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A  novel  biodegradable  brain  drug  delivery  system,  the  lactoferrin  (Lf)  conjugated  polyethylene  glycol-
polylactide-polyglycolide  (PEG-PLGA)  nanoparticle  (Lf-NP)  was  constructed  in this paper  with  its  in vitro
and in vivo  delivery  properties  evaluated  by  a fluorescent  probe  coumarin-6.  Lf  was  thiolated  and  con-
jugated  to  the  distal  maleimide  function  surrounding  on the pegylated  nanoparticle  to form  Lf-NP.  TEM
observation  and  ELISA  analysis  confirmed  the existence  of  active  Lf  on  the surface  of  Lf-NP.  The  results
of qualitative  and  quantitative  uptake  studies  of coumarin-6  incorporated  Lf-NP  showed  a more  pro-
nounced  accumulation  of  Lf-NP  in  bEnd.3  cells than  that  of unconjugated  nanoparticle  (NP).  Further
uptake  inhibition  study  indicated  that  the  increased  uptake  of  Lf-NP  was  via  an  additional  clathrin  medi-
ated endocytosis  processes.  Following  intravenous  administration,  a  near  3 fold  of coumarin-6  was  found
rocortin
arkinson’s disease

in the  mice  brain  carried  by  Lf-NP  compared  to that  carried  by  NP.  Intravenous  injection  of urocortin
loaded  Lf-NP  effectively  attenuated  the  striatum  lesion  caused  by  6-hydroxydopamine  in rats  as  indi-
cated  by  the  behavioral  test,  the immunohistochemistry  test  and  striatal  transmitter  content  detection
results.  The  cell  viability  test  and  CD68  immunohistochemistry  demonstrated  the  acceptable  toxicity  of
the system.  All  these  results  demonstrated  that Lf-NP  was  a promising  brain  drug  delivery  system  with
reasonable  toxicity.
. Introduction

Drug delivery to the brain is made difficult by the presence
f the blood–brain barrier (BBB) (Mehdipour and Hamidi, 2009;
ardridge, 2007). The endothelial cells of BBB form extremely tight
unctions, providing a superfine filter that prevents the transport
f most drugs from the vasculature into the brain parenchyma
De Boer and Gaillard, 2007). To overcome this, receptor-mediated
rug delivery systems are developed by coupling of vectors with
pecific receptors on the BBB to drug loading vehicles. These sys-
ems combine the advantages of brain targeting, high incorporation
apacity, reduction of side effects, and circumvention of the mul-
idrug efflux system (Calvo et al., 2001; Jones and Shusta, 2007). The

ost well-known system, OX-26 conjugated immunoliposome,
anifests extraordinary capacity of the receptor-mediated route
y successful delivery of small molecular chemicals (Huwyler et al.,
996) and genes (Zhang et al., 2002, 2003) to the brain. However,
he low stability of the liposome and disparity of the targeting effect

∗ Corresponding author. Tel.: +86 21 5198 0067; fax: +86 21 5198 0069.
E-mail address: xgjiang@shmu.edu.cn (X. Jiang).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.05.062
© 2011 Elsevier B.V. All rights reserved.

of the monoclonal antibodies greatly impact its further application
(Gosk et al., 2004; Moos and Morgan, 2001; Sharma and Sharma,
1997). Therefore, novel delivery systems are required to further
increase brain delivery.

Lactoferrin (Lf) is a mammalian cationic iron-binding glycopro-
tein belonging to the transferrin (Tf) family. It exerts a number
of biological functions such as anti-inflammatory, immunomod-
ulatory and antimicrobial (Suzuki et al., 2005). Lf receptor (LfR) is
found on the BBB of different species and transports Lf across the
BBB in vitro and in vivo (Fillebeen et al., 1999; Huang et al., 2007;
Suzuki et al., 2005). There are two  classes of binding sites for Lf
on cell membrane, a high affinity 105 kDa receptor protein and the
low affinity glycosaminoglycans binding sites (Spik et al., 1994).
Recently, Ji et al. (2006) demonstrated that the brain uptake of Lf
was much higher than Tf and OX26. What is more, our previous
studies using Lf as a brain targeting molecule resulted in success-
ful brain delivery (Hu et al., 2009). These results proved Lf is a
promising targeting molecule for improving brain delivery.
Urocortin (UCN), a corticotrophin releasing hormone related
peptide, has recently been proposed as a cytoprotectant for cul-
tured hippocampal neurons, cerebellar granule cells and GABAergic
neurones (Choi et al., 2006; Facci et al., 2003; Pederson et al., 2002).

dx.doi.org/10.1016/j.ijpharm.2011.05.062
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:xgjiang@shmu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2011.05.062
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ntravenous injected UCN could not across the BBB, while intracere-
ral injection of 20 fmol UCN was reported to be able to arrest the
evelopment of Parkinsonian like features in the rat 6-OHDA and

ipopolysaccharide paradigms of Parkinson’s disease, which indi-
ating substantial therapeutic utility of UCN (Abuirmeileh et al.,
007; Kastin et al., 2000).

In this paper, Lf was conjugated to PEG-PLGA nanoparticles
NP) to construct a novel brain drug delivery system (Lf-NP).
EG-PLGA nanoparticles were chosen as the drug loading vehicles
ecause of their better biodegradability over PEG-PLA nanopar-
icles. Coumarin-6 was incorporated into Lf-NP as a fluorescence
robe to evaluate its brain targeting ability. The in vitro cell uptake,

n vivo biodistribution and brain targeting behavior of Lf-NP were
bserved using HPLC fluorescence detection by tracking coumarin-
-loaded Lf-NP. Then, UCN was incorporated into Lf-NP to observe

ts therapeutic effect on Parkinson’s disease. The toxicity of the
ystem was also evaluated preliminarily by cell viability detection
n vitro and by the CD68 immunohistochemisty in vivo.

. Materials and methods

.1. Materials and animals

Methoxy-poly (ethylene glycol) (MePEG, MW 3000 Da) was
urchased from NOF Corporation (Japan) and Maleimide-PEG
MW  3500 Da) was custom-synthesized from Jenkem Technology
China). d,l-Lactide (purity: 99.5%) was purchased from PURAC
Netherlands). Glycolide was from Chengdu Organic Chemicals
o., Chinese Academy of Sciences (China). Sodium cholate was

rom Shanghai Chemical Reagent Company (China); Lactofer-
in from Bovine Colostrum, 2-iminothiolane hydrochloride (2-IT),
oumarin-6, rabbit anti-goat immunoglobulin (IgG) gold (10 nm)
onjugate, urocortin, 6-hydroxydopamine (6-OHDA), dopamine
ydrochloride, dihydroxyphenylacetic acid, homovanillic acid and
ihydroxybenzylamine were all from Sigma–Aldrich (Saint Louis,
O,  USA); VECTASTAIN® ABC Kit and DAB Substrate Kit for Per-

xidase were from Vector Laboratories (Burlingame, CA, USA);
nti-tyrosine hydroxylase from Chemicon (Temecula, CA, USA);
rocortin (Rat) EIA Kit from Phoenix Pharmaceuticals (Mountain
iew, CA, USA); Rabbit anti-CD 68 antibody from Bioss Biotech-
ology (China); Goat anti-Bovine Lactoferrin-affinity purified and
ovine Lactoferrin Elisa Quantitation Kit were from Bethyl (Mont-
omery, TX, USA); 5,5-dithiobis (2-nitrobenzoic acid) (Ellman’s
eagent) from Acros (Belgium). Dulbecco’s Modified Eagle Medium
high glucose) cell culture medium and plastic cell culture dishes,
lates and flasks, from Corning Incorporation (Lowell, MA,  USA);
etal bovine serum (FBS) from Gibco (Carlsbad, CA, USA); Cell
ounting kit-8 (CCK-8) from Dojindo Laboratories (Japan); Tissue
ek® O.C.T. compound from Sakura Finetek USA Inc. (Netherlands).
ouble-distilled water was purified using a Millipore Simplicity
ystem (Millipore, Bedford, MA,  USA). All the other chemicals were
f analytical reagent grades and used without further purification.

KM mice (18–20 g, ♂) were obtained from Experimental Ani-
al  Center of Fudan University. SD rats (200–250 g, ♂) and BALB/c
ice (18–20 g, ♂) were from Sino-British SIPPR/BK Lab Animal Ltd.

he animals were maintained at 22 ± 2 ◦C on a 12 h light-dark cycle
ith free access to food and water and were treated according to

he protocols evaluated and approved by the ethical committee of
udan University.

.2. Preparation and characterization of NP and Lf-NP
.2.1. Preparation of NP
The MePEG-PLGA and maleimide-PEG-PLGA copolymers were

ynthesized and characterized as described previously (Beletsi
armaceutics 415 (2011) 273– 283

et al., 1999; Konstantinos, 2004). The double emulsion and sol-
vent evaporation method was  used to prepare the nanoparticles
(NPs) (Lu et al., 2005). In brief, a primary emulsion was formed
by emulsifying water in a dichloromethane solution of 0.0025 g
maleimide-PEG-PLGA and 0.0225 g MePEG-PLGA on ice using a
probe sonicator (Scientz Biotechnology Co. Ltd., China). Then the
primary emulsion was subjected to intermissive sonication in 2 ml
of a 1% sodium cholate aqueous solution on ice to form the w/o/w
emulsion, which was  further diluted into a 0.5% sodium cholate
aqueous solution under magnetic stirring. The dichloromethane
in the multiple emulsions was  evaporated at low pressure and at
30 ◦C using Büchi rotavapor R-200 (Büchi, Germany). The formed
nanoparticles were centrifuged at 21,000 × g for 45 min  (TJ-25
centrifuge, Beckman Counter, USA) and the precipitation was  resus-
pended in 0.5 ml  of a 0.01 M HEPES buffer pH 7.0 containing
0.15 M NaCl for further use. The coumarin-6 and the UCN loaded
nanoparticles were prepared with coumarin-6 (0.01% or 0.003%,
w/v, to the dichloromethane solution) or UCN (0.4%, w/v, to the
inner water phase) added before primary emulsification. In addi-
tion, the coumarin-6 loaded nanoparticles were subjected to a
1.5 cm × 20 cm sepharose CL-4B column and eluted with 0.05 M
HEPES buffer pH 7.0 containing 0.15 M NaCl to remove the unen-
trapped coumarin-6. Other experimental conditions were the same
as described above.

2.2.2. Preparation of Lf-NP
The Lf was  thiolated and purified as described previously (Hu

et al., 2009). The purified thiolated Lf was  added to the NPs and
incubated at room temperature for 9 h to prepare the Lf-NP. The
solution was  then subjected to a 1.5 cm × 20 cm sepharose CL-4B
column and eluted with 0.01 M phosphate buffered saline (PBS)
buffer pH 7.4 to remove the unconjugated thiolated Lf.

2.2.3. Morphology, particle size and zeta potential
The mean diameter and zeta potential of the nanoparticles were

determined by a Zeta Potential/Particle Sizer NICOMPTM 380 ZLS
(PSS.NICOMP PARTICLE SIZE SYSTEM, Santa Barbara, CA, USA). A
transmission electron microscope (TEM, H-600, Hitachi, Japan) was
used for the morphological examination of the nanoparticles.

2.2.4. TEM of gold-labeled Lf-NP
To demonstrate the existence of Lf on the surface of Lf-NP, Lf-

NP was sequentially incubated with two antibodies: 20 �l 1 �g/ml
goat anti-bovine Lf primary antibody and 50 �l 10 nm colloidal
gold-labeled rabbit anti-goat secondary antibody. The NP and Lf-
NP treated without the primary antibody were subjected to the
same procedure and served as negative controls. Then they were
stained with 1% (w/v) phosphotungstic acid solution and examined
under TEM.

2.2.5. Conjugated Lf number and drug loading capacity
The average number of Lf molecules conjugated per nanoparti-

cle was calculated by dividing the number of Lf molecules which
were determined by a Lactoferrin ELISA Kit, by the average num-
ber of nanoparticles determined as described previously (Olivier
et al., 2002). The nanoparticle concentration was determined by
turbidimetry using UV2401 spectrophotometer at 350 nm (Shi-
madzu, Japan). The coumarin-6 loading capacity (CLC) of NP and
Lf-NP were determined by HPLC analysis after dissolving them in

a 20 times volume of methanol (Lu et al., 2005). While the UCN
loading capacity (ULC) of NP and Lf-NP was calculated by detect-
ing the UCN content in the supernatant after centrifugation by an
Urocortin ELISA Kit.
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.2.6. Stability of the fluorescent probe
To evaluate if the fluorescence probe remained associated with

he particles during a 24 h incubation period, the in vitro release
f coumarin-6 from the nanoparticles was investigated under sink
ondition. Coumarin-6-loaded Lf-NP and NP were incubated at
7 ◦C in pH 4 and pH 7.4 PBS, which represented the pH in the
ndo-lysosomal compartment and physiologic pH respectively,
t a coumarin-6 concentration of 50 ng/ml with a shaking rate
t 100 rpm. Periodic samples were subject to centrifugation at
1,000 × g for 45 min  and the supernatant was further diluted with
ethanol and analyzed for the released coumarin-6 by HPLC assay.

.3. In vitro uptake of coumarin-6-loaded NP and Lf-NP by
End.3 cells

.3.1. Cell culture
The immortalized mouse brain endothelial cell line b.End3 was

ultured in 10 cm tissue culture dishes in Dulbecco’s Modified Eagle
edium containing 10% FBS, penicillin (100 U/ml) and strepto-
ycin (100 mg/ml).

.3.2. Fluorescent microscopy of coumarin-6-loaded Lf-NP and
P uptake by bEnd.3 cells

bEnd.3 cells were seeded at a density of 104 cells/cm2 on
he polylysine-coated glass cover slip. On the second day, pre-
ncubated with HBSS for 15 min, the medium was replaced with
oumarin-6-loaded Lf-NP and NP suspensions (10 �g/ml in HBSS,
H 7.4) following by incubation for 0.25, 0.5 and 1 h at 37 ◦C, respec-
ively (Davda and Labhasetwar, 2002; Panyam et al., 2003). Then
he cells were washed three times with PBS and fixed with 4%
araformaldehyde solution for 20 min. After washing three times
ith PBS, the cells were mounted in Dako fluorescent mounting
edium and observed under fluorescent microscope (Olympus,

apan).

.3.3. Quantitative analysis of the uptake of coumarin-6-loaded
f-NP and NP by bEnd.3 cells

bEnd.3 cells were seeded at a density of 105 cells/cm2 onto 24-
ell plates. On the second day, pre-incubated with HBSS for 15 min,

he medium was replaced with the suspension of nanoparticles
1–60 �g/ml) and incubated for 1 h at 4 ◦C and 37 ◦C, respectively,
o study the effect of incubation temperature on nanoparticle
ptake. In a separate experiment, to study the effect of incuba-
ion time on nanoparticle uptake, the medium was  replaced with

 ml  10 �g/ml suspension of nanoparticles in HBSS per well and
he plate was incubated for 15 min, 30 min, 1 h, 2 h and 4 h at
7 ◦C, respectively. For uptake inhibition experiment, 10 mg/ml  Lf
nd different endocytic inhibitors (2.6 mg/ml NaN3, 10 �g/ml fil-
pin, 20 �g/ml chlorpromazine, 4 �g/ml colchicines, 20 �g/ml BFA
nd 140 ng/ml monensin) were added with 10 �g/ml Lf-NP suspen-
ion and incubated for 30 min  at 37 ◦C, respectively. Then the cells
ere washed with ice-cold PBS for five times and solubilized in

00 �l 1% Triton X-100. Twenty-five microliters of the cell lysates
rom each well were subjected to BCA protein assay (Shanghai
henergy Biocolor Bioscience and Technology Co., Ltd., China). One
undred microliters of the cell lysates were lyophilized and used

or HPLC analysis of coumarin-6 after extraction by 1 ml methanol.
 standard curve of nanoparticles was constructed by suspending
ifferent concentrations of nanoparticles (6–1200 ng/ml) in 1% Tri-

on X-100 followed by lyophilization and extraction of coumarin-6
n methanol. The uptake of nanoparticles by bEnd.3 cells was cal-
ulated from the standard curve and expressed as the amount of
anoparticles (�g) uptaken per mg  cell protein.
armaceutics 415 (2011) 273– 283 275

2.4. Biodistribution of coumarin-6-loaded NP and Lf-NP

2.4.1. Qualitative studies
Coumarin-6-loaded Lf-NP and NP were injected into the caudal

veins (dose 60 mg/kg) of mice, respectively. After 1 h, the mice were
anaesthetized and frozen brain sections of 20 �m thickness were
prepared and stained with 1 �g/ml DAPI for 10 min at room tem-
perature. After PBS washing, the sections were mounted in Dako
fluorescent mounting medium and examined under the fluores-
cence microscope (Olympus, Japan).

2.4.2. Quantitative studies
Fifty-four mice were randomly divided into two  groups, receiv-

ing coumarin-6 loaded Lf-NP and NP nanoparticles, respectively.
The animals were injected in tail vein with a dose of 60 mg/kg
fluorescence-loaded nanoparticles. At 0.083, 0.25, 0.5, 1, 2, 4, 8,
12 and 24 h following i.v. injection, the blood samples were col-
lected and the mice were sacrificed. The brain, heart, liver, spleen,
lung and kidney tissues were harvested following by quick wash-
ing with cold saline and then subjected to n-hexane extraction for
HPLC analysis with coumarin-7 as the internal standard.

Concentration data were dose-normalized and plotted as probe
concentration–time curves in the blood and different tissues. The
Cmax, Tmax values were read directly from the concentration–time
profile and the area under the concentration–time curve (AUC0–t)
was calculated by the trapezoidal rule. The statistical differences
between Lf-NP and NP were assessed using an unpaired Student’s
t test and a P value of less than 0.05 was accepted as significant.

2.5. Therapeutic effect of urocortin-loaded Lf-NP on 6-OHDA rat
model of Parkinson’s disease

2.5.1. Unilateral intrastriatal infusion of 6-OHDA
For the stereotaxic surgery, rats were anaesthetized by chlo-

ral hydrate (400 mg/kg i.p.) and then positioned in a stereotaxic
frame (Narishige, Japan) to achieve a flat skull position. A sagit-
tal incision was made in the scalp with sterile blade, then the skin
and inferior tissue layers covering the skull were retracted and a
small hole was drilled at the following coordinates: lateral (L) 3 mm,
antero-posterior (AP) 0.2 mm,  from the bregma point. The stereo-
taxic co-ordinates were calculated for the striatal region following
the “Rat Brain Atlas” (Paxinos and Watson, 1998). The 6-OHDA solu-
tion (10 �g/ml in 1% ascorbic acid) was infused unilaterally through
a stainless steel cannula into the striatal region (dorso-ventral 4.8
and 5.6 mm from the bregma point) at 0.3 �l/min, 1.5 �l each point.
Animals were allowed to recover completely before being returned
to housing.

2.5.2. Experimental design
Ninety rats were randomly divided into nine groups. Eight

groups were unilaterally infused with 6-OHDA to the striatum
while the other group given no treatment was served as normal
control. On the next day, different treatments were given to the
rats as shown in Table 1. All rats were subjected to behavior test 7,
14 and 21 days after 6-OHDA infusion. After the last behavior test,
the rats were sacrificed and the brains were harvested for immuno-
histochemistry stain of tyrosine hydroxylase and HPLC detection of
the striatal neurotransmitters.

2.5.3. Rotational behavior
On the 7th, 14th and 21st day after intrastriatal injection of 6-

OHDA, 0.5 mg/kg apomorphine was subcutaneously injected to the

neck of rat in each groups and 5 min  later, the completed 360◦

circle turns toward the intact side were counted continuously for
30 min. The whole experiment processes were under double blind
conditions.
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Table  1
Treatments given to different groups in the 6-OHDA PD model study.

Groups Treatments

PBS 6-OHDA lesion, i.v. injection of 0.5 ml  PBS
Lf-NP-UCN1 6-OHDA lesion, i.v. injection of 5.6 �g UCN carried by Lf-NP
Lf-NP-UCN3 6-OHDA lesion, i.v. injection of 16.8 �g UCN carried by Lf-NP
Lf-NP-UCN5 6-OHDA lesion, i.v. injection of 28 �g UCN carried by Lf-NP
NP-UCN5 6-OHDA lesion, i.v. injection of 28 �g UCN carried by NP
Blank NP 6-OHDA lesion, i.v. injection of blank NP
Blank Lf-NP 6-OHDA lesion, i.v. injection of blank Lf-NP
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UCN 6-OHDA lesion, i.v. injection of 28 �g UCN solution
Normal None

.5.4. Tyrosine hydroxylase immunohistochemistry
After the behavioral test on the 21st day, two rats of each group

ere anaesthetized with chloral hydrate, and perfused intracar-
ially with 0.1 M PBS pH 7.4 followed by 4% paraformaldehyde

n PBS. Then brains were removed, kept in 4% paraformaldehyde
xative for 12 h, and cryoprotected in 30% sucrose PBS solutions

or 24 h at 4 ◦C. Serial coronal sections (30 �m thickness) were
ade, free-floated in PBS, and processed for tyrosine hydroxylase

mmunohistochemistry as described below.
The sections were rinsed with 0.1 M PBS, pH 7.4, permeabi-

ized in 0.25% Triton X-100 for 30 min, incubated in 0.3% H2O2 for
5 min, and blocked by incubating for 2 h in normal goat serum.
fter rinsing with PBS, sections were incubated with the primary
ntibody (anti-tyrosine hydroxylase, 1:200; Chemicon Inc., USA) in

BS overnight at 4 ◦C. The next day, after rinsing in PBS, sections
ere treated with the VECTASTAIN® ABC Kit (Vector Laborato-

ies, USA). After development with 3,3′-diaminobenzidine solution
Vectastain DAB kit, Vector Laboratories, USA) for 8 min, all sec-

ig. 1. Transmission electron micrograph of different nanoparticles negatively stained wit
ith  different antibodies.
armaceutics 415 (2011) 273– 283

tions were washed for 10 min in double distilled water, mounted on
slides, dried, dehydrated in graded ethanol, cleared in xylene, and
mounted with resinene and observed under microscope (UFX-II,
Nikon, Japan).

2.5.5. HPLC detection of striatal dopamine and its metabolites
After the behavior test on the 21st day, eight rats of each group

were sacrificed with each left and right striata harvested separately
for the assay of dopamine (DA) and its main metabolites dihy-
droxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) as
described previously (Huang et al., 2010). Briefly, each striatum was
deproteinized following 20 s sonication in 0.2 M HClO4 contain-
ing 0.2 mmol/l Na2S2O5 and 0.01% EDTA-2Na (1 ml/100 mg tissue).
The samples were centrifuged at 10,000 × g for 10 min, and the
supernatants were passed through a 0.22 �m syringe filter before
injecting into the HPLC system (Agilent 1100, Agilent Technologies,
USA) equipped with a electrochemical detector (Coulochem III, ESA,
USA). The composition of mobile phase was 40 mM sodium acetate,
15 mM citric acid, 0.25 mM sodium octanesulfonate, 0.2 mM EDTA-
2Na, and 16% methanol (pH 4.3). The amount of DA, DOPAC and
HVA were quantified using a standard curve with DHBA as inter-
nal standard and represented as ng/g wt. The percent contents of
DA, DOPAC and HVA were calculated by dividing the content in the
lesioned striatum by that in the unlesioned side, respectively.

2.6. Preliminarily evaluation of the in vitro and in vivo toxicity of

Lf-NP

To evaluate the cytotoxicity of Lf-NP preliminarily in vitro, cell
viability of bEnd.3 cells after contacting with different concentra-

h phosphotungstic acid solution. (A) NP and Lf-NP. (B) Lf-NP and NP after incubated
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ig. 2. In vitro bEnd.3 uptake results of coumarin-6 loaded Lf-NP and NP. (A) 10 �g/
ontrast photo. The magnification bar is 100 �m.  (B) 1–60 �g/ml incubation for 1 h
n  = 3) *p < 0.05.

ions of Lf-NP was evaluated by MTT  hydrolysis using CCK-8. Lf, NP
nd Lf-NP of 0.025 to 3.0 mg/ml  in PBS (pH 7.4) were incubated with
he cells for 4 h at 37 ◦C and cell viability was expressed as percent-
ge of absorbance at 450 nm in comparison with that of the control,
hich comprised the cells without exposure to the samples.

The acute inflammation caused by Lf-NP in vivo was  evaluated
y CD68 immunochemistry. The BALB/c mice were injected with
nloaded Lf-NP at the dose of 180 mg/kg/day and 60 mg/kg/day
or 7 successive days, respectively. Twenty-four and forty-eight
ours post last dose, the animals were anaesthetized and perfused

ntracardially with 0.9% NaCl followed by 4% paraformaldehyde.
erebrum, cerebellum, heart, liver, spleen, lung and kidney were
emoved to prepare paraffin-embedded sections (5 �m thickness)
ccording to standard laboratory techniques. Following deparaf-
nized through xylenes and ethanol, sections were treated with
icrowave heating in 0.01 M citrate buffer (pH 6.0) at 95 ◦C for

ouble 5 min  in a microwave oven (Glanz WD900ESL23I-3, Guang-
ong, China) with a power setting of 780 W to retrieve antigens.

mmunohistochemistry was performed using 1:200 dilution of
abbit anti-mouse CD 68 antibody overnight at 4 ◦C followed by
he VECTASTAIN® ABC Kit. The slides were observed under a

icroscope after developed with DAB and counter-stained with
ematoxylin.

. Results and discussion

.1. Preparation and characterization of NP and Lf-NP

The average molecular weight of the synthesized maleimide-
EG3500-PLGA and MePEG3000-PLGA detected by 1H NMR  spec-
roscopy were 35,906 and 32,851, respectively, with a PGA to PLA
atio of 50:50. The particle size of NP and Lf-NP were both about
0 nm with the zeta potentials of around −24 mV.  After coumarin-

 and UCN encapsulation, the nanoparticle size raise to around
5 nm and 120 nm,  respectively. Generally, the size of brain delivery
anoparticles is controlled under 200 nm to facilitate the endocyto-

is by the brain capillary cells (Calvo et al., 2001; Olivier et al., 2002).
he size of the prepared NP and Lf-NP was all below 150 nm that
as regarded as favorable to brain transport. The zeta potential of
CN encapsulated nanoparticles changed to about −14 mV,  which
7 ◦C for different times. Below each fluorescent photo is their corresponding phase
◦C and 4 ◦C. (C) 10 �g/ml at 37 ◦C for different times. Results shown are mean ± SD

was in accordance with published results of protein encapsulated
PEG-PLGA nanoparticles (Li et al., 2001). The UCN-loaded nanopar-
ticles had a relatively positive zeta potential compared with the
unloaded ones, which might cause some disparity in their behavior
in vitro and in vivo. However, both neutral and negatively charged
surface nanoparticles have reduced plasma protein adsorption and
low rate of nonspecific cellular uptake (Alexis et al., 2008). As the
zeta potentials of the loaded and unloaded nanoparticles were
both negative, we  supposed there may  not be significant difference
between their in vitro and in vivo behavior.

TEM photographs showed the NP and Lf-NP were both spheri-
cal and of regular size (Fig. 1A). Gold particles were observed under
TEM around the surface of Lf-NP incubated with an anti-Lf primary
antibody and a 10 nm colloidal gold-labeled secondary antibody
sequentially (Fig. 1B), which proved the preservation of receptor
binding ability of the conjugated Lf. The active Lf on the nanopar-
ticle surface would ensure the targeting effects of Lf-NP to the Lf
receptor on brain capillaries. The specificity of this immunostaining
procedure was  validated by negative controls with no gold parti-
cle on the nanoparticle surface (Fig. 1B). The average Lf number on
each Lf-NP determined by a Lactoferrin ELISA Kit was around 42.

When 0.003% or 0.01% (w/v) of coumarin-6 was added, the CLC
was 0.072% and 0.79% for NP, 0.066% and 0.56% for Lf-NP, respec-
tively. The nanoparticles with lower CLC were used in cell uptake
experiments while those with higher CLC were used in in vivo
experiments. The ULC of UCN-loaded NP and Lf-NP detected by the
UCN ELISA Kit was  0.33% and 0.28%, respectively.

The results of the in vitro release study conducted in pH 4.0 and
pH 7.4 PBS at 37 ◦C showed that no more than 4% of coumarin-6 was
released from NP and Lf-NP after a 24 h incubation period, which
was in consistent with previous studies (Hu et al., 2009; Lu et al.,
2005). These results suggested the stability of the incorporated
coumarin-6 in the nanoparticles and indicated that the fluores-
cence signal detected in the cell or tissue samples was mainly
attributed to the coumarin-6 encapsulated into the nanoparticles.

3.2. In vitro uptake of coumarin-6-loaded NP and Lf-NP by

bEnd.3 cells

Unlike primary cultures cells that are grow slowly, prone to con-
tamination by other neurovascular unit cells, and lose blood–brain
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Fig. 3. Relative uptake efficiency of NP and Lf-NP by bEnd.3 cells after incubated with
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Fig. 4. In vivo brain uptake results of 60 mg/kg coumarin-6 loaded NP and Lf-NP. (A)
The  green fluorescence signals of coumarin-6 were visualized using the FITC filter
of  brain sections 1 h after nanoparticle injection. The blue cell nuclei were stained
with 1 �g/ml DAPI for 10 min  and visualized using the UV filter. The bar on each
photo is 50 �m.  (B) Concentrations–time curve of coumarin-6 in cerebrum followed

incubated at 37 C for 30 min. The relative uptake efficiency, which
was calculated by dividing the uptake amount of nanoparticle with
inhibitors by that without inhibitors, was used to evaluate the
inhibitory effect of the Lf on Lf-NP uptake. The relative uptake effi-
ifferent uptake inhibitors for 30 min  at 37 C. (A) 10 mg/ml  Lf; (B) NP after incu-
ation with different inhibitors. (C) Lf-NP after incubation with different inhibitors.
ata are mean ± SD, n = 3, *p < 0.05 corresponding to the control group.

arrier characteristics when passaged, bEnd.3 cells are an attrac-
ive candidate as a model of the BBB due to their rapid growth,

aintenance of blood–brain barrier characteristics over repeated
assages, formation of functional barriers and amenability to
umerous molecular interventions (Brown et al., 2007). Here it was
hosen as an easy BBB model to study the brain delivery property of
f-NP in vitro. The endothelial properties of bEnd.3 were confirmed
y immunochemistry stain of factor VIII and ZO-1, and the TEER of
he cell layer was  confirmed to be around 100 � cm2 (similar to the
eported value) in preliminary studies. All comparisons of NP and
f-NP uptake were carried out by using the same culture.

The in vitro uptake results showed that the uptake of Lf-NP by
End.3 cells was time-, temperature- and concentration-dependant
hich suggested an endocytosis process. The uptake of Lf-NP by

End.3 cells was  higher than the uptake of NP during the 4 h incu-
ation period, about 3.9 times higher than that of NP at 4 h (Fig. 2C).
he uptake amount of Lf-NP under 37 ◦C was much higher than that
nder 4 ◦C. At both 4 ◦C and 37 ◦C, the uptake of Lf-NP increased with

ncrease in the concentration, showing almost a first order kinet-

cs. At 60 �g/ml concentration, the uptake amount of Lf-NP reached
.43 and 3.94 times of those of NP at 4 ◦C and 37 ◦C, respectively
Fig. 2B).
by  i.v. NP or Lf-NP in mice. (C) Concentrations–time curve of coumarin-6 in whole
blood followed by i.v. NP or Lf-NP in mice. In both (B) and (C), data represented the
mean ± SD, n = 3.

The enhanced uptake of Lf-NP than NP by bEnd.3 cells could be
explained by an additional endocytosis mechanism involving Lf. To
confirm this, excess free Lf (10 mg/ml) was added with Lf-NP and

◦

Fig. 5. Tissue distribution of Lf-NP and NP denoted as AUCtissue/AUCblood. Data are
mean ± SD, *p < 0.05 corresponding to the NP.
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Table 2
Pharmacokinetic parameters of coumarin-6 in brain and whole blood following i.v. injection of coumarin-6 loaded NP or Lf-NP in mice.

PK parameters Blood Brain

NP Lf-NP NP Lf-NP

k (h−1)a 0.38 ± 0.15 0.54 ± 0.08 0.38 ± 0.11 0.52 ± 0.07
t1/2 (h)a 1.83 ± 0.72 1.27 ± 0.19 1.85 ± 0.53 1.35 ± 0.18
Tmax (h) 0 0 1 1
Cmax (ng/g or ng/ml) 388.24 ± 7.25 372.50 ± 22.55 50.57 ± 0.69 119.54 ± 4.67b
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AUC(0–t) (ng/(g h) or g/(ml h)) 290.17 ± 27.81 

a k and t1/2 denotes elimination rate constant and elimination half life respective
b Mean ± SD Significantly different from NP, p < 0.05.

iency of Lf-NP with Lf was merely 30% of Lf-NP, which proved the
ignificant effect of Lf on Lf-NP uptake (Fig. 3A). For further elucidat-
ng the uptake mechanism of Lf-NP, different endocytic inhibitors

ere added with Lf-NP and NP and their effects on nanoparticle
ptake were evaluated by the relative uptake efficiency. There were
hree major pathways for nanoparticles under 200 nm to be endo-
ytosed by cells, which is by the clathrin or the caveolae on the
ell membrane and by macropinocytosis (Seto et al., 2002). Chlor-
romazine, which prevented the assembly of coated pits at the
ell membrane and filipin, a sterol-binding agent that disrupted
aveolar structure and function were used to inhibit clathrin-
ependent and caveolae-dependent processes, respectively (Mo
nd Lim, 2004). NaN3 which could exhaust ATP was  used to cause
nergy depletion (Legen et al., 2003). Colchicine which played a
ole for microtubules and microfilaments was a typical inhibitor of
he macropinocytosis pathway (Liu and Shapiro, 2003). While BFA
hich could destruct the structure and function of Golgi appara-

us and monensin, a inhibitor to the acid environment of lysosome
ere used to judge if the endocytosis process was  related to Golgi

pparatus and lysosome, respectively (Gabor et al., 2002; Grau et al.,
001). The uptake inhibition experiment results are shown in Fig. 3.
oth the uptake of NP and Lf-NP were inhibited by NaN3, filipin,
olchicines, BFA and monensin, which suggested their endocytosis
as a Golgi apparatus, lysosome, caveolae and macropinocytosis

elated process. Unlike NP, the uptake of Lf-NP was also inhibited
y chlorpromazine, which indicated the introduction of Lf endow-

ng the system with an additional clathrin mediated endocytosis
rocess.

The above findings demonstrated the Lf induced and clathrin
ediated endocytosis mechanism for enhanced uptake of Lf-NP. Lf

eceptor had been proved extensively on brain capillary endothe-
ial cells and brain membrane preparations (Fillebeen et al., 1999;
uang et al., 2007; Suzuki et al., 2005). There were also interest-

ng reports showed that the expression of Lf receptor in the brain

ncreased under some disease conditions such as Parkinson’s dis-
ase and Alzheimer’s disease, indicating Lf-NP could be developed
or delivery of therapies to treat these diseases (Faucheux et al.,
995; Grau et al., 2001; Kawamata et al., 1993).

able 3
harmacokinetic parameters of coumarin-6 in different tissues following i.v. NP and Lf-N

Tissue k (h−1) t1/2 (h) Cm

NP
Heart 0.62 ± 0.16 1.11 ± 0.29 1
Liver  0.79 ± 0.12 0.88 ± 0.14 33
Spleen  1.48 ± 0.59 0.48 ± 0.19 45
Lung  0.35 ± 0.09 1.95 ± 0.51 3
Kidney  1.43 ± 0.15 0.48 ± 0.05 

Lf-NP
Heart  0.79 ± 0.41 0.87 ± 0.46 1
Liver 0.76 ± 0.11 0.91 ± 0.13 46
Spleen  1.39 ± 0.68 0.50 ± 0.25 54
Lung 0.49  ± 0.09 1.41 ± 0.27 5
Kidney  0.43 ± 0.21* 1.63 ± 0.84 3
9.81 ± 28.37 149.73 ± 8.91 372.13 ± 15.71

Fluorescent microscopy photographs of bEnd.3 cells exposed
to Lf-NP and NP at the same concentration are shown in Fig. 2A.
The increase of fluorescent intensity in the cells correlated with
increase in the time of incubation. After incubation for 15, 30 and
60 min  at 37 ◦C, respectively, there was  a significantly accumulated
amount of dye of Lf-NP in the cells compared with that of NP.
In preliminary experiments, we observed the cell uptake of free
coumarin-6 and the fluorescent signal of free coumarin-6 could
be neglected compared with that of nanoparticles containing the
same amount of coumarin-6. Previous studies also proved that free
dye released from PLGA nanoparticles accounted for only about
3% of the total uptake of the dye after 2 h of incubation (Davda
and Labhasetwar, 2002). In addition, our in vitro release results
demonstrated the stability of the coumarin-6 in the nanoparticles.
So we  concluded that coumarin-6 detected in the cells dominantly
reflected the nanoparticles.

3.3. Biodistribution of coumarin-6-loaded NP and Lf-NP

Microscopic observation of coronal sections of the mice brain
showed that there was  certain amount of Lf-NP incorporated
coumarin-6 distributed in the cortex, substantia nigra and stria-
tum region 1 h after injection, while the fluorescence of NP in
these regions was almost undetectable (Fig. 4A). This proved that
Lf conjugation endowed Lf-NP with the ability of reach the brain
parenchyma through the endothelial cells of BBB. Based on our cell
uptake results, this might be induced by an extra clathrin-related
transport mechanism. Substantia nigra and striatum regions are
the major pharmacological targets for Parkinson’s disease, so Lf-NP
could be adopted to deliver drug therapy for Parkinson’s disease.

To evaluate the biodistribution of Lf-NP and NP, coumarin-6
was incorporated into the nanoparticles, and the blood and tissue
concentrations of the fluorescent marker were detected with a val-
idated HPLC-fluorescence detection method. The results showed

that the brain uptake of coumarin-6 associated to both Lf-NP and
NP exhibited similar concentration–time profiles (Fig. 4B), and the
AUC and Cmax of coumarin-6 in the brain by Lf-NP was about 2.49
and 2.36 folds compared with that by NP, respectively (Table 2). This

P in mice, respectively (mean ± SD, n = 3, p < 0.05*).

ax (ng/g) Tmax (h) AUC0–t

11.94 ± 0.40 0.08333 163.88 ± 13.77
34.18 ± 324.86 0.08333 3351.55 ± 844.21
44.57 ± 529.90 0.25 4298.65 ± 975.77
22.12 ± 43.40 0.5 952.62 ± 99.67
81.73 ± 17.09 1 851.05 ± 67.72

52.20 ± 0.01* 0.5 308.29 ± 10.04*
55.53 ± 434.55* 0.08333 3167.365 ± 560.79
20.06 ± 387.43 0.25 7680.99 ± 769.38*
50.20 ± 6.59* 0.25 943.06 ± 29.01
78.95 ± 36.52* 0.5 181.71 ± 26.64*
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Fig. 6. Therapeutic effect of urocortin loaded Lf-NP on 6-OHDA rat model of Parkinson’s disease. Data are mean ± SEM. *p < 0.05 with respect to the PBS group, �p < 0.05
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of the normal control group which demonstrated the successful
establishment of the 6-OHDA model. The apomorphine-induced
turns of Lf-NP-UCN5 group was  significantly lower than the PBS
and NP-UCN5 groups, while the apomorphine-induced turns of
ith  respect to the NP-UCN5 group. (A) Apo-induced turns changes of rats in diffe
he  striatum of rats of different groups 3 weeks after the 6-OHDA lesion. (C) Dopam
triatum of rats versus the unlesioned side 3 weeks after 6-OHDA lesion, n = 6.

gain demonstrated that Lf on the surface of nanoparticles could
acilitate access of drugs carried by nanoparticles to the brain. In
ddition, the concentration of coumarin-6 in systemic circulation
y Lf-NP was not significantly different from that by NP (Fig. 4C),
hich suggested the long-circulation characteristic of PEG was not

mpaired by the conjugation of small amount of Lf.
The pharmacokinetic parameters of coumarin-6 in heart, liver,

pleen, lung and kidney after intravenous injection of NP and Lf-NP
n mice are shown in Table 3. The AUC of coumarin-6 in different
issues were divided by the corresponding whole blood AUC and the
uotients were used to compare the biodistribution behavior of Lf-
P to NP. The calculated AUCtissue/AUCblood results showed that Lf
onjugation not only increased the brain delivery but also altered
he biodistribution of NP. Compared to the unmodified NP, Lf-NP
as more concentrated in heart and spleen, but less distributed to

idney (Fig. 5). The lung and liver distribution of the Lf-NP were
ot significant different from NP. Although the exact mechanism
f this change is unclear, this results remind us of the potential
oxicity might be raised by the change of Lf-NP biodistribution.

.4. Therapeutic effect of UCN-loaded Lf-NP on 6-OHDA rat model
f Parkinson’s disease

The biodistribution study demonstrated the enhanced deliv-
ry of Lf-NP to striatum and substantia nigra regions. The Lf-NP

lso showed a sustained release behavior, with about 90% incor-
orated BSA released in PBS (containing 5% plasma) after 15 days
data not shown). To explore the utility of the Lf-NP delivery sys-
em in treatment of Parkinson’s disease, UCN was incorporated into
roups during 3 weeks after the 6-OHDA lesion, n = 8. (B) TH-immunoreactivity in
nd its main metabolites DOPAC and HVA percent content in the 6-OHDA lesioned

Lf-NP and injected to the 6-OHDA model rats. The rotation behav-
ior, striatal tyrosine hydroxylase (TH) immunohistochemistry and
striatal transmitter contents were used to evaluate the therapeutic
effects of UCN-loaded Lf-NP (Lf-NP-UCN). Apomorphine-induced
rotation is regarded as a quantitative index of striatal lesion severity
(Ungerstedt, 1971). The apomorphine-induced rotations of rats of
each group except for the normal group increased with the elapse
of time during the 21 days (Fig. 6A). Three weeks later, the rota-
tion behavior of the PBS group was  significantly different form that
Fig. 7. In vitro cytotoxicity of NP, Lf-NP and Lf on bEnd.3 cells at concentrations
ranging from 0.025 to 3 mg/ml.



K. Hu et al. / International Journal of Pharmaceutics 415 (2011) 273– 283 281

F ed wi
c

o
P
b
i
i
g
t

l
g

ig. 8. CD 68 immunohistochemistry of different tissues of BALB/c mice after inject
ounter-stained with hematoxylin, bar 100 �m.

ther experiment groups were not significantly different from the
BS group. The attenuating effect of Lf-NP-UCN5 on the rotation
ehavior indicated a potential anti-parkinsonian activity. Our find-

ngs revealed that tight contralateral rotation was clearly evident
n 6-OHDA treated rats three weeks after the surgery but this was
reatly attenuated when Lf-NP-UCN5 was injected intravenously

he next day after 6-OHDA infusion.

Brain sections from rats after different treatments were ana-
yzed for the TH-immunoreactivity on the 21st day. Normal control
roup did not show any loss in TH-immunoreactivity in the stria-
th different doses of Lf-NP one dose per day, for 7 successive days. Cell nuclei were

tum of the infusion side. Whereas, in the PBS group, striatum region
infused with 6-OHDA showed extensive lesion as evidenced by
significantly lesser TH-immunoreactive neurons compared to the
contralateral side (Fig. 6B). After Lf-NP-UCN5 administration, there
was a significant improvement in the TH-immunoreactivity in the
6-OHDA-infused side (Fig. 6B) while the other treatment groups

did not show obvious improvement in TH-immunoreactivity.

In order to investigate the change of DA content in the striatum,
a validated HPLC-ECD method was  used to detect the DA, DOPAC
and HVA contents in the striatum, with DOPAC and HVA serving
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s indirect indexes of dopamine content. At the 21st day, the per-
entage contents of the transmitters in the lesioned striatum to the
nlesioned side after different treatments were showed in Fig. 6C.
he percentage contents of DA, DOPAC and HVA in the PBS group
ere much lower than that of the normal group, while after Lf-NP-
CN5 treatment, the percentage contents of DA, DOPAC and HVA
ere significantly higher than that of the PBS group. These results
emonstrated that high dose of Lf-NP-UCN had certain effects on

ncreasing DA content in the striatum.
The behavior, immunohistochemistry and transmitter contents

esults suggested that i.v. injection of 28 �g UCN carried by Lf-NP
ould effectively attenuate the striatum lesion caused by 6-OHDA.
ntracerebral injection of UCN was previously proved to arrest
he development of Parkinsonian like features in the rat 6-OHDA
aradigms of Parkinson’s disease (Abuirmeileh et al., 2007; Kastin
t al., 2000). While due to the low BBB permeability of UCN, non-
nvasive systemic delivery was still impossible. This study for the
rst time realized the successful noninvasive delivery of UCN to
he brain and proved the Lf-NP delivery system was  applicable for
oninvasive treatment of Parkinson’s disease.

.5. In vitro and in vivo toxicity of Lf-NP

Lf conjugation endowed Lf-NP with brain delivery ability, but
t the same, changed the biodistribution behavior of the nanopar-
icles. To investigate the potential toxicity brought by Lf and to
urther evaluate the safety of the novel delivery system, the tox-
city of Lf-NP was studied in vitro by cell viability experiment and
n vivo by CD 68 immunohistochemistry. The in vitro cell viability
f bEnd.3 cells after incubated for 4 h with different concentrations
f Lf, NP and Lf-NP are shown in Fig. 7. The cell viability was always
bove 85%, even after 4 h incubation with 3 mg/ml Lf-NP, which
as not significantly different from the NP and Lf groups. These

esults demonstrated that the conjugation of Lf did not increase
he cytotoxicity of the NP and suggested the Lf-NP delivery system
ossessed sound biocompatibility.

It is known that the intravenously injected nanoparticles dis-
ributed into tissues are uptaken and eliminated by phagocytes
Bazile et al., 1995). CD 68, a specific marker for phagocyte, was
sed to characterize the acute inflammation of nanoparticles in vivo
Lu et al., 2007). An increase in CD 68 expression would indicate
ncrease in inflammatory reactions. The CD 68 immunochemistry
esults showed that, after successive administration of Lf-NP for

 days, there were dose-related inflammatory reactions occurred
n liver, spleen and kidney at 24 h which further disappeared at
8 h (Fig. 8). Lf-NP showed no obvious inflammatory reactions to
ther tissues. So i.v. injection of Lf-NP may  cause slight or mild
ransient acute inflammatory reactions in the liver, spleen and kid-
ey. However, further investigations should be concentrated on the

ong term toxicity and the toxicity on the BBB in vivo especially,
hich could be investigated through morphological evaluation and

pecific markers expression analysis.

. Conclusion

A novel Lf-NP brain drug delivery system was constructed by
onjugation of biodegradable PEG-PLGA nanoparticles with Lf, a
romising brain targeting molecule. The activity of the conjugated
f was validated by the existence of gold-labeled Lf-NP under TEM
nd by the ELISA analyses. The significantly increased uptake of the
f-NP by bEnd.3 cells compared with that of NP could be inhibited

y chlorpromazine which demonstrated that Lf-NP was  untaken
y an additional clathrin related endocytosis process. After a dose
f 60 mg/kg Lf-NP or NP injection in mouse caudal vein, the brain
oronal section proved a higher accumulation of Lf-NP in the cortex,
armaceutics 415 (2011) 273– 283

substantia nigra and striatum region than that of NP. The follow-
ing pharmacokinetic studies further demonstrated a 2.49 times
increase of AUC by Lf-NP than NP in 24 h. UCN-loaded Lf-NP was
successfully delivered to the brain and it significantly attenuated
the striatum lesion caused by 6-OHDA. Cell viability test and CD
68 immunohistochemistry results proved relatively low toxicity
of Lf-NP. The significant in vitro and in vivo results demonstrated
that Lf-NP was a promising brain drug delivery system especially in
treating Parkinson’s disease. Further work should concentrate on
the long term toxicity of Lf-NP.
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