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ABSTRACT

Purpose To develop a novel brain drug delivery system based
on self-assembled poly(ethyleneglycol)-poly (D,L-lactic-co-gly-
colic acid) (PEG-PLGA) polymersomes conjugated with lactofer-
rin (Lf-POS). The brain delivery properties of Lf-POS were
investigated and optimized.

Method Three formulations of Lf-POS, with different
densities of lactoferrin on the surface of polymersomes,
were prepared and characterized. The brain delivery
properties in mice were investigated using 6-coumarin as a
fluorescent probe loaded in Lf-POS (6-coumarin-Lf-POS). A
neuroprotective peptide, S14G-humanin, was incorporated
into Lf-POS (SHN-Lf-POS); a protective effect on the
hippocampuses of rats treated by Amyloid-B;s5.35 was
investigated by immunohistochemical analysis.

Results The results of brain delivery in mice demonstrated
that the optimized number of lactoferrin conjugated per
polymersome was 101. This obtains the greatest blood—brain
barrier (BBB) permeability surface area(PS) product and
percentage of injected dose per gram brain (%ID/g brain).
Immunohistochemistry revealed the SHN-Lf-POS had a
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protective effect on neurons of rats by attenuating the
expression of Bax and caspase-3 positive cells. Meanwhile,
the activity of choline acetyltransferase (ChAT) had been
increased compared with negative controls.

Conclusion These results suggest that lactoferrin functionalized
self-assembled PEG-PLGA polymersomes could be a promising
brain-targeting peptide drug delivery system via intravenous
administration.

KEY WORDS BBB - brain delivery - lactoferrin - peptide -
polymersomes

INTRODUCTION

A significant challenge for 21st century medicine is to
positively affect the clinical outcomes that follow debili-
tating central nervous system (CNS) diseases linked to
aging, infections and degeneration. These include, but
are not limited to Alzheimer’s and Parkinson’s diseases,
stroke, amyotrophic lateral sclerosis, multiple sclerosis
and HIV-1-associated neurocognitive disorders. The
development of neuroscience facilitated the discovery of
macromolecular drugs, including peptides, recombinant
proteins, monoclonal antibodies, and gene therapies, with
considerable potential. Macromolecular drugs may be
particularly useful to treat these types of CNS diseases
because they reach novel targets with a high specificity
(1). However, the blood-brain barrier (BBB) represents an
insurmountable obstacle for almost 100% of therapeutic
macromolecules. Therefore, it is very important to
develop novel drug delivery systems with brain-targeting
features to improve the efficacy of macromolecular drugs

in the treatment of CNS diseases (2). One current
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candidate is receptors-mediated targeting via intravenous
injection of ligand-conjugated drug delivery systems that
target to receptors expressed on the luminal side of the
BBB (2—-6). Well-characterized BBB receptors mainly
include the following: low-densities lipoprotein receptor
(LDLR), transferrin receptor (7-9), epidermal growth
factor receptor and insulin-like growth factor receptor (3,10).
As a single-chain iron-binding glycoprotein, lactoferrin is a
multifunctional protein to which several physiological roles
have been attributed. The multiple biological activities of
lactoferrin are mediated by receptors (11). Several lines of
evidence, including the results of immuno-histochemistry
and reverse transcriptase-polymerase chain reaction (RT-
PCR), have indicated the presence of specific lactoferrin
receptors in the brain. Ji e al. (12) revealed that the
distribution volume of 1125-labeled lactoferrin in rat brain
tissue was 2.2 times that of transferrin and twice that of
0OX26, indicating the possibility of lactoferrin as a brain-
targeting ligand.

Colloidal systems, such as liposomes and polymer-based
nanoparticles, have shown promise as drug carriers to
target the brain after intravenous administration. Colloidal
carriers presented great potential for drug targeting,
including optimization of a drug’s pharmacokinetics in the
bloodstream, protection of drugs against inactivation and
premature activity en route to the target (13—15). This
advantage of colloidal carriers has been attributed to the
so-called enhanced permeability and retention (EPR) effect
(15). Discher and Eisenberg (16) proposed a new concept of
“self-assemble of block copolymers,” referring to the fact
that since the diblock copolymers are thermodynamically
incompatible, they can be self-assembled to supramolecular
aggregates with specific shapes in a solvent system. A
member of this group, polymersomes, i.e., polymer vesicles,
has received great interest in recent years (16,24,36). It has
been shown that polymersomes can be formed from
synthetic amphiphilic block copolymers using organic
solvent, organic solvent/water systems, or aqueous media
(16). Polymersomes are promising in biomedical applica-
tions, such as artificial cells, and also for mimicking cell
membranes (17). However, exploration of polymersomes as
drug delivery systems has been minimally reported. With a
similar structure to the liposomes, polymersomes are
30-200 nm in linear size and are made up of an aqueous
intracavity and a bilayer membrane. Copolymers forming
bilayers in aqueous media provide capsular vehicles, the
internal aqueous space of which can be used for delivery of
hydrophilic drugs, while the copolymer aggregates bilayer
can be loaded with small hydrophobic drugs (17-19).
Additionally, the membrane of polymersomes is thicker
than that of liposomes (~10 nm compared to ~3 nm),
providing highly durable carriers that are able to resist the
deforming forces that destroy liposomes. Therefore, they
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can be used for encapsulation of guest molecules as well as
controlled and sustained release.

Humanin, discovered by Mamiya, is a neuroprotective
peptide that serves to specifically block Alzheimer's diseases
(AD)-related apoptosis, and it is the solitary linear oligopep-
tide that can inhibit the neurotoxic effect induced both by
amyloid-f and by FAD gene mutation. S14G-humanin,
derived from humanin, in which the 14th amino acid serine
is substituted by glycine, is 1,000 times more potent than
humanin when tested w vitro. (20) However, its potential
therapeutic applications are limited by its susceptibility to
peptidases and poor passage across the BBB via intravenous
administration.

The purpose of the current work was to prepare and
evaluate the i vivo brain delivery properties, after intrave-
nous administration, of polymersomes as a drug carrier,
where lactoferrin was conjugated to the surface of polymer-
somes (Lf~POS) with different densities. Block copolymer
poly(ethyleneglycol)-poly(D,L-lactic-co-glycolic acid) (PEG-
PLGA) was used for preparing polymersomes due to its
favorable biodegradability. In addition, 6-coumarin, a
lipophilic green fluorescent dye, was incorporated into
LfPOS as a vesicle probe. The pharmacokinetic profiles of
LEPOS were investigated to estimate the brain transport
properties of Lf~POS. Furthermore, S14G-humanin pep-
tide was encapsulated into Lf=POS and presented neuro-
protective effects to rats via intravenous administration.

MATERIALS AND METHODS
Materials

Lactoferrin, 6-coumarin and rabbit anti-goat immunoglob-
ulin (IgG) gold (10 nm) conjugate were purchased from
Sigma-Aldrich (St. Louis, USA). S14G-humanin was
obtained from the Chinese Peptide Company (Hangzhou,
China). Bovine lactoferrin ELISA quantitation kit was
purchased from the Bethyl Laboratories (Montgomery,
USA). Methoxy-PEG (MW 3,000 Da) was purchased from
NOF Corporation (Tokyo, Japan). D,L-lactide and
glycolide were purchased from PURAC (Gorinchem,
Netherlands). Mouse anti-rat CD 68 polyclonal antibody
was purchased from Serotec Ltd. (Oxford, UK).
Maleimide-PEG (MW 3,500 Da) was purchased from
Jenkem Technology Corporation (Beijing, China). Rabbit
anti-Bax polyclonal antibody (sc-526) was purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, USA). Rabbit
anti-caspase3 polyclonal antibody (ab2302) was purchased
from Abcam (Cambridge, USA). Rabbit anti-choline
acetyltransferase polyclonal antibody (BA0596) was pur-
chased from Boster Biological (Wuhan, China). Double-
distilled water was purified using a Millipore Simplicity
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System (Millipore, Bedford, USA). All the other chemicals
were analytical reagent grades and used without further
purification. Kunming mice, BALB/c mice (§'weighing 20—
22 o) and Sprague-Dawley rats (SD rats) (3'weighing 180~
220 g) were obtained from Shanghai SLAC Laboratory
Animal Co. Ltd. (Shanghai, China).

All animal experiments were carried out according to
guidelines approved and evaluated by the ethical committee
of Fudan University.

Copolymer Synthesis and Characterization

The diblock copolymer of methoxy-PEG-PLGA and
maleimide-PEG-PLGA were synthesized by the ring-
opening polymerization of D,L-lactide and glycolide in
the presence of PEGmer as initiators and using stannous
octoate as catalyst (21). In brief, a predetermined amount of
methoxy-PEG or maleimide-PEG, D,L-lactide and glyco-
lide in a bottle-neck flask were heated to 140°C, under
nitrogen atmosphere, for complete melting. After melting
the reactants, stannous octoate (0.5%, w/w) was dissolved
in toluene and added to the reaction mixture as a catalyst.
The flask was evacuated under vacuum for 1 h and then
sealed. Then the polymerization was carried out at 130°C
for 24 h. After the completion of the reaction, the
copolymers were purified by dissolving them in chloroform,
followed by precipitation in ice-cold ether. The precipitated
copolymers were filtered and dried under vacuum at 40°C
for 24 h and then stored in a desiccator under vacuum. The
number average molecular weight (Mn) and the composi-
tion of the copolymers were investigatived by "H-NMR and
C-NMR using CDCls as the solvent (21,26).

Preparation of Polymersomes

Polymersomes were prepared using a self-assembly method
in which acetone was utilized as the water-miscible organic
solvent. In a typical procedure (18), a blend of methoxy-
PEG-PLGA and maleimide-PEG-PLGA was dissolved in
I ml of acetone to a concentration of 6 mg/ml, and then
the mixture was injected into 5 ml PBS (0.01 M, pH7.4)
with the tip of the syringe immersed close to the bottom of
the bottle. Mild stirring was executed, and this induced
POS by self-assembly at room temperature. After 4 h, the
solution was dialyzed to remove the organic solvent using
dialysis membranes (3,500 Da).

A similar preparation method for polymersomes loaded
with 6-coumarin (6-coumarin-POS) was utilized, with
approximately 100 pg of 6-coumarin added to the mixture
organic solution of copolymer. The polymersomes were
eluted and purified by a Sepharose CL-4B column.

The S14G-humanin peptide was actively encapsulated
in polymersomes using a pH gradient method (22-24).

Briefly, a blend of maleimide-PEG-PLGA and methoxy-
PEG-PLGA was dissolved in 1 ml of acetone, slowly
injected into 5 ml (NH4)9SO, solution (120 mM) and then
left to stand for 4 h. After 4 h, the solution was dialyzed to
remove acetone using dialysis membranes (3,500 Da).
Polymersomes were concentrated, and the (NH,)»SO,4
solution was exchanged with 0.1 M NaCl solution using a
concentrator tube. Then 0.5 ml of S14G-humanin solution
(1 mg/ml) and 100 pl 1,4-dioxine were added into the
polymersomes solution and incubated at 37°C for 30 min.
The polymersomes was purified as described above.

Lactoferrin-functionalized polymersomes (Lf~POS) were
formed according to the methods described previously
(25,26). Briefly, lactoferrin was thiolated using 2-
iminothiolane with a 60:1 molar ratio. After letting the
reaction proceed for 60 min, the sulthydrylated lactoferrin
was incubated and slowly stirred with polymersomes for 6 h
under nitrogen atmosphere away from light. The molar ratio
of sulthydrylated lactoferrin to maleimide was 1:1. Following
conjugation, L{~POS were purified with a Sepharose CL-4B
column and eluted with PBS (0.01 M, pH7.4).

Characterization of Polymersomes

The properties of polymersomes were characterized using
dynamic light scattering (DLS) to give size and zeta
potential (NICOMP'™ 380 ZLS; PSS, USA). The
morphological appearance of LE-POS was observed by
transmission electron microscope (TEM) (CM120; Philips,
Netherlands) and cryogenic transmission electron micros-
copy (cryo-TEM) (JEOL 2010; JEOL, Japan). In brief,
thin films (approximately 100-250 nm) of 1.0 wt% L{~POS
in water were suspended in a microperforated grid and
rapidly vitrified using liquid ethane (-183°C), until it was
loaded into a cryogenic sample holder. Images were
observed with a JEOL2010 TEM at 200 kV combined
with Gatan832CCD imager using a resolution of 0.3 nm
focus for improved digital recording (19). To confirm the
surface-conjugation of lactoferrin to polymersomes,
immuno-gold staining was performed. Briefly, L{-~POS
was consecutively incubated with an anti-lactoferrin
primary antibody and then a 10 nm colloidal gold-
labeled secondary antibody.

Calculation of the Lactoferrin Densities
on the Surface of Lf-POS

According to a previous study, the densities of ligand
modified on the surface of vesicles had a direct impact on
the plasma clearance and brain targeting of the nano-
particles (25,27). Therefore, ELISA was performed (28) to
measure the surface lactoferrin concentrations of Lf=POS
(A, ng/ml) using a bovine lactoferrin quantitation kit. The
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average lactoferrin molecules conjugated per milliliter in
the equivalent elution fractions (M) was calculated as:
M=Ax 1077 x 6.02 x 102 /(MW x V). The molecular
weight of lactoferrin (MW) was 83,100 Da. The concen-
tration of LfPOS (C, mg/ml) was calculated by the
turbidimetry measurements at 350 nm using UV spectro-
photometer (UV2401; Shimadzu, Japan). The average

number of Lf-POS per milliliter elution fractions (N) was
6xCx1073
ax(D3—r3)x 107" xp’

p=1.1 g/cmg, where D was the linear size of Lf~POS,

calculated with following equation:N =

and r was the inside cavity diameter of Lf=POS, which was
calculated using the following equation: r = D-2 d, where d
was the membrane thickness of polymersomes obtained by
cryo-TEM. Therefore, the average number of lactoferrin
conjugated per polymersomes was calculated by dividing M
by N.

X-ray Photoelectron Spectroscopy (XPS)

To further show the surface modification, chemical com-
position of the surface layer was determined before and
after treating the conjugation by using X-ray photoelectron
spectroscopy (XPS). POS, Lf~POS and the physical mixture
of maleimide-PEG-PLGA, methoxy-PEG-PLGA (1:5),
were all analyzed to determine the surface composition of
C, O and N as previously described (26,29).

Drug Loading and Release in Vitro

According to previous studies (26,30), the drug loading
efficiency (DLE) of either 6-coumain or S14G-humanin in
LEPOS was measured with HPLC associated with the
turbidimetry method. The accumulated release of either
6-coumarin or S14G-humanin from polymersomes i vitro
was processed with 1.0 ml of 6-coumarin-Lf~POS or S14G-
humanin-Lf-POS; incubated in a dialysis bag (MW
12 kDa,) and submerged in 10 ml PBS (pH 7.4 or 4.0) at
37°C under slow agitation. At varying time points, the
cumulative release percentage (CR,) was calculated. During
the experiment, the samples were kept away from light.

drug concentration in polymersomes solution

DLE(%) = X 100%

polymersomes concentration in the same solution

In Vivo Pharmacokinetics and Tissue Distribution
of Lf-POS Loaded with 6-coumarin

The brain transport property of L{-POS with different
surface lactoferrin densities was evaluated. Pharmacokinetics
and tissue distribution studies were performed (25,26).
6-coumarin, green fluorescence probe was encapsulated into
the following experimental formulations with different
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lactoferrin densities, from low to high: 6-coumarin-Lf5o-POS,
6-coumarin-Lf;5;-POS and 6-coumarin-Lfygg-POS. One
hundred male Kunming mice, weighing 20-22 g, were
randomly divided into four groups. The animals were
injected with either experimental formulations or 6-
coumarin-POS at a dose of 4 mg/kg via tail vein. At 0.03,
0.08, 0.25, 0.5 and 1 h following iv. injection, the blood
sample and the main organs, including brain, heart, liver,
spleen, lung and kidney, were collected and treated with cold
saline to remove blood (=5 for each time point).

The blood and tissue samples were extracted and
reconstituted as described in our previous works (26), and
RP-HPLC was performed on the samples. Pharmacokinetic
parameters were calculated using a statistical moment
analysis according to the noncompartmental model of
blood drug concentrations (percent injected dose (%ID)
per ml blood). The tissue volume of distribution (Vp) of a
sample, at a given time point after i.v. injection, was
determined from the ratio of drug in a tissue (%ID per g of
tissue) divided by the concentration of the drug (%ID/ml)

in the terminal plasma. The brain permeability surface area

.PS = Vb~V Cp(T)
5 JU' Cp()dt >
where Cp(T) = the terminal blood concentration and

Vo = the brain volume distribution of a blood volume
marker. Based on the method reported by Huwyler (25)
and Lu (26) e/ al., the brain 17 of polymersomes was used as
a plasma volume marker (1) for the calculation of brain PS

(PS) product was determined as follow

products. V, was defined as the brain volume distribution
and was determined by the amount of polymersomes in the
brain tissue (%ID per g tissue) divided by the plasma
concentration of polymersomes (%ID/ml) at 2 min after i.v.
injection. Brain uptake was indicated as %ID per g of brain
tissue and calculated as follows: %ID/g(t) = PS x AUC_,.

Immunohistochemical Staining for CD68

To evaluate the acute inflammatory reaction and cytotoxic
cellular responses caused by L{-POS, BALB/c mice
(& weighing 20-22 g) were injected with LEPOS at a dose of
150 mg/kg/day for 7 days. Twenty four h and 72 h after the
last injection, the animals were fixed in 4% paraformaldehyde
solution, and the cerebrum, cerebellum, heart, lung, liver,
spleen and kidney were collected, embedded into paraffin and
cut into 5 pm sections. All sections were subsequently stained
with a mouse monoclonal CD68 antibody (1:100 dilutions)
overnight at 4°C. Sections were developed using 3,3'-
diaminobensidine (DAB) and stained with hematoxylin (31,32).

Immunohistochemical Analysis of Lf-POS Loaded
with S14G-humanins

The amyloid-Pos.55 was dissolved in water and prepared
into a 2 g/1 solution; amyloid-Pg;_35 was sealed and shaken
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at 37°C for 76 h to make condensed amyloid-Bos 35 (33,34).
SD rats were anesthetized with 20% urethane (800 mg/kg,
intraperitoneal injection) and wrapped on a stereotaxic
apparatus. Their anterior fontanelle was exposed using a
cranial median incision. Taking the anterior fontanelle as the
original point, the skull was drilled 3.0 mm behind it and
2.0 mm left and right to original point using a #7 needle.
After the needle was vertically inserted along the skull into
the brain tissue for 3.2 mm, 5pl of condensed amyloid-Bos_35
(2 g/1) was slowly injected into the bilateral hippocampuses.
The needle remained for 5 min before it was slowly removed
and the incision was closed. The sham controls were injected
with the same volume of normal saline.

Subsequent to the operation, the SD rats were random-
ized into 3 groups (=8, each). The experimental group
was administrated SHN-Lf}(,-POS with a dosage of S14G-
humanin (25 pg/kg), sham control group (saline was
injected into the bilateral hippocampuses instead of
Amyloid-f5.35) and negative control group (administration
of saline, 1.2 ml/kg). Fourteen days post operation, the
animals were given the test formulations for 12 continuous
days via intravenous injection. After the 12 days of
continuous administration, anesthetized rats were perfused
with transcardiac perfusion (0.9% NaCl followed by 4%
paraformaldehyde). After paraffin embedding, about 5 mm
brain tissue around the amyloid-Pos 35 injection site was
sampled. Five um coronal sections, with 100 um intervals,
were prepared. The samples were subsequently dewaxed in
xylene and washed sequentially in 100, 90, and 70%
cthanol and finally in PBS (0.01 M, pH7.4). Immunohisto-
chemical analysis was performed with rabbit anti-ChAT
polyclonal antibody (1:1,000 dilution), rabbit anti-Bax
polyclonal antibody (1:1,000 dilution) or rabbit anti-
ChAT polyclonal antibody (1:1,000 dilution) overnight at
4°C, respectively. Slides were then rinsed and incubated
with VECTASTAIN®ABC kits. To visualize positive
signals, slides were developed with 3,3'-diaminobensidine
(DAB) and counter-stained with hematoxylin. The positive
cells around the amyloid-fo5.35 injection region were
observed.

Data were expressed as mean * S.E.M. Statistical
analysis was performed by one-way ANOVA or indepen-
dent sample #test. A P value<0.05 was regarded as
statistically significant. All of the statistical analyses were
performed using SPSS 11.5 software.

RESULTS
Copolymer Synthesis and Characterization

The chemical reactions for the prepartion of PEG-PLGA
are shown in Fig. le. The molecular weight (Mw) and the

composition of the copolymers were analyzed by
"H-NMR and ""C-NMR using CDCl; as a solvent
(Fig. 1). The integrals of the peaks at 1.57 ppm('H) and
16.67 ppm (**C) corresponded to the LA methyl group
(-CHj). The peaks at 5.21 ppm ("H) and 69.85 ppm (*°C)
corresponded to the LA methine proton (-CH-). The peaks
at 4.78 ppm ('H) and 61.62 ppm ("*C) corresponded to
the GA methene group (-CHy-). The methene group (-
CH,-) of PEG appeared at 3.65 ('H) and 71.55 ppm ("*C).
The peaks at 166.26 ppm ("*C) and 170.15 ppm (**C) were
attributed to the carbonyl carbons (-C = O) of LA and GA,
respectively. The molecular weight ratio of PLGA to PEG
was based on the PEG methylene protons (83.65 ppm). The
peak that corresponded to the maleimide proton
(66.65 ppm) was utilized to prove the presence of the
maleimide group in the copolymer. According to the 'H
ratio of the peak areas at 5.21, 4.78 and 3.65 ppm, the
average molecular weight ratios of maleimide-PEG to PLGA
and methoxy-PEG to PLGA were calculated to be
3,500:10,180 and 3,000:9,042, respectively. The LA/GA
composition was 75:253.

Characterization of Polymersomes

The average size of the polymersomes and Lf~POS was
approximately 90 nm and 120 nm, respectively (Table I).
After binding lactoferrin, the diameter of L{~POS increased
slightly and showed a consistent size and zeta potential. The
zeta potential values of both Lf-POS and polymersomes
were approximately —4mv (Table I). LEEPOS were slightly
larger and more positive in zeta potential than polymer-
somes. The difference in zeta potential is presumably due to
the positive charge of the lactoferrin N-terminal fragment.
L{-POS exhibited nanosphere and consistent sizes when
examined by TEM (Fig. 2b). Cryo-TEM indicated that the
LE-POS were hollow vesicles with an obvious outer
membrane structured by an amphipathic copolymer
(Fig.2a). The membranes that yielded polymersomes had
a thickness of 10 nm. Immune colloidal gold labeling
resulted in the black gold particles being bound to the outer
membrane of Lf=POS. This suggested that lactoferrin
bound itself to the secondary antibody labeled with the
colloidal gold via the primary antibody, which demonstrated
the conjugation between lactoferrin and Lf-POS (Fig. 2c).
The numbers of lactoferrin conjugated per polymersomes a
listed in Table I. Three types of L{-POS, each with a
different surface lactoferrin densities, were prepared (from

39 to 268).
In Vitro Drug Loading and Release

The DLE of 6-coumarin loaded into polymersomes was
approximately 0.25%, which is sufficient for qualitative and

@ Springer



88

Yu et al.

a b

1 ,d d i e ' 3 .
chyo-tencroltc-ernolt-c CHO1H
' CH;

> &
€ d d T 8 & [ 1
Q‘-CH;CH;O-{’CH,CH;O};}C- g:—: okt C-CH, 01 H

o

]

a 3 ‘ .’ ‘L-\A d L
-.I“‘\,__J._?__A‘J\_,_.'_ —1 Y, N |
- $ 2 i
¥y ¥ Yy v
b 4 i
52 & E
o o
, 4 d T oA 1 ©
(8¢ e 2 e *-CHCH,0f cH,CH0H C-Ccrotc-en oM
cHyotencrobtc-croltc-cnotn I o ¥
3 CHy ! b
d|
b s b
d| [
A a
' ¥ 1 ¢
Ji | ] |

HyC 0 0
OI + c/[ +  H-(OCE)CHyy —-R
CHy

L-lactide glycolide

Q

R =-.§:| maleimide-PEG R=

R =-0CH; methoxy-PEG

0 0
Sn(0ct), I I
X R-(—CH,-CH,—O—};(—C—{I:H—O-);(—C—CHz—o—)-,,H
CH,

R =-0CH; methoxy-PEG -PLGA

»

maleimide-PEG-PLGA
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of PEG-PLGA.

quantitative test. Examination showed that, i vitro, less than
0.6% of the 6-coumarin was released from the polymer-
somes in pH 7.4 PBS and 4.0 PBS after 72 h, indicating the
6-coumarin is an accurate and pH-dependent fluorescent
probe (Fig. 3a).

In the present study, S14G-humanin was actively
encapsulated into polymersomes by using a (NHy)oSOy4
1on gradient method. 1, 4-dioxane, was used to increase the
membrane permeability and thus increased the drug
loading. The DLE of the polymersomes is listed in
Table I. The encapsulation process resulted in a total drug
load of 0.77% of S14G-humanin (w/w) inside the polymer-
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somes with an encapsulation efficiency of 21.78%. Within
12 h, the cumulative release percentage of drugs was 70%

into PBS (pH 7.4) (Fig. 3b).
Surface Analysis

The chemical composition percents of carbon, oxygen, and
nitrogen on the surface of the samples are given in Table II.
Typical XPS survey scans are illustrated in Fig. 4. The
nitrogen element was only detected in the L{=POS sample
and had a value of 0.84%. The peaks at binding energies of
280-305, 528-548, and 396—416 ¢V were ascribed to the
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Table | Characteristics of Lf-POS Loaded with Either 6-Coumarin or
S14G-Humanin

Vesicle size Zeta potential DLE
(Mean=SD, nm) (Mean=SD, mV) (Mean=+SD,%)

Polymersomes 82.2+8.7 -4.42+0.12

Lfs9-POS 85.2+8.5 -3.74+0.08

Lf,-POS [13.5+122  -3.89+0.12

Lf¢g-POS 136.7+11.5 -4.02+0.03

6-coumarin-POS 108.2+9.5 -4.45+0.05 0.26=+0.11

6-coumarin- 85.8+10.6 -3.28+0.15 0.22+0.09
Lfs9-POS

6-coumarin- [15.6+103  -3.32+0.08 0.24+0.08
Lf,-POS

6-coumarin- [39.1+=11.5 -333=%0.16 0.27+0.05
Lf,¢3-POS

SHN-Lf,,-POS 126.7+204  -2.54+0.05 0.77+0.02

elements of Cls, Ols, and Nls. The envelope fit for the
Cls regions was presented using four main peaks: peak 1
corresponded to C—C/C-H (285 eV), peak 4 corresponded
to O = G-C*-C)-O (287.1 eV), peak 3 corresponded to
O-C = O (289.2 eV) and peak 2 corresponded to C-O-C
(286.5 eV) respectively (Fig.4a-c). The envelope fit for the
Ols regions was presented using peaks corresponding to the
two types of oxygen O = C (peakd, 532.4 e¢V) and O-C
(peak6, 533.6 eV) (Fig. 4d-f). Peak 7 corresponded to the
Nls envelope at 399.1 eV with a low signal (Fig. 41). The
chemical composition percents of carbon, oxygen, and
nitrogen on the surface of the Lf~=POS were 60.9%, 38.2%,
and 0.84%, respectively. Those on the surface of the POS
were 64.3%, 35.7%, and 0%, respectively (Table II).
According to the chemical structures, the nitrogen element
was attributed to the maleimide group of maleimide-
PEG-PLGA and lactoferrin. A scan of the nitrogen failed
to find the existence of Nls in both the maleimide-
PEG-PLGA: methoxy-PEG-PLGA copolymers mixture
(Fig. 4¢) and the POS(Fig. 4h), suggesting that the nitrogen

contribution of the maleimide group in XPS can be
ignored. Peak 2, at the binding energy 286.5 eV, is
regarded as the indicator of PEG, and can also be
confirmed by an increased C-O-C peak ratio of 20.5%
and 25.1% of POS and LEPOS, respectively, compared
with the maleimide-PEG-PLGA: methoxy-PEG-PLGA
copolymers mixture (16.4%). This suggested that the PEG
“corona” layer existed on the surface of the polymersomes.

CD68 Immunoexpression

The immunohistochemical staining showed there was no
CD68 positive staining in the cerebrum (Fig. 5b,c) and
cerebellum (Fig. 5e,f) following 7 days of continuous i.v.
administration of Lf~POS, at a daily dose of 150 mg/kg.
There was no significant difference when compared to the
negative control (Fig. 5a, d). Immunohistochemistry of the
liver of mice initially showed an increased amount of positive
staining in Kupfler cells after 24 h (Fig. 5n), but this rapidly
decreased to normal status after 72 h (Fig. 50) as compared
with the negative control. The same phenomenon occurred
in both the spleen and kidney of mice, which illustrated that
an excessive dose of Lf~POS caused a mild inflammatory
reaction that was transient in these organs. The positive
staining of macrophages in the spleen marginal zone
increased (Fig. 5q) and then decreased to normal status after
72 h (Fig. 5r). The CD68 positive staining occurred in the
mesangial cells of the renal corpuscle and decreased rapidly
to normal status after 72 h, as compared with negative
control (Fig. 5u). The negative staining of cardiac muscles in
the heart (Fig. 5h,i) and dust cells in the lung (Fig. 5k1) all
showed no inflammation. In conclusion, a mild and transient
inflammatory reaction appeared in the liver, spleen and
kidney following a 7-day continuous intravenous adminis-
tration of Lf -POS at daily dose of 150 mg/kg. However,
there was no inflammatory reaction observed in the

cerebrum, cerebellum, heart or lung.

Fig. 2 (a) Images of Lf-POS by Cryo-TEM. (b) Images of Lf-POS by TEM. (c) TEM images of Lf-POS stained with goat-anti-mouse IgG-gold (10 nm).

(bar 100 nm) (d was the membrane thickness of polymersomes).
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In Vivo Pharmacokinetics and Tissue Distribution
of Lf-POS Loaded with 6-coumarin

In order to investigate the brain transport properties of
Lf=POS associated with different lactoferrin densities on
the surface, pharmacokinetic parameters and brain
delivery properties were examined in mice after i.v.
injection of 6-coumarin-loaded L{=POS. Three different
lactoferrin densities were tested, each at a dose of
5 mg/kg: 6-coumarin-Lf59-POS, 6-coumarin-Lf};;-POS
and 6-coumarin-Lfy53-POS. The permeability surface
area (PS) product of 6-coumarin-Lf;,,-POS (Fig. 6¢) was
0.176 ml/h/g. The highest PS value and cumulation in
brain tissue was obtained from this group (Fig. 6b). The
brain tissue % ID/g for 6-coumarin-Lf};-POS was
0.66%, which was 3.32-fold higher, as compared with
6-coumarin-POS(p<0.05) (Fig. 6a). The decrease
tendency of lactoferrin conjugated per polymersomes
induced an increase in plasma clearance. When lactoferrin
densities on the surface of the POS increased from 0 to
101, AUCy 33, PS and%ID/g also increased (Fig. 6a—c).
However, at the highest lactoferrin densities, 6-coumarin-
Lf545-POS, a saturation effect was observed resulting in
reduced brain tissue accumulation, in which AUC)_;,,%ID/
g, PS were lower than 6-coumarin-Lf|(,-POS and V), was
increased(Iig. 6d).

Except for brain tissue, some main organs (heart, liver,
spleen, lung and kidney) were collected and analyzed to

obtain tissue uptake (%ID/g) after administration of L&=POS
with lactoferrin densities from 0 to 268 (Fig. 7). The highest
tissue uptake was observed in the liver of mice. As the
lactoferrin densities increased, the tissue uptake of the liver
significantly increased. The % ID/g of 6-coumarin-Lfygs-
POS was 3.12-fold higher than that of 6-coumarin-POS in
liver of mice. Similar uptake trends were observed in the
lung, where the % ID/g of 6-coumarin-Lfysg-POS increased
3.27-fold compared to 6-coumarin-POS (Fig. 7).

Immunohistochemical Analysis of Lf-POS Loaded
with S14G-humanin

To investigate the effects of LEPOS loaded with S14G-
humanin (SHN-Lf}3,-POS) on the neuron apoptosis-related
protein and cholinergic system against the insult by
amyloid-Pos_35, we carried out immunohistochemical anal-
ysis with anti-Bax polyclonal antibody, anti-caspase3
polyclonal antibody and anti-choline acetyltransferase
polyclonal antibody in rat brains. The immunohistochemical
staining results are shown in Fig. 8. A large number of ChAT
positive cells existed in hippocampuses for the sham controls
(Fig. 8a). Amyloid-Pys5.35 administration caused a decrease in
ChAT positive cells (Fig. 8b), while SHN-Lf}(,-POS
prevented this decrease (Fig.8c). From the results, it could
be seen that overexpression of Bax (Iig. 8e) and caspase-3
(Fig. 8h) in hippocampal neuron cells was different from the
sham controls. SHN-Lf}(;-POS administration remarkably

Table Il X-ray Photoelectron Spectroscopy (XPS) Analysis of Maleimide-PEG-PLGA: Methoxy-PEG-PLGA Mixture (1:5), POS (Maleimide-PEG-PLGA:
Methoxy-PEG-PLGA Ratio is 1:5) Coupled with or without Lactoferrin (* Below the Detection Limit)

Samples Elemental ratio (%) Cls envelope ratios (%) Ols envelope ratios (%)
C @) N C-C/CH C-O-C O = C-C¥-O)-O O-C=0 o=cC O-C
Binding energy (eV)
285 286.5 287.1 289.2 5324 533.6
copolymer 64.8 352 * 50.3 6.4 18.9 14.5 43.7 56.3
POS 64.3 35.7 * 50.1 20.5 18.6 14.9 47.5 525
L-POS 60.9 38.2 0.84 45.5 25.1 15.8 13.6 41.7 58.3
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Fig. 4 X-ray photoelectron spectroscopy (XPS) analysis. Carbon Cls envelopes: (a) mixture of maleimide-PEG-PLGA: maleimide-PEG-PLGA mixture
(1:5) copolymers; (b) POS, polymersomes unconjugated with lactoferrin; (€) Lf-POS (maleimide-PEG-PLGA: maleimide-PEG-PLGA ratio is 1:5). Oxygen
Ol's envelopes: (d) mixture of copolymers; (e) POS; (f) Lf-POS. Nitrogen envelopes: (g) mixture of copolymers; (h) POS; i Lf-POS.

attenuated the observed decrease in expression of Bax
(Fig. 8f) and caspase-3 (Fig. 8i) positive cells in the
hippocampal regions. The efficient inhibition of SHN-
Lf191-POS on amyloid-fos5.35-induced apoptotic proteins
indicated that the nanocarrier system maintained a good
brain targeting property.

DISCUSSION
Characterisics of Polymersomes

The diameter of the L{~POS was approximately 120 nm,
and the zeta potential was approximately -4 mV. The PEG
chain, situated on the surface of the Lf~POS, can shield the
negative charge produced by the central part of Lf~POS.
Additionally, the weak positive charge on the lactoferrin

molecule can bind to the negative charge on the
membrane to enhance cellular uptake. Therefore, the
Lf-POS maintains good properties as a particle which
can meet the demands of brain drug delivery. Discher
et al. considered that when the volume fraction (fhydrophitic)
between the hydrophilic fragment of an amphiphilic
polymer and the whole molecule ranged from 0.20—
0.42, a POS structure could come into being. (16). As a
kind of supramolecular aggregate, the configuration and
structure of POS has been studied, but it is not utilized
exptensively as a drug carrier. We had previously
conducted serial studies on POS. Pang et al. (36)
demonstrated that POS prepared by PCL maintained a
good cerebral property when mediated by OX26, which
could inhibit the growth of rat glioma after intravenous
injection, suggesting the feasibility of POS as a new brain
drug delivery system.
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Fig. 5 Immunohistochemical staining of tissues of BALB/c mice showing CD68 immunoexpression after 7 days of continuous i.v. administration of
150 mg/kg/day Lf-POS. Negative staining is shown in cerebrum and cerebellum: 24 h (b, e) and 72 h (c, f) compared with negative control (a, d).
Negative staining is shown in the cardiac muscles of the heart and dust cells of the lung: 24 h (h, k) and 72 h (i, I) compared with negative control (g, j).
Positive staining of the hepatic lobule of the liver shows an increase in the amount of Kupffer cells at 24 h (n), and that the amount rapidly decreased after
72 h (o) compared with negative control (m). Positive staining of the spleen shows the increase of macrophages in the marginal zone at 24 h (q), and the
rapid decrease after 72 h (r) compared with negative control (p). Positive staining of the renal corpuscle shows a significant increase of mesangial cells at
24 h (t), and the rapid decrease after 72 h (u) compared with negative control (s).

We chose biodegradable PLGA to synthesize a diblock
copolymer by binding the hydrophilic methoxy-PEG and
maleimide-PEG where the ratio of molecular weights was
9,042: 3,000 and 10,180: 3,500, respectively. The prepared
POS had an inner structure made up of the hydrophobic
fragments of the copolymer and a surface covered with
hydrophilic PEG which could protect POS from being
inactivated by mononuclear phagocyte systems. Since the
lactoferrin on the surface of POS had to covalently bond
with maleimide-PEG, the molecular weight of maleimide-
PEG should be larger than that of methoxy-PEG. In this

way, maleimide-PEG on the surface of the LEEPOS could
stretch out to form a “brush-like” structure which would
help the molecule covalently bond to lactoferrin. The
lactoferrin binding to Lf~POS would be stretched out of
the surface, in favor of the binding with LfR on BBB,
before they were transported into the brain through
receptor-mediated cytophagy.

Because POS is compatible with the biomembrane and
has a water-soluble intracavity, we chose polymersomes as a
carrier to encapsulate S14G-humanin. Due to its weak
amphoteric but slight alkaline property, S14G-humanin

Fig. 6 Pharmacokinetic a b
parameters and brain transport 08r 251
properties of 5 mg/kg L-POS orh
loaded 6-coumarin with different o6k ’_ET 2r
lactoferrin densities per ,’g 0'5 S 15l
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was actively encapsulated by using a (NH4)»SO4 ion
gradient method. The 1, 4-dioxane, which can increase
the flexibility of the membrane, was also added and
improved the encapsulating rate from 5% to 21%. (24).
The 1, 4-dioxane could reduce the viscosity of POS and
enhance the permeability of the membrane and thus favor
the transmembrane transport of the drug.

Optimization Densities of Lactoferrin Conjugated
per Polymersomes

It has been reported that some receptors present on the
cerebral microvascular endothelial membrane, such as
can bind to the
correlated ligands or monoclonal antibodies to mediate the

transferrin, insulin or LDL receptors,
entry of these ligands, antibodies or ligand/antibody
modified drug delivery system into the brain (35). As
previously reported (11), a cerebral lactoferrin receptor
(LIR) had at least two types of binding sites. Since the
endogenous lactoferrin was approximately 5 nmol/l, lower
than the higher binding constant of the receptor, it could
not bind to a vast number of LfR and competitively inhibit

Lf101-POS  Lf268-POS

the drug delivery system modified by exogenous lactoferrin.
This is an advantage of using lactoferrin as a brain
targeting ligand.

It was shown that the brain delivery property of
nanoparticles was affected by several physiochemical
parameters, including size, ionic charge and surface
characteristics (3,25). The emphasis on surface character-
istics of LE=POS in this work focused on lactoferrin densities.
Our results showed that the brain distribution (% ID/g
brain) of Lf~POS was not proportional to the surface
densities of lactoferrin per polymersomes. The blood
clearance of the POS also increased, and this caused a
decrease in blood AUC. For this reason, the decreasing
blood AUC was offsetting for the nominal increase of %
ID/g. On the contrary, the hydrophilic PEG layer may
disturb the interaction of the Lf~POS with the cells. If the
surface PEG 1is increased, the BBB PS product may be
decreased. However, the PEG shielding effect can prolong
the circulation time of polymersomes in blood and increase
its blood AUC compared with Lf-POS. In our study, the
greatest %ID/g of brain tissue was observed for Lf}5;-POS,
a 2.23-fold increase as compared with POS alone. The
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Fig. 8 The SHN-Lf|(,-POS inhibited the over-expression of bax protein (d, e, f) and caspase-3 (g, h, i) and prevented reduction in ChAT (a, b, c).
Activity on the rats induced by Amyloid-3,5.35 was identified by immunohistochemistry staining. (a, d, g) For the sham control group, saline was injected
into the bilateral hippocampuses instead of Amyloid-B,5.35. (a, d, g). For the negative control group, administration of saline. (¢, f, I) For the experimental
group, administration of Lf|q,-POS-loaded S14G-humanin at the dose of 25 ug/kg.

vivo brain delivery study demonstrated that the lactoferrin
densities on the surface of polymersomes was positively
correlated to the active targeting efficacy. However, the
brain uptake of the drug delivery system did not increase
over time due to the receptor saturation. When the
lactoferrin densities reached a certain level, the uptake
dose-cffect features were no longer obvious. This suggested
that only a certain range of lactoferrin densities determined
the uptake of brain. The optimized lactoferrin number
conjugated per polymersome was 101.

The Neuroprotective Effect of Lf-POS Loaded
with S14G-humanin

The neuropathological manifestation of AD includes senile
plaques, neurofibrillary tangles, amyloid vascular lesions
and a loss of synapses and neurons. Nittaa e/ al. demon-
strated that intracerebral amyloid-f administration could
be used to establish an AD model in rats (37). Intracerebral
amyloid-f sedimentation is associated with the degenera-
tion of acetylcholine neurons and learning and memory

@ Springer

impairment. A toxic fragment of amyloid-f, Amyloid-Bos.35,
shows a neurotoxic effect on hippocampal neurons during
primary culturing and could be directly injected into the
hippocampuses of rats to simulate the behavioral and
pathological changes of AD (33,34). Among the proteins
associated with AD, Bax is an apoptotic promoter, and
caspase-3 1s an apoptosis-related protease. Previous studies
indicated that Bax was found to be concentrated in senile
plaques in the AD hippocampuses, which may be related to
amyloid-f toxicity in AD brains, as well as tangles and
astrocytes, indicating that Bax may play a role in the
pathogenesis of AD (38,39). Caspase-3 activation is a
pathological event that may be responsible for the loss of a
subset of pyramidal neurons. Grosso et al. (40) hypothesized
that caspase activation may occur as an carly event initiated
by a metabolic decline that precedes phosphorylation of
neurofilaments and microtubules associated with the protein
tau. Within the amyloid-f sequence, Amyloid-Pos._35
presented a strong neurotoxic effect. It was revealed that
injecting Amyloid-Pos5.55 into rat amygdalas could
up-regulate Bax expression, which would then trigger the
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apoptosis of neurons and make the rats show pathological
changes similar to AD. S14G-humanin can effectively inhibit
Bax (41) and caspase-3-dependent neuron apoptosis. It was
previously reported that acetylcholine was deficient in AD
patient brain tissues, especially in hippocampuses and
temporal cortex (42). As shown in our study, SHN-
Lf9,-POS had a protective effect on neurons by inhibiting
the overexpression of Bax and caspase-3 as well as enhancing
the activity of cholinesterase. All these findings indicate that
Lf-mediated polymersomes as a novel drug carrier could
efficiently mediate the active brain targeting

CONCLUSION

A novel brain drug delivery system, based on biodegradable
PEG-PLGA polymersomes conjugated with lactoferrin, was
developed and showed promising brain-targeting properties.
The coupling of lactoferrin with polymersomes was examined
by an immune colloidal gold technique and XPS examina-
tion. Pharmacokinetic profiles from this study suggest that the
highest BBB permeability surface area product (PS) and
percentage of injected dose per gram brain (% ID/g brain)
were acquired by optimizing the surface lactoferrin densities
on polymersomes. The optimized lactoferrin number conju-
gated per polymersomes was 101. Furthermore, L{~POS-
loaded S14G-humanin peptides provided a protective effect
on rat hippocampal neurons treated with Amyloid-fos._35.
SHN-Lf};-POS administration remarkably attenuated the
expression of Bax and caspase-3 positive cells. Meanwhile,
the activity of ChAT was increased compared with negative
controls. These results indicate that Lf}(;-POS is a promising
brain drug delivery carrier, especially for peptide drugs
across the BBB to the CNS.
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