had important effects on intracellular transport of Tf-
PO. Interestingly, Tf was also shown to cross the BBB via caveolae

or clathrin-mediated transcytosis in different in vitro BBB mod-
els (Candela et al., 2008; Simionescu et al., 2002; Visser et al.,
2004). These results suggested that the characteristics of Tf-PO
uptake by different cells might be rather different, and rational BBB
models should be applied to study the internalization pathways
of nanocarriers. More details about intracellular internalization by
colocalization with endocytosis markers such as clathrin-specific
antibodies, caveolin-1-specific antibodies and cholera toxin B for
caveolae (Sahay et al.,2008) are still in need of further investigation.

3.4. Invitro cytotoxicity of Tf-PO

As shown in Fig. 5, Tf-PO and PO displayed little toxicity against
bEnd.3 cells. Even at the highest concentration (5 mg/mL), the cel-
lular viability was always above 89%. There were no significant
differences in cellular viability between the PO and Tf-PO groups.
These results indicate that biodegradable Tf-PO has good safety.

3.5. Brain delivery of Tf-PO

The microscopic examination of coronal sections of the rat
brain after i.v. injection of fluorescent polymersomes showed that
coumarin-6 labeled Tf-PO localized in the cerebral cortex, the
periventricular region of the lateral ventricle and the third ventri-
cle, whereas PO exhibited little distribution (Fig. 6). These results
suggest that Tf-PO is an effective carrier for brain delivery.

3.6. Pharmacokinetics and brain delivery of coumarin-6 loaded
Tf-PO

Pharmacokinetics experiments were performed in SD rats in
order to quantitatively investigate the brain delivery properties
of Tf-PO. As shown in Fig. 7, after i.v. injection of polymersomes
at a dose of 10 mg/kg, the blood clearance of both Tf-PO and PO
occurred in a biexponential manner (Fig. 7). From the data in Fig. 7,
pharmacokinetic parameters and brain uptake of polymersomes
were calculated (Table 2). Both Tf-PO and PO showed long circula-
tion properties; however, Tf conjugation significantly increased the
plasma clearance and decreased the MRT. Although Tf conjugation
significantly decreased the AUCy_; of polymersomes, the PS prod-
uct for Tf-PO was increased to 2.8-fold that of PO. The brain uptake
for Tf-PO at 2 h was 0.11%ID/g, which increased by 2.3-fold when
compared with PO. All these results indicated that Tf-PO might be
a promising carrier for brain delivery and may have good poten-
tial to deliver therapeutic agents to the CNS for the treatment of
neurodegenerative diseases.

4. Conclusion

In this paper, a novel brain delivery nanocarrier, transferrin con-
jugated biodegradable polymersomes (Tf-PO), was exploited for
efficient brain drug delivery, and its cellular internalization mech-
anisms were investigated. It was evidenced that Tf-PO uptake by
bEnd.3 cells occurred mainly through a clathrin-mediated, energy-
dependent endocytosis and that both the Golgi apparatus and
lysosomes are involved in intracellular transport of Tf-PO. Fluo-
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rescent microscopy of brain coronal sections revealed that after i.v.
injection more Tf-PO than PO accumulated in the brain. In addition,
the brain delivery results proved that the blood-brain barrier (BBB)
permeability surface area product (PS) and percentage of injected
dose per gram of brain (%ID/g brain) for Tf-PO were increased 2.8-
fold and 2.3-fold when compared with those of PO, respectively.
These results indicated that Tf-PO is a promising brain delivery
carrier.
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