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ABSTRACT: The blood-brain barrier (BBB), which is formed by the - =

brain capillary wall, greatly hinders the development of new drugs for ot g i ’

the brain. Over the past decades, among the various receptor-mediated ¥ ;- 45w T g
endogenous BBB transport systems, the strategy of using transferrin or 5 y - : T N 7

anti-transferrin receptor antibodies to facilitate brain drug delivery

system is of particular interest. However, the application of large g -
proteins still suffers from the drawbacks including synthesis procedure, ® Invive @
stability, and immunological response. Here, we explored a B6 peptide )
discovered by phase display as a substitute for transferrin, and

conjugated it to PEG-PLA nanoparticles (NP) with the aim of _ e
enhancing the delivery of neuroprotective drug across the BBB for the A0 R0 R iR ||| ———
treatment of Alzheimer’s disease. B6-modified NP (B6-NP) exhibited R B

significantly higher accumulation in brain capillary endothelial cells via rmnaEsy

lipid raft-mediated and clathrin-mediated endocytosis. In vivo,

fluorescently labeled B6-NP exhibited much higher brain accumulation when compared with NP. Administration of B6-NP
encapsulated neuroprotective peptide—NAPVSIPQ (NAP)—to Alzheimer’s disease mouse models showed excellent
amelioration in learning impairments, cholinergic disruption, and loss of hippocampal neurons even at lower dose. These
findings together suggested that B6-NP might serve as a promising DDS for facilitating the brain delivery of neuropeptides.
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H INTRODUCTION stress by hydrogen peroxide;*”'* and in vivo in animal models,
NAP protected animals against traumatic brain injury, oxidative
stress, and apolipoprotein E-deficiency-associated cholinergic
dysfunction and learning/memory impairments.'®~"*
However, due to the nature of peptides, neuroprotective
peptides like NAP are very unstable, easy to degrade by
enzymes, and present a very short blood halfife in vivo."
Encapsulation of peptide into the biodegradable poly(ethylene
glycol) (PEG)-coated nanoparticles (NP) which possess the
ability to cross multiple biological barriers, protect agents from
degradation, and extend their circulation half-life might be a
promising approach to the delivery of neuroprotective

Alzheimer’s disease (AD) is the world’s most common form of
dementia characterized by progressive and specific neuronal
and synaptic loss, formation of extracellular senile plaques, and
intracellular neurofibrillary tangles in the brain.'~> With the
population aging, the increasing prevalence of this disease is
seen worldwide, which brings pressure not only to the sufferers,
but also to their families and even the entire society. Therefore,
the development of an effective therapeutic strategy for
Alzheimer’s disease is of great importance.

A wide variety of neurotrophic proteins and neuropeptides
have shown an important neurotrophic role during develop- 8
ment and after nerve injury,® which brings hope for the peptides. ) )
treatment of AD. Among them, an octapeptide derived from ) Nevertheles.s, 01./v1ng'to t}.le unique cerebrovlascular' endothe-
activity-dependent neuroprotective protein (ADNP)—NAP lium sealgd Wlth tight junctions, thf: blood.—bram barrler (BBB)
(NAPVSIPQ)—is identified as a promising neuroprotective severelY limits access of tlilerapeutlc‘or dlagnlcgsnc agents'lnto
agent for AD therapy, and is currently under phase II clinical the brain even incorporating them into NP. .The restricted
trials.> NAP has shown neuroprotective effects in many in vivo access to tI}e brain is due to a com.blnatlon. of different fact(')rs:
and in vitro models of neurodegeneration at low concentration tight junctions, reduced rate of pinocytosis from the luminal
(ranging from 107" to 107'° M) by modulating microtubule

organization and stability in neurons.”~® In vitro in neuronal cell Received: January 29, 2013
cultures, NAP protected cells against the neurotoxicity induced Revised:  May 27, 2013
by f-amyloid, electrical blockade by tetrodotoxin, and oxidative Published: May 29, 2013
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side, lack of fenestration, the enzymatic barrier, and the efflux
transporter system such as P—glycoproteins.16 Therefore, to
further improve the efficiency and specificity for brain delivery,
various strategies to enhance drug delivery across the BBB by
targetin¥ biomolecules expressed at the BBB have been
studied.”™!¢ Among the main target for mediating nano-
particulate delivery, transferrin receptor (TfR), which is highly
expressed in BBB endothelial cells, is the most widely studied
receptor for BBB targeting'” and has long been considered
among the most promising targets.

Previous studies with brain drug delivery system (DDS)
targeting TfR were addressed by incorporating whole trans-
ferrin (Tf) protein'® or anti TfR antibodies.”® However, the
application of large proteins in formulations suffers from the
drawbacks including synthesis procedure, stability, and
immunological response.”’ On the other hand, characterized
as high specificity, low cytotoxicity, and low immunological
response, the utility of short peptide targeting system with
simplified production process and prolonged storage time is
desired. Based on this background, CGHKAKGPRK (denoted
as B6), a peptide motif obtained from a previous phage display
and showing high affinity to TfR>* to our knowledge, may
serve as a substitute for Tf protein to mediate brain drug
delivery.

It has been demonstrated that poly(ethylene glycol)-
poly(lactic acid) block copolymer (PEG-PLA) PEG-PLA
nanoparticles remained longer in circulation than those of
poly(ethylene 3glycol)-poly(lactic-co-glycolic acid) PEG-PLGA
nanoparticles.”> What's more, prolonged drug release provided
by PEG-PLA might be more suitable in the treatment of
Alzheimer’s disease—a progressive neurodegenerative disor-
der.** Therefore, in our study, we chose PEG-PLA over PEG-
PLGA for preparation of the nanoparticles. Using amorphous
PDLA to formulate nanoparticles, we studied the potential of
B6-conjugated nanoparticles (B6-NP) to deliver a neuro-
protective drug across BBB for the treatment of Alzheimer’s
disease. In vitro cellular interaction and in vivo brain delivery
efficiency of B6-NP were studied. Using NAP as the model
drug, neuroprotective effects of the B6-NP formulation was
evaluated and compared with unmodified NP and NAP
solutions in an AD mice model.

B EXPERIMENTAL PROCEDURES

Materials, Cells, and Animals. Methoxy-poly(ethylene
glycol) ;opo-poly(lactic acid) 34000 (MePEG-PLA) and mal-
eimide-poly(ethylene glycol) 3400-poly(lactic acid) 34000 (Male-
PEG-PLA) were kindly provided by East China University of
Science and Technology. B6 peptide (CGHKAKGPRK), with a
cysteine on the N-terminal (cys-B6), and NAP (NAPVSIPQ)
were synthesized by ChinaPeptides Co., Ltd. (Shanghai,
China). DiR (1,1’-dioctadecyl-3,3,3',3"-tetramethyl indotricar-
bocyanine iodide), a near-infrared dye, was offered by Biotium
(Hayward, CA). Coumarin-6, f-amyloid,_,, (Af;_4), and
ibotenic acid (IBO) were purchased from Sigma-Aldrich (Saint
Louis, MO). DAPI (4,6-diamidino-2-phenylindole) was
obtained from Molecular Probes (Eugene, OR, USA) and
BCA protein assay kit from Pierce (Rockford, IL, USA).
Quantity Protein assay kits and AChE and ChAT activity assay
kits were purchased from Nanjing Jiancheng Bioengineering
Institute (Nanjing, China). All the other materials were of
HPLC or analytical reagent grades and used without further
purification.
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Plastic cell culture dishes, plates, and flasks were obtained
from Corning Incorporation (Lowell, MA); Dulbecco’s
Modified Eagle Medium (high glucose) cell culture medium,
penicillin—streptomycin, fetal bovine serum (FBS), and 0.25%
(w/v) trypsin solution were from Gibco BRL (Carlsbad, CA,
USA). Double-distilled water was prepared using a Millipore
Simplicity System (Millipore, Bedford, USA).

Immortalized murine microvascular endothelial bEnd.3 cells
were provided by Cell Institute of Chinese Academy of
Sciences (Shanghai, China) and cultured in DMEM supple-
mented with 10% FBS, 100 U/mL penicillin and 100 pg/mL
streptomycin at 37 °C in a humidified atmosphere containing
5% CO,.

Male ICR mice (4—S weeks, 20 + 2 g) and Balb/C nude
mice (20—22 g) were obtained from BK Lab Animal Ltd.
(Shanghai, China) and maintained at 25 + 1 °C with free
access to food and water. The protocol of animal experiments
was approved by the Animal Experimentation Ethics
Committee of Fudan University.

Preparation of Nanoparticles. Unmodified nanoparticles
(NP) loaded with coumarin-6, NAP, or DiR were prepared
using an emulsion/solvent evaporation technique.”> For
coumarin-6-loaded or DiR-loaded NP, 50 uL of deionized
water (internal aqueous phase) was added to 1 mL dichloro-
methane containing 22.5 mg MePEG-PLA, 2.5 mg Male-PEG-
PLA, and 0.1% (w/w) of coumarin-6 or 1% (w/w) DiR (oil
phase); the w/o primary emulsion was produced by sonication
(160 W, 30 s) on ice using a probe sonicator (Ningbo Scientz
Biotechnology Co. Ltd., China). The primary emulsion was
then re-emulsified with the external aqueous phase containing 2
mL of 1% sodium cholate solution by sonication (220 W, 30 s)
on ice. Afterward, to solidify the double emulsion droplets, the
w/o/w emulsion was further diluted into 8 mL of a 0.5%
aqueous sodium cholate solution and then stirred for S min at
room temperature. After that, the emulsion was applied to a
ZX-98 rotavapor (Shanghai Institute of Organic Chemistry,
China) to remove the organic solvent and concentrated by
centrifugation at 15000 rpm for 45 min using a TJ-25 centrifuge
(Beckman Counter, USA) at 4 °C. After discarding the
supernatant, the nanoparticles were resuspended in 2 mL
HEPES buffer (pH 7.0) and then subjected to a 1.5 X 20 cm
Sepharose CL-4B column (Pharmacia Biotech, Inc., Sweden) to
remove the unencapsulated agents.

The NAP-load NP (NP-NAP) was prepared with the same
procedure except using 50 L of NAP solution (25 mg/mL) as
the inner phase of the primary emulsion.

B6-functionalized NPs (B6-NP) were prepared via a
maleimide—thiol coupling reaction at room temperature for 8
h. The products were then subjected to a 1.5 X 20 cm
sepharose CL-4B column and eluted with 0.01 M HEPES
buffer (pH 7.0) to remove the unconjugated peptides.

Characterization of the Nanoparticles. The morphology
of nanoparticles was characterized under a transmission
electron microscope (TEM) (H-600, Hitachi, Japan) following
negative staining with sodium phosphotung state solution (2%,
w/v). The particle size, size distribution, and zeta potential
were determined by dynamic light scattering (DLS) using
Malvern Zetasizer Nano ZS (Malvern, UK).

Encapsulation Efficiency, Drug Loading Capacity and
in Vitro Drug Release Profiles. For determining the
encapsulation efficiency (EE) and loading capacity (LC) of
NAP-loaded B6-NP (B6-NP-NAP), the NAP was released from
the NPs following the addition of acetonitrile. After
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precipitating the polymers with 0.1% (v/v) trifluoroacetic acid,
the samples were centrifuged at 12000 rpm for 10 min. The
concentration of NAP in supernatant was determined via an
HPLC analysis using 0.1% trifluoroacetic acid in acetoni-
trile:0.1% trifluoroacetic acid in water 15:85 as the mobile
phase at the flow rate 1 mL/min and detection wavelength 225
nm). EE% and LC% were calculated as indicated below (n = 3):

amount of NAP in nanoparticles

LC(%) = X 100%

nanoparticles weight

amount of NAP in nanoparticles

total amount of NAP added initially

X 100%

EE(%) =

To determine the release of NAP from nanoparticles, both
NAP-loaded NP and B6-NP (nanoparticles concentration, 2.5
mg/mL) were dispersed in deionized water, and then divided
equally into 54 shares (0.5 mL/share), respectively. After
incubating at 37 °C, at each predetermined time point (0 b, 0.5
h,1h,2h,4h, 8h, 12 h, 24 h, and 48 h, n = 3), the samples
were collected and centrifuged at 17500 rpm for 20 min,
followed by the supernatants carefully discarded and the
precipitates resuspended in 30 yL acetonitrile. 60 yL 0.1% (v/
v) trifluoroacetic acid was then added to each sample of
resuspended products, and the concentrations of NAP
entrapped in NP or B6-NP at each time point were measured
with the HPLC method as described above. The cumulative
release percentage (CR) of NAP from NP or B6-NP at each
time intervals was calculated as indicated below:

CR(%) =

(1 -
X 100%

X-ray Photoelectron Spectroscopy (XPS), B6 Con-
jugation Efficiency, and B6 Density on Nanoparticle
Surface. In order to determine the surface composition of NP
and B6-NP, the samples were lyophilized using an ALPHA 2—4
Freeze-Dryer (0.070 Mbar Vakuum, —80 °C Martin Christ,
Germany) and subjected to XPS analysis via a RBD upgraded
PHI-5000C ESCA system (Perkin-Elmer).

The B6 conjugation efficiency (CE) was measured via a BCA
assay: triplicate wells (96-well plate) of aliquots of either B6-NP
or NP (dissolved in PBS pH 7.4) were treated following the
manufacturer’s instructions and then subjected to absorption
analysis under a microplate reader (Thermo Multiskan MK3,
USA) at 562 nm. The CE calculation formula is as follows:

amount of NAP in precipitate )

amount of NAP in the nanoparticles initially

CE(%) =
amount of B6 conjugated to the nanoparticle surface
total amount of B6 added
X 100%

The B6 surface density was calculated by dividing the
number of B6 molecules by the calculated average number (1)
of nanoparticles using the methods described previously:*® n =
6m/(m X D* X p) (m, the nanoparticle weight; D, the number-
based mean nanoparticle diameter determined by DLS; p, the
nanoparti3c)le2 7weight per volume unit (density), estimated to be

Cellular Association/Uptake of Coumarin-6-Labeled
NPs. For qualitative cellular association experiment, bEnd.3
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cells were seeded into 24-well plates at the density of 4 X 10*
cells per well one day prior to study. The cells were then
incubated with different concentrations of coumarin-6-labeled
NPs for 1 h. After that, the cells were washed three times with
PBS, and fixed with 4% formaldehyde for 10 min. Following
cell nuclear staining with 100 ng/mL DAPI for 10 min, the cells
were observed under a fluorescent microscope (Olympus,
Japan).

For quantitative cellular uptake experiment, a previously
described High Content Cell Analysis System (HCS) ** was
applied for analysis. Briefly, after plating on a 96-well plate at
the density of S X 10° cells/well for 24 h, the bEnd.3 cells were
then incubated with courmarin-6-loaded B6-NP and NP (25—
600 pug/mL) for 1 h at 4 and 37 °C, respectively. For nucleic
acid staining, the cells, protected from light, were fixed and
stained with 10 pg/mL Hochest 33258 (Pentahydrate (bis-
Benzimide), a nucleic acid stain) at room temperature for 10
min. For determining the level of cellular internalized
nanoparticles, the cells were incubated with trypan blue
(Beyotime Institute of Biotechnology) to quench the
fluorescent signals from the uninternalized ones, and then
subjected to a KineticScan HCS Reader (version 3.1, Cellomics
Inc,, Pittsburgh, PA, USA). To study the effects of incubation
time on nanoparticle uptake, the cells were incubated with 200
pug/mL nanoparticles for 0.5 to 6 h.

In the inhibition experiment, seeded bEnd.3 cells (5 X 10°
cells/well, 96-well plate, for 24 h) were incubated with 10 ug/
mL chlorpromazine, 4 pig/mL colchicines, 10 ug/mL cyto-D, §
ug/mL BFA, S ug/mL filipin, 10 mM NaN; + 50 mM
deoxyglucose, 2.5 mM methyl-f-cyclodextrin (M-4-CD), 200
nM monensin, 20 yuM nocodazole, or 100 ug B6 peptiede for
30 min, respectively. Quantitative analysis of the cellular uptake
following the inhibitor treatments was performed as mentioned
above and compared with that of the noninhibited control.

In Vitro Cell Viability Assay. Cell Counting Kit-8 (CCK-
8) assay was used to evaluate the effect of B6-NP-NAP or NP-
NAP on the viability of bEnd.3 cells. The cells were seeded into
96-well plates at the density of 5 X 10° cells per well and
cultured for 24 h. The medium was then replaced with serum-
free DMEM containing B6-NP-NAP or NP-NAP for 24 and 48
h, respectively, at the NP concentration ranging from 0 to 2
mg/mL. After incubating for 24 and 48 h, respectively, the
medium was removed and replenished with fresh serum-free
DMEM with 10 uL CCK-8 solution added to each well. One
hour later, the absorbance of each well was measured via a
microplate reader at 450 nm and the viability of bEnd.3 cells
was reflected by the percentage of absorbance of sample groups
in comparison with that of the NPs-free control.

In Vivo Real-Time Imaging. In order to study the in vivo
real-time distribution of NPs, near-infrared dye DiR was used as
the probe. The DiR-loaded NP or B6-NP was injected into the
tail vein of BALB/c nude mice at an equal dose of DiR (1 mg/
kg). The fluorescent images were detected by Maestro in vivo
imaging system (CRi, MA, USA) at predetermined time points.
One hour after injection, brains and other main organs were
harvested, washed with saline, and visualized for relative
accumulation comparison.

Ap,_40 and IBO Coinjection Model. Male ICR mice (4—5
weeks, 20 + 2 g) were used in the study and randomly divided
into eight groups (n = 8). Before surgery, Af,_4
(preaggregated at 37 °C for 7 days, 2 ug/uL) and IBO (2
ug/uL) were mixed to a final concentration of Af_4 1 ug/uL
and IBO 0.5 pg/uL in saline. The mice were anaesthetized with
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chloral hydrate and then fixed in a stereotaxic apparatus
equipped with a mouse adaptor. Five microliters of the mixture
of Af},_4 and IBO or the same volume of saline were bilaterally
injected in the dorsal hippocampus with a Hamilton micro-
syringe over 6 min.

Morris Water Maze (MWM) Task. Four days after the
surgery, each group received daily administration of the
formulations for 30 consecutive days: saline for AD controls
and sham controls; NAP solutions (NAP, 0.02 yg/mouse/day
and 0.08 ug/mouse/day, respectively); NP-NAP (NAP, 0.02
ug/mouse/day and 0.08 ug/mouse/day, respectively); or B6-
NP-NAP (NAP, 0.02 pug/mouse/day and 0.08 yg/mouse/day,
respectively). MWM test was carried out from the 30th day.

The MWM device consists of a large circular pool (120 cm
diameter and SO cm depth) filled with opaque water at a
temperature of 25 + 1 °C in which a 9-cm escape platform is
hidden. * A four-day training session or a probe trail was
carried out 1 h following drug administration. During the first
four-day training, the animals were placed into the tank from
four starting points in a random manner with 90 s latency to
reach the platform. Each mouse was allowed to rest for 15 s on
the condition of locating the platform within 90 s. If it failed,
animal had to be put on the platform and stay for 1S5 s.
Swimming trajectories were recorded and analyzed using a
computerized video-tracking system. On the fifth day, a single
probe trail was performed with the platform removed and the
mouse allowed to swim freely for 60 s from two starting points
far away from the platform. The percentage of time spent in
targeted quadrant of the MWM and the number of crossings
over the previous platform position were recorded.

AChE Activity and ChAT Activity in Mice Hippo-
campus. After the MWM task, the mice (n = 5) were
sacrificed, with the AChE and ChAT activity in mice
hippocampus determined spectrophotometrically using the
Quantity Protein assay kit according to the manufacturer’s
protocols.*

Histology. At the end of the behavioral studies, the mice (n
= 3) were anaesthetized with chloral hydrate, and transcardially
perfused with saline and 4% paraformaldehyde solution. The
whole brains were harvested and further fixed in 4%
paraformaldehyde solution, embedded in paraffin, sectioned
at S ym, and stained with hematoxylin/eosin (HE) following
standard protocol.

Statistical Analysis. All the data were presented as mean =+
SD unless otherwise indicated. Unpaired Student’s t test was
used for comparison between two groups and one-way
ANOVA with Bonferroni tests for multiple-group analysis.
Statistical significance was defined as p < 0.05.

B RESULTS

Characterization of the Nanoparticles. The physical
characterization of coumarin-6/DiR/NAP-loaded nanoparticles
was shown in Table 1. The average particle sizes of NP and B6-
NP were between 100 and 120 nm with acceptably
polydispersity indexes (PI < 0.25). The B6 conjugation slightly
increased the particle size. Both nanoparticles were spherical
and uniform under transmission electron microscope (Figure
1).

The existence of B6 on the surface of B6-NP was confirmed
by XPS analysis which showed 1.05% nitrogen on the B6-NP
surface but none on the surface of unconjugated NP. Under our
experimental conditions (molar ratio of maleimide-PEG-PLA
to B6 1:1 and incubation time for conjugation reaction 8 h), the
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Table 1. Characterization of Coumarin-6/DiR/NAP-Loaded
NP and B6-NP“

vesicle size zeta potential
formulation (nm) PI mV)

coumarin-6-NP 103.3 + 4.9 0.15 + 0.024 —24.35 + 0.89
coumarin-6-B6-NP 119.5 + 5.2 0.20 + 0.039 —22.18 + 1.12
DiR-NP 1042 + 5.5 0.11 + 0.021 —25.28 + 1.57
DiR-B6-NP 117.7 + 6.5 0.23 + 0.048 —-21.84 + 0.79
NP-NAP 1069 + 5.8 0.12 + 0.034 —24.47 + 1.01
B6-NP-NAP 1183 + 7.8 0.25 + 0.038 —22.65 + 0.85

“Data are represented with mean + SD (n = 3).

8 £

Figure 1. Transmission electron micrographs of (A) NP and (B) B6-
NP. Bar, 200 nm.

B6 peptide conjugation efficiency was 42.7 + 3.6%, and its
density on the nanoparticle surface was around 355.

The EE and LC of NP-NAP and B6-NP-NAP were 56.82 +
4.20%, 51.16 + 3.51%, and 0.65 + 0.021%, 0.57 + 0.023%,
respectively.

In vitro release data showed that NAP-loaded NP and B6-NP
(Figure 2) displayed a similar release pattern in deionized water
with approximately 20% NAP released from both NP and Bé6-
NP during 48 h incubation.

—=— RBG6-NP

Cumulative release (%)

20
Time (h)

T
30 40

Figure 2. NAP release profiles from NP-NAP, B6-NP-NAP in
deionized water at 37 °C.

Cellular Association/Uptake of Coumarin-6-Labeled
NPs. Qualitative cellular association experiments were
performed via fluorescent microscopy analysis using coumar-
in-6 as the fluorescent probe. As shown in Figure 3, the cellular
associated fluorescence intensity of B6-NP was significantly
higher than that of NP.

These results were further confirmed by quantitative cellular
uptake analysis (Figure 4A) at both 37 and 4 °C (at 37 °C,
about 2.65, 2.49, 2.46, 2.53, and 2.33 times higher than that of
NP at the concentration of 100, 200, 300, 400, and 600 yg/mL,
respectively; and at 4 °C about 2.75, 2.55, 2.91, 2.87, and 2.67
times higher than that of NP at the concentration of 100, 200,
300, 400, and 600 ug/mL, respectively). A time-dependent
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Figure 3. Cellular association of NP (A) and B6-NP (B) in bEnd.3 cells under a fluorescence microscope at coumarin-6 concentration points (50,
100, 400, 600 ng/mL, respectively) following 1 h incubation at 37 °C. Bar, SO mm.
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Figure 4. Temperature and time-dependent cellular uptake of
coumarin-6-loaded nanoparticles in bEnd.3 cells. (A) The cells were
incubated with B6-NP and NP (25—600 pg/mL) for 1 h at 37 and 4
°C, respectively. (B) The cells were incubated with B6-NP and NP
(200 pug/mL) at 37 °C for 0.25, 0.5, 1, 2, 3, 4, and 6 h, respectively. * p
< 0.05, ** p < 0.01 significantly different from that of NP at 37 °C; * p
< 0.05, significantly different from that of NP at 4 °C.

pattern in cellular uptake was achieved by both NP and B6-NP
although the uptake of B6-NP was higher than that of NP
(Figure 4B).

In the inhibition experiment, as shown in Figure S, the
treatment of chlorpromazine, M-f-CD, NaN; + dg, and
monesin exhibited a significant inhibition in cellular uptake of
B6-NP when compared with the noninhibited control. In
addition, significant inhibition in cellular uptake of B6-NP was
also observed following preincubated with excess B6.

In Vitro Cell Viability Assay. In vitro cell viability analysis
was performed following B6-NP-NAP/NP-NAP treatment in
bEnd.3 cells after 24 and 48 h incubation at 37 °C via a CCK-8
assay. As shown in Figure 6, no significant cytotoxicity of the
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Figure 5. Cellular uptake of coumarin-6-labeled B6-NP in bEnd.3 cells
in the presence of chlorpromazine, colchicines, cyto-D, BFA, filipin,
NaN; together with deoxyglucose, M-$-CD, monensin, nocodazole,
and B6, respectively. Fluorescence intensity of coumarin-6 in the
noninhibited cells, representing the control internalized amount of
coumarin-6-labeled B6-NP, *p < 0.05, **p < 0.01 significantly
different from the noninhibited control (n = 3).

formulations was detected at any of the given concentrations (P
> 0.05).

In Vivo Real-Time Imaging. The B6 peptide brain
targeting ability was studied via a real-time imaging system.
After the DiR-labeled NPs were injected through the tail vein,
according to Figure 7A, it was found that the fluorescence
signals of B6-NP remaining in brain were much higher than
that of NP at all time points from 0.5 to 12 h post
administration. One hour post administration, fluorescence
intensity of B6-NP from the harvested brain was also found to
be higher than of NP (Figure 7B).

Behavioral Analysis of Af,_, and IBO Coinjected
Mice. Classic MWM task was used to evaluate the spatial
learning and memory of the tested mice. As shown in Figure
8A, all groups of mice showed improvement in finding the
hidden platform over the four day training session. However,
the AD control group exhibited a significantly longer latency (p
< 0.05) than that of sham control group (on day 2, 3, 4); a dose
of 0.08 pg/mouse/day (NAP) of B6-NP-NAP (on day 2, 3, 4);
a dose of 0.02 yg/mouse/day (NAP) of B6-NP-NAP (on day
3, 4); a dose of 0.08 ug/mouse/day (NAP) of NP-NAP (on
day 3, 4); and a dose of 0.02 ug/mouse/day (NAP) of NP-
NAP (on day 4), respectively. A two-way ANOVA analysis
performed on a four day training session revealed significant
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Figure 6. In vitro cell viability of NP-NAP and B6-NP-NAP incubated with bEnd.3 cells for (A) 24 h and (B) 48 h at 37 °C.
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Figure 7. (A) Distribution and retention of B6-NP or NP in the nude mice following tail vein intravenous administration. (B) Distribution of B6-NP

or NP in brain and main organs 1 h after administration.

treatment and dose effects for latency in the MWM task:
compared at the same NAP administration dose, the reduction
in latency followed the order of B6-NP-NAP > NP-NAP; and
the reduction in latency also followed a dose response pattern.
The further probe trial results (Figure 8B,C) were consistent
with these findings. Both the number of times crossing the area
where the platform had been located and the percentage of
time spent in the target quadrant confirmed the treatment- and
dose-dependent manner among the NP-NAP groups and B6-
NP-NAP groups. On the other hand, when compared with the
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AD control group, daily administration of NAP solution groups
showed no significant difference.

AChE and ChAT Activity in Mice Hippocampus. To
further investigate the neuroprotective effects of B6-NP on AD
model mice, we determined the AChE and ChAT activity in
model mouse hippocampus after the MWM task. The
recognition memory improvement was reflected by the
inhibition of ChAT and increase of AChE activity in mice
with lesions induced by intracerebroventricular coinjection with
Ap,_4 and IBO. As shown in Figure 9A, the activity of AChE
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Figure 8. (A) Neuroprotection effects of NAP solution, NP-NAP, and B6-NP-NAP on the impairment of water maze learning in mice with lesions
induced by intracerebroventricular coinjection with Af;_,, and IBO. Training began after 34 days of recovery and daily drug application. Data
represented the mean + SD. (B) The number of crossings of the removed platform area in the probe test: Day S of testing, a spatial probe test
performed with the platform removed. The animals were allowed to swim for 60 s, and the mean number of times the animals crossed the area where
the platform had been located was recorded. Data represented the mean = SD. (C) The percentage of (%) time in the targeted quadrant where the
platform had been located. Data represented the mean + SD (n = 8). * p < 0.05, ** p < 0.01 significantly different from AD control; * p < 0.05,
significantly different from sham control. Sham control, given saline instead of Af;_,, and IBO and received daily applied saline; AD control, daily
applied saline; NAP Sol. (0.02 ug/day), tail vein administration of NAP solution at the dose of 0.02 yzg/mouse/day NAP; NAP Sol. (0.08 ug/day),
tail vein administration of NAP solution at the dose of 0.08 ug/mouse/day NAP; NP-NAP (0.02 ug/day), tail vein administration of NP-NAP at the
dose of 0.02 ug/mouse/day NAP; NP-NAP (0.08 /tg/day), tail vein administration of NP-NAP at the dose of 0.08 yg/mouse/day NAP; B6-NP-
NAP (0.02 pg/day), tail vein administration of B6-NP-NAP at the dose of 0.02 ug/mouse/day NAP; B6-NP-NAP(0.08 yug/day), tail vein
administration of B6-NP-NAP at the dose of 0.08 yg/mouse/day NAP.

decreased to the normal level after injection of NP-NAP (0.08 ug/mouse/d NAP solution group < 0.02 yg/mouse/d NP-NAP
ug/day) and B6-NP-NAP (0.02 ug/day and 0.08 ug/day). The < 0.08 pg/mouse/d NP-NAP group. In contrast, significant
ChAT activity exhibited an opposing tendency (Figure 9B), improvement was observed in those mice treated with B6-NP-
with the NP-NAP (0.08 ug/day) group and B6-NP-NAP NAP and no obvious morphological damage was detected.
groups reversed the reduced activity of ChAT.

Histology. HE staining was conducted to evaluate the B DISCUSSION

amelioration of the formulations on neuronal damage in the AD and related neurodegenerative disorders are among the
hippocampal area (Figure 10). Compared with sham control, principal debilitating conditions of the 21st century.>’ However,
AD control animals showed obvious damage in the hippo- to better affect disease outcomes, an efficient drug delivery
campus where apoptotic cells with dense nuclei or karyolysis system to the central nervous system (CNS) thus penetrating
were observed (Figure 10A,B). The reduction of cell numbers the BBB remains a challenging clinical problem.

in the CALl region of hippocampus was also observed. Tight intercellular junctions, low pinocytic potential,
Compared with AD control group, pathological damage was expression of outwardly drug efflux transporters, and high
slightly ameliorated following the NAP treatments in the levels of drug metabolizing enzymes: all these factors limit the
following order: 0.02 pig/mouse/d NAP solution group < 0.08 BBB permeability of neuroactive agents, representing a major
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Figure 9. Application of B6-NP-NAP nanoparticles prevented activation of (A) AchE and inhibition of (B) ChAT activity in the hippocampus of
mice intracerebroventricular coinjected with Af;_,, and IBO. Results were calibrated against sham control (100%). Data represented the mean + SD
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Figure 10. Representative images of HE staining in the right hippocampus CA1 region of the Af,_,, and IBO coinjected mice: (A) sham control;
(B) AD control; (C) NAP Sol. (0.02 ug/day); (D) NAP Sol. (0.08 ug/day); (E) NP-NAP (0.02 ug/day); (F) NP-NAP (0.08 pug/day); (G) B6-NP-
NAP (0.02 pg/day); and (H) B6-NP-NAP (0.08 ug/day). Bar, 25 m. Numerous neuronal cells in the AD control animals were damaged following
the coinjection of Af,_4 and IBO. B6-NP-NAP treatment significantly reduced the number of damaged neuronal cells. Arrows show neuronal
damage (apoptotic cells with dense nuclei or karyolysis, and neuronal cell loss) in hippocampus in B, D, E, and F. Black polygon shows neuronal

damage in hippocampus in C.

bottleneck in the development of efficacious and safe treatment
of CNS disorders.>! To overcome these difficulties, on the basis
of the investigations conducted so far, with the help of certain
endogeneous proteins such as Tf, insulin, lactoferrin (Lf),**
receptor-mediated transport (RMT) traverses BBB and gains
access to intracerebral drug delivery. The discovery of RMT
also led to development of other BBB transport systems:
genetically engineered fusion antibody such as HIRMAb-
AV,*>** (TRMADb-AV,* a trifunctional fusion antibody that
binds (1) the human insulin receptor, (2) the Af fibril, and (3)
the Fc receptor,36 and HIRMAb-IDUA fusion protein,37
Among them, Tf, the ligand of TfR, has been widely studied
to facilitate the brain delivery of small molecular drugs,*®
proteinsf'9 and gene materials.*® However, the usage of large
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proteins as Tf in formulations still has drawbacks including
synthesis procedure, stability, and immunological response.
Therefore, with B6 peptide obtained from phase display, which
targets TfR that presents in the brain capillary endothelia and
also in neurons, we constructed a short peptide-modified NP as
a safe and efficient DDS for the treatment of AD.*"** Using
NAP as a model drug, we evaluated the efficacy of B6-NP-NAP
for neuroprotection in AD animal model following iv.
administration.

From the TEM photos and DLS measurements, we find that
NP was well accommodated in solution with an average
diameter of around 100 nm. Its size increased to around 120
nm after B6 conjugation, resulting a favorable size distribution
for brain drug delivery. The BCA Protein Quantitation results
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in line with XPS analysis confirmed the presence of B6 on the
surface of B6-NP.

The stability of the coumarin-6/DiR-labeled NP was
examined using in vitro release studies conducted in pH 4.0
and pH 7.4, showing that almost all the fluorescent probes
remained in NPs during the experimental period (data not
shown). This suggests that the relatively stable coumarin-6-
labeled NP and DiR-labeled NP could represent the fate of NP
both in vitro and in vivo. Besides, the in vitro NAP release results
suggest that most of the NAP encapsulated in NP or B6
modified NP may remain in NP in physiological environment
following administration, and thus a certain amount of it could
be delivered into the CNS following tail vein injection.

To investigate the cellular association of B6-NP, bEnd.3 cells,
a brain capillary endothelial cell line was used as the cell model
that can form a layer with BBB properties: form tight junction
between the cells, express gamma-glutamyl-transpeptidase
(gamma-GTP) and P-glycoprotein (P-gp), and restrict para-
cellular transport.”™ The fluorescent microscope images
suggested that B6 modification effectively enhanced cellular
association of NP. To further explore the difference in cellular
uptake of B6-NP and NP in bEnd.3 cells, quantitative
experiments were performed at different concentration,
temperature, and time period. The observed time, concen-
tration, and temperature-dependent cellular uptake pattern of
both B6-NP and NP indicate an active endocytotic process.

To further elucidate the internalization pattern of B6-NP, we
conducted a quantitative study exploring the effects of several
different inhibitors on the cellular uptake of B6-NP. It was
found that energy-depletion agent—NaN; + deoxyglucose—
significantly reduced (p < 0.05) the cellular uptake of B6-NP
(Figure S), consistent with the reduced cellular uptake of B6-
NP at 4 °C (Figure 4A), indicating that an energy-dependent
process played an important role in the cellular interaction with
B6-NP. It was also found that clathrin-mediated endocytosis
pathway inhibitor—chlorpromazine—significantly reduced the
cellular uptake of B6-NP compared with that of the
noninhibited control (Figure 5). Since TfR is largely
concentrated within the clathrin-coated pits,** it is reasonable
to see B6, which was explored as a TfR targeting peptide,
mediate cellular import of nanoparticles via the clathrin-
mediated endocytosis pathway. Cellular uptake of B6-NP was
also inhibited by M-B-CD, which could selectively extract
cholesterol and alter the structure of cholesterol-rich domains
in cell membrane, suggesting that lipid raft-mediated pathway
was involved as well. In the meanwhile, the internalization of
B6-NP was reduced by monensin, confirming the involvement
of lysosome in the intracellular transport of B6-NP. Taken
together, we believed that B6-NP internalization in bEnd.3 cells
was mediated by more than one cellular uptake mechanism,
involving lipid raft-mediated endocytosis and clathrin-mediated
endocytosis pathways.

In vitro cell viability analysis was conducted to evaluate the
safety of B6-NP-NAP. As shown in Figure 6, no significant
difference in cytotoxicity was observed between B6-NP-NAP
and NP-NAP. Thus, B6-NP-NAP was regarded as a promising
DDS without any significant cytotoxic effects on the cells
tested.

A real-time biodistribution experiment was performed to
study the B6-mediated brain targeting efficiency under an in
vivo imaging system. A significant enhancement of the signal
from B6-NP was observed during the 0.5—12 h experimental
period compared with that from NP, indicating that B6, which
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present higher efficiency for brain accumulation, could be used
as a potential brain targeting peptide. Further organ fluorescent
images taken one hour post administration confirmed that the
fluorescent signal of B6-NP in mouse brain was still much
higher than that of NP (Figure 7B). In contrast, the
accumulation of NP in liver, spleen, and lung might be
attributed to its nonspecific capture by the mononuclear
phagocyte system.

Animal models played a key role in the evaluation of
therapeutics for AD.* Former studies showed that infusion of
Ap\_4 led to AD-related spatial and nonspatial learning and
memory deficits*® and disruption of cholinergic function.*”
Models based on intracerebroventricularly injected Af allowed
the evaluation of the neuroprotective effect of NAP toward
toxicity associated with AB.*® Moreover, coinjection of Af;_4
with IBO induced enhanced neurotoxicity and provided a
better model for studying the pathogenetic mechanisms leading
to AD.* Therefore, in our study we chose mice intra-
cerebroventricularly coinjected with preaggregated A, ,, and a
small amount of IBO as AD model animal.

The MWM behavioral experiment and subsequently
conducted biochemical indicators tests were applied to evaluate
the NAP-related neuroprotection in AD model. Data from
MWM test combined with determination of the activity of
AChE (the enzyme that degrades acetylcholine) and ChAT
(the enzyme that synthesizes acetylcholine) indicated that B6-
NP-NAP significantly ameliorated the spatial learning deficit
and cholinergic dysfunction even at the drug dose (0.02 pg) a
quarter of that of NP-NAP (0.08 yg). Further HE staining was
conducted to determine the difference in the cellular and
microanatomical features between normal and injured brains.
Consistent with former results, no visible damage was detected
in the brain of mice treated with B6-NP-NAP even in a lower
drug dose (0.02 pug) compared to other formulations. In
contrast, NAP solution groups (0.02 yg and 0.08 yg) failed to
produce any significant enhancement in either behavior study
or AChE/ChAT activity test. This could result from the rapid
degradation of NAP after in vivo injection. Overall, the findings
here offered robust evidence that B6-NP might provide a more
efficacious brain drug delivery system than unmodified NP and
solution. Significantly enhanced neuroprotection effect of NAP
against the learning impairments,'> loss of cholinergic
functions,'> and loss of hippocampal neurons™ induced by
coinjection of Ap,_,, with IBO was achieved by B6-function-
alized DDS.

Bl CONCLUSION

In this study, we proposed B6-modified PEG-PLA nano-
particles as an effective DDS in mediating NAP transport into
the brain following tail vein administration in mice. The
resulting B6-NP exhibited significantly enhanced cellular
accumulation/uptake over that of NP via lipid raft-mediated
endocytosis and clathrin-mediated endocytosis pathway. In vivo
imaging showed that B6-NP exhibited a desirable biodistribu-
tion profile with significantly enhanced accumulation in the
brain. In the pharmacodynamic experiment, B6-NP-NAP
treatment showed excellent amelioration in learning impair-
ments, cholinergic disruption and loss of hippocampal neurons
in AD model mice. These results definitely indicated that B6-
NP might serve as a promising DDS to facilitate the transport
of neuropeptides across the BBB to exert their therapeutic
effect in the CNS.
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