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a b s t r a c t

Development of effective non-invasive drug delivery systems is of great importance to the treatment of
Alzheimer’s diseases and has made great progress in recent years. In this work, lactoferrin (Lf), a natural
iron binding protein, whose receptor is highly expressed in both respiratory epithelial cells and neurons
is here utilized to facilitate the nose-to-brain drug delivery of neuroprotection peptides. The Lf-
conjugated PEG-PCL nanoparticle (Lf-NP) was constructed via a maleimide-thiol reaction with the Lf
conjugation confirmed by CBQCA Protein Quantitation and XPS analysis. Other important parameters
such as particle size distribution, zeta potential and in vitro release of fluorescent probes were also
characterized. Compared with unmodified nanoparticles (NP), Lf-NP exhibited a significantly enhanced
cellular accumulation in 16HBE14o-cells through both caveolae-/clathrin-mediated endocytosis and
direct translocation. Following intranasal administration, Lf-NP facilitated the brain distribution of the
coumarin-6 incorporated with the AUC0e8h in rat cerebrum (with hippocampus removed), cerebellum,
olfactory tract, olfactory bulb and hippocampus 1.36, 1.53, 1.70, 1.57 and 1.23 times higher than that of
coumarin-6 carried by NP, respectively. Using a neuroprotective peptide e NAPVSIPQ (NAP) as the model
drug, the neuroprotective and memory improvement effect of Lf-NP was observed even at lower dose
than that of NP in a Morris water maze experiment, which was also confirmed by the evaluation of
acetylcholinesterase, choline acetyltransferase activity and neuronal degeneration in the mice hippo-
campus. In conclusion, Lf-NP may serve as a promising nose-to-brain drug delivery carrier especially for
peptides and proteins.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Alzheimer’s disease (AD), a devastating neurodegenerative dis-
order characterized by cortical amyloidogenesis, loss of neurons
particularly in those regions associatedwith cognitive functions [1],
are now representing one of the largest and fastest growing area of
unmet medical need [2,3]. Today, 36 million people worldwide are
living with dementia, with numbers doubling every 20 years to 66
million by 2030, and 115 million by 2050 [4]. Neurotrophic bio-
macromolecules such as nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF) and insulin have showed neuro-
protective effects on neurodegenerative diseases, and represent
(X. Gao), chenjun_1974@

All rights reserved.
promising therapeutics to the treatment of AD [5]. However, the
challenge to their clinical application is that most of them are not
orally bioavailable and the bloodebrain barrier (BBB) greatly limits
their penetration for action in the brain following parenteral
administration [5].

Intranasal administration provides a non-invasive alternative to
the brain delivery of bioactive agents which could bypass the BBB
and allow direct access of the therapeutic substances to the brain.
The advantages include its rich vasculature, large surface area and
highly permeable membrane for rapid absorption and avoidance of
first pass metabolism; in addition, this delivery route is needleless,
maximizing patient comfort and compliance [6e8]; more impor-
tantly, part of the therapeutics even stem cells [9] absorbed nasally
could be delivered directly to the central nervous system (CNS)
within minutes along both the olfactory and trigeminal nerves [10].
Actually, non-invasive intranasal delivery of peptide therapeutics to
treat AD has already been done successfully in humans with
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demonstrated therapeutic benefits [11,12]. Despite these advan-
tages, the nose-to-brain absorption of most biomacromolecules
(peptides, proteins and DNA) was still quite low due to their limit
permeability and high susceptibility to the nasal cavity environ-
ment [10]. One promising strategy to improve the nose-to-brain
delivery of these agents is to encapsulate them in poly (ethylene
glycol) (PEG)-coated nanoparticles.

Over the last decade, PEG-coated polyester nanoparticles have
attracted increasing attention as a drug delivery system (DDS) due
to their favorable biological properties. Besides their bio-
compatibility, biodegradability and long-circulating behavior, PEG-
coated polyester nanoparticles are able to enhance drug interaction
with the mucus barriers and protect it from biological and/or
chemical degradation [13]. However, the system still has its draw-
backs; the surface PEG chains could probably inhibit its interaction
with cell surfaces [14]. A key mechanism to obtain higher nasal
adsorption of nanoparticles is modifying the nanocarrier with
biological ligands that with receptors highly expression in the nasal
cavity.

Lactoferrin (Lf), a natural iron binding cationic glycoprotein of
the transferrin family, weighs 80 kDa, consists of a single-chain
glycoprotein folded into two globular lobes, is expressed in vari-
ous tissues and involved in various physiological processes [15e18].
Extensive histological studies showed that Lf receptor (LfR) was
highly expressed on the apical surface of respiratory epithelial cells
[19], and also in the brain cells such as brain endothelial cells and
neurons [20,21]. Besides, LfR has also been demonstrated to be
overexpressed in the CNS associate with age-related neuro-
degenerative diseases including AD, Parkinson’s disease, Hunting-
ton’s disease and amyotrophic lateral sclerosis [22]. Furthermore, Lf
has shown higher brain uptake than transferrin (Tf) and OX-26, an
anti-Tf receptor antibody [23]. Based on this information, we
speculated that Lf might serve as a suitable ligand for mediating
enhanced nose-to-brain delivery of nanoparticles following intra-
nasal administration.

NAP (NAPVSIPQ), an 8-amino acid neuropeptide fragmentderived
from the activity-dependent neuroprotective protein (ADNP) family,
is currently in Phase II clinical trials, which showed neuroprotection
effects at low concentration (ranging from 10�17 to 10�10 M), and
considered as a promising candidate for the treatmentof AD [24e26].
It exhibited neurotrophic/neuroprotective activity in various in vitro
neuronal cell cultures, protecting cells against the neurotoxicity
induced by b-amyloid, electrical blockade by tetrodotoxin and oxi-
dative stress by hydrogen peroxide [27e29]. In vivo NAP protected
animals against traumatic brain injury, oxidative stress and apoli-
poprotein E-deficiency-associated cholinergic dysfunction and
learning/memory impairments [29e31]. However, the nasal ab-
sorption of NAP is still limited by its rapid enzymatic degradation by
nasal cytochrome P450/peptidases/proteases, low permeability via
the nasal mucosa and rapid mucociliary clearance [32].

Therefore, the aim of this study was to determine the
potential of Lf-conjugated poly(ethyleneglycol)-poly (ε-capro-
lactone) nanoparticle (Lf-NP) for delivering neuroprotective
agents to the treatment of AD. Fluorescently labeled nano-
particles were used to study the in vitro cellular interaction of Lf-
NP and its in vivo biodistribution and brain targeting efficiency
following intranasal administration. Using NAP as the model
drug, neuroprotective effects of the Lf-NP formulation was
evaluated in AD mice model.

2. Experimental

2.1. Materials

Methoxyl poly(ethylene glycol)-co-poly(ε-caprolactone) copolymer (Me-PEG-
PCL, 15 kDa) and Maleimidyl-poly(ethylene glycol)-co-poly(ε-caprolactone)
copolymer (Maleimide-PEG-PCL, 18 kDa) were kindly gifted by East China University
of Science and Technology. Coumarin-6, Ibotenic acid (IBO), and b-amyloid1e40 (Ab1e
40) were purchased from SigmaeAldrich (St. Louis, MO, USA). Mono-reactive
hydroxysuccinimide ester of Cy5.5 (NHS-Cy5.5) was purchased from Amersham
Bioscience (Piscataway, NJ, USA). DAPI (4, 6-diamidino-2-phenylindole) was
obtained from Molecular Probes (Eugene, OR, USA). Penicillin-streptomycin, Dul-
becco’s modified Eagle’s medium (high glucose) (DMEM), fetal bovine serum (FBS)
and 0.25% (w/v) trypsin solutionwere purchased from Gibco BRL (Gaithersberg, MD,
USA). NAP (NAPVSIPQ) was synthesized by the ChinaPeptides Co., Ltd (Shanghai,
China). Quantity Protein assay kits, acetylcholinesterase (AChE) and choline ace-
tyltransferase (ChAT) activity assay kits were purchased from Nanjing Jiancheng
Bioengineering Institute (Nanjing, China). All the other chemicals were of analytical
grades and used without further purification.

2.2. Cell line

16HBE14o-cells, human bronchial epithelial cell line, were cultured in DMEM
medium, supplemented with 10% FBS, 100 IU/ml penicillin and 100 mg/ml strepto-
mycin sulfate. All the cells were cultured in incubators at 37 �C, 5% CO2.

2.3. Animals

Male ICR mice (4e5 weeks, 20� 2 g) and male SD rats (8e10 weeks, 220� 20 g)
were supplied by Department of Experimental Animals, Fudan University (Shanghai,
China), and acclimated at 25 � 1 �C, 55% of humidity under natural light/dark
conditions for 1 week before experiment. All the animal experiments were carried
out in accordance with guidelines evaluated and approved by the ethics committee
of Fudan University (Shanghai, China).

2.4. Preparation and characterization of nanoparticles

2.4.1. Preparation of nanoparticles
Unmodified nanoparticles (NP) loaded with coumarin-6 or NAP were prepared

respectively for different purposes using the emulsion/solvent evaporation technique
[33]. For coumarin-6-loaded NP, MePEG-PCL (22.5 mg), Male-PEG-PCL (2.5 mg) and
0.1% (w/w) of coumarin-6 were dissolved in 1 ml dichloromethane, and then added
with 50 ml of deionized water as inner phase of the w/o primary emulsion, which 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 emulsified by soni-
cation (220 W, 30 s) on ice in a 2 ml of 1% aqueous sodium cholate solution. The
resulted w/o/w emulsion was further diluted into 8 ml of a 0.5% aqueous sodium
cholate solution and then stirred for 5min at room temperature. After that, the organic
solventwas evaporated by a ZX-98 rotavapor (Shanghai Institute of Organic Chemistry,
China). The formed nanoparticles were concentrated by centrifugation at 15,000 rpm
for 45 min using a TJ-25 centrifuge (Beckman Counter, USA) at 4 �C. After the super-
natant discarded, the pellets were resuspended in 2 ml HEPES buffer (pH 7.0) and
purified with a 1.5 � 20 cm Sepharose CL-4B column (Pharmacia Biotech, Inc., Swe-
den). The nanoparticles loadedwithNAPwere preparedwith the sameway using 50 ml
of NAP solution (25 mg/ml) as the inner phase of the primary emulsion. All the pro-
cedures were conducted in darkness.

2.4.2. Preparation of lactoferrin-conjugated nanoparticles
Lf was thiolated by reaction for 60 min with a 40:1 M excess of 2-iminothiolane

(Traut’s reagent) according to Huwyler’s method [34]. The product was desalted
with a Hitrap� Desalting column (Amersham Pharmacia Biotech AB, Sweden).
The amount and stability of the introduced thiol groups were determined spec-
trophotometrically (l ¼ 412 nm) with Ellmann’s reagent [35]. The maleimide-
functionalized nanoparticles were reacted with the purified thiolated Lf via a mal-
eimide-thiol coupling reaction in HEPES buffer (pH 7.0) at room temperature for
9 h. The product was then subjected to a 1.5 � 20 cm sepharose CL-4B column and
eluted with 0.01 M HEPES buffer (pH 7.0) to remove the unconjugated protein.

2.4.3. Morphology, particle size and zeta potential
The morphological examinations of nanoparticles were studied by transmission

electron microscopy (TEM) (H-600, Hitachi, Japan) after negative staining with so-
dium phosphotungstate solution (2%, w/v). The average size and zeta potential of the
nanoparticles were determined with a Zetasizer Nano ZS (ZEN3600, Malvern
Instruments).

2.4.4. Lf conjugation efficiency, Lf density on nanoparticle surface and X-ray photo
electron spectroscopy

The Lf conjugation efficiency (CE) was determined via a CBQCA Protein Quan-
titation Kit (Molecular Probes), a rapid and highly sensitive method for the quan-
titation of peptides and proteins. The calculation formula is as follow: CE
(%) ¼ (amount of Lf conjugated to the nanoparticle surface/total amount of Lf
added) � 100%.

The average Lf number on each nanoparticle was calculated by dividing the
number of Lf molecules by the calculated average number (n) of nanoparticles using
the methods described previously [36]: n ¼ 6m/(p � D3 � r) (m, the nanoparticle
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weight;D, the number-basedmean nanoparticle diameter determined by DLS; r, the
nanoparticle weight per volume unit (density), estimated to be 1.1 g/cm3 [37].

In order to determine the surface composition of NP and Lf-NP, the samples were
lyophilized using an ALPHA 2-4 Freeze Dryer (0.070 Mbar Vakuum, �80 �C Martin
Christ, Germany) and subjected to X-ray photo electron spectroscopy (XPS) analysis.
The determination was performed via an RBD upgraded PHI-5000C ESCA system
(Perkin Elmer).

2.4.5. Encapsulation efficiency and loading capacity
To determine the encapsulation efficiency (EE) and loading capacity (LC) of NAP-

loaded Lf-NP (Lf-NP-NAP), the nanoparticles were dissolved in acetonitrile. After
centrifugation at 12,000 rpm for 10 min, concentration of NAP in supernatant was
measured via an HPLC system (Shimadzu LC-10AVP system, Kyoto, Japan) for analysis.
Analyses were performed on an YMC� ODS-A reverse phase column (5 mm particle
size, 150 mm � 4.6 mm i.d., YMC Co., Ltd., Kyoto, Japan). The mobile phase was
composed of 0.1% (V/V) trifluoroacetic acid in acetonitrile: 0.1% trifluoroacetic acid in
water ¼ 15:85. The column effluent was detected with a UV/VIS detector at 225 nm.
The flow rate was set at 1.2 ml/min, and the column was maintained at 40 �C. The
retention time of NAP was about 10 min. The calibration curve was linear in the range
of 5e500 mg/ml with a correlation coefficient of R2¼ 0.999. EEwas defined as the ratio
between actual NAP amount detected and theoretic feeding NAP amount and LC was
defined as the ratio between detected NAP amount and the weight of polymers.

2.5. Cellular uptake of coumarin-6-labeled NP and Lf-NP in 16HBE14o-cells

Qualitative analysis of cellular association of Lf-NP was performed via fluo-
rescent microscopy. 16HBE14o-cells were seeded in a 48-well plate at the density of
2 � 104 cells/well. On the second day, the cells were incubated with coumarin-6-
loaded NP and Lf-NP at different concentrations at 37 �C for 1 h. After that, the
cells were washed three times with PBS and fixed with 4% formaldehyde for 10 min.
After stained with 100 ng/ml DAPI for 10 min, the cells were washed three times
with PBS and observed under a fluorescent microscope (Olympus, Japan).

Quantitative analysis of the cellular uptake was conducted using a high content
analysis system [38,39]. 16HBE14o-cells were plated on a 96-well plate at the
density of 5 � 103 cells/well. On the second day, the cells were incubated with
coumarin-6-loaded Lf-NP and NP (5e800 mg/ml) for 1 h at 4 �C and 37 �C,
respectively. After that, the cells were washed three times with PBS and fixed
with 4% formaldehyde for 10 min. Away from light, the cells were stained with
10 mg/ml Hochest 33258 (Pentahydrate (bis-Benzimide), a nucleic acid stain) at
room temperature for 10 min. Finally, the cells were washed for three times and
detected under 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 the nanoparticles (200 mg/ml) at 37 �C for 0.25, 0.5, 1, 2, 3
and 4 h, respectively. For determining the level of cellular internalized
nanoparticles, the cells were incubated with trypan blue (Beyotime Institute of
Biotechnology) to quench those fluorescent signals from the uninternalized ones,
and subjected to a second high content analysis system analysis.

The mechanism of cellular internalizationwas further evaluated via endocytosis
inhibition experiments. Prior to incubationwith Lf-NP (90 mg/ml,1 h, 37 �C), the cells
were preincubated with Lf (1 mg/ml) and other endocytic inhibitors (10 mg/ml
chlorpromazine, 4 mg/ml colchicines, 5 mg/ml filipin, 10 mg/ml cyto-D, 200 nM

monensin, 10 mM NaN3 þ 50 mM deoxyglucose, 20 mM Nocodazole, 5 mg/ml BFA and
100 mM Genistein) 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 non-inhibited control.

2.6. Brain delivery of Lf/Lf-NP following intranasal administration

2.6.1. Brain distribution of Cy5.5-labeled Lf after intranasal administration
In vivo real-time fluorescence imaging analysis was used to study the brain

distribution of Lf following nasal administration. For the experiment, Lf and bovine
serum albumin (BSA) were fluorescently labeled by reacting with Cy5.5 according to
the manufacturer’s recommendations at a final protein/dye ratio at 1. Labeling was
started by mixing 1 ml of protein (0.5 mg/ml in Sodium Carbonate-Sodium Bicar-
bonate buffer) with 10 mL of Cy5.5/DMSO solution. After incubated at room tem-
perature for 1 h, the labeled Lf/BSA was purified with an ultrafiltration unit
(Millipore, MW cut off 3 kDa) to remove the excess, unconjugated dye.

Before administration, SD rats were anesthetized by intraperitoneal injection of
chloral hydrate, and then fixed in a supine position. One group of the animals (n ¼ 3)
were nasally administratedwith Cy5.5-labeled Lf and the otherwith Cy5.5-labeled BSA
at the dose of cy5.5 0.5 mg/kg (10 ml/nostril). For administration, conscious animals
were fixed in a prostrate position, and the preparations were given at the openings of
the nostrils via a polyethylene 10 (PE 10) tube attached to a microlitre syringe. The
procedure lasted about 3 min, allowing the animal to inhale all of the preparations. At
predetermined time points post-administration, the rats were anesthetized and
detected under a Maestro in vivo imaging system (CRI, MA). To compare the tissue
distributions of Cy5.5-labeled Lf, the rats were sacrificed at 3 h post-administration
with the brains, hearts, livers, spleens, lungs and kidneys harvested, washed with
saline and subjected to imaging under the Maestro in vivo imaging system.
2.6.2. Brain distribution of coumarin-6-labeled NP and Lf-NP following intranasal
administration

For quantitative studies, thirty-six SD ratswere divided into two groups: one group
intranasal administrated with unconjugated coumarin-6-loaded NP, and the other
Lf-NP. Each animal received a total of 20 ml nanoparticles (10 ml each nostril) containing
5 mg coumarin-6. At each predetermined time points (0.25, 0.5, 1, 2, 4 and 8 h), the
animals were euthanized with blood collected. After that, the animals were heart
perfusedwith60ml cold salinewith the brain removedandexcised into cerebrumwith
hippocampus removed, cerebellum, olfactory tract, olfactory bulb and hippocampus.

To determine the accumulation of coumarin-6 in the CNS, the tissue samples
were treated and subjected to liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis as described previously [40]. The coumarin-6 concentrations
were dose-normalized and plotted as concentration-time curves. Drug and Statistics
software (DAS ver 2.1.1) was utilized to calculate the pharmacokinetic parameters.

2.7. Neuroprotective effect of Lf-NP-NAP in mice co-injection with Ab1e40 and IBO

2.7.1. Ab1e40 and IBO co-injection model
Ab1e40 was dissolved in saline (2 mg/ml) and allowed to aggregate by incubation

at 37 �C for 7 days. Before surgery, same aliquot of Ab1e40 and IBO solutions (dis-
solved in saline, 1 mg/ml) were mixed to a final concentration of Ab1e40 1 mg/ml and
IBO 0.5 mg/ml. Male ICR mice were anaesthetized with chloral hydrate and then
mounted on a stereotactic device equipped with a mouse adaptor. The animals were
bilaterally injected in the dorsal hippocampus through a microsyringe with 5 ml of
the mixture of Ab1e40 and IBO or same volume of saline over 6 min, at the following
coordinates: 2.3 mm posterior to the bregma, �1.8 mm lateral to the midline and
2.0 mm ventral to the skull surface.

2.7.2. Morris water maze (MWM) task
Four days after the co-injection of Ab1e40 and IBO, the mice were divided into

eight groups (n ¼ 8), and received daily intranasal administration of saline (AD
control and sham control), NAP solution (NAP, 0.05 mg/mouse/d and 0.1 mg/mouse/d,
respectively), NP-NAP (NAP, 0.05 mg/mouse/d and 0.1 mg/mouse/d, respectively) or
Lf-NP-NAP (NAP, 0.05 mg/mouse/d and 0.1 mg/mouse/d, respectively).

Thirty days later, cognitive performance assessment eMWM tasks were carried
out 1 h following drug administration for 5 days. The MWM setting consisted of
a circular pool (diameter, 150 cm; height, 50 cm) equipped with a 9-cm platform
1 cm below the surface of the opacified water (30 cm deep) in the middle of
a quadrant. On the first four days, themicewere tested four times from four different
positions around the border of themaze in a semi-random order with 90 s latency to
reach the platform. If the animal succeeded to find the hidden platformwithin 90 s,
it was allowed to remain on the platform for 15 s. If it failed, the animal had to be
placed on the platform for 15 s. The trajectory of each mouse was recorded and
analyzed using a computerized video-tracking system.

The probe trails were performed on the fifth day with the platform removed
from the pool. Each of the trained animal was allowed to swim freely for 60 s, with
two starting points far away from the platform. The time each mouse spent looking
for the platform in the quadrant where the platform used to be (target quadrant),
and the number of times it crossed the former platform area were recorded.

2.7.3. AChE activity and ChAT activity in mice hippocampus
It was well established that the cholinergic neurotransmitter system, which is

involved in cognitive process, was severely impaired by intrahippocampal injection
of Ab1e40 and IBO solution [41e43]. Hereto, AChE activity and ChAT activity in mice
hippocampus were determined at the termination of the behavioral experiments as
described previously (n ¼ 5) [44]. Protein concentrations were determined using
a Quantity Protein assay kit.

2.7.4. Histology
At the end of the behavioral studies, hematoxylin/eosin (HE) staining and Nissl

staining were used to examine the histology of brainwith light microscopy. Histologic
evaluation was performed on formalin-fixed paraffin-embedded sections: three mice
from each group were euthanized, followed by heart perfusion with 60 ml of cold
saline. The whole brains were harvested and fixed in 10% formalin, embedded in
paraffin, sectioned at 5 mm and stained with Nissl or hematoxylin/eosin following
standard protocol. For histological studies, all histopathological tests were performed
using standard laboratory procedures. The sectionswere observed under amicroscope
and photographed. Nissl staining sections were used for quantitative analysis of
neuronal injury in the CA1 region of hippocampus. Cell counts were performed in 5
randomly assigned regions of interest (450 mm � 550 mm) in each animal (n ¼ 3) by
using the optical dissector method [45].

2.8. Statistical analysis

All datawere expressed as mean� SD. Formultiple-group comparison, one-way
ANOVAwas used followed by Bonferroni tests. Specific comparison between groups
was carried out with an unpaired Student’s t-test (two tailed). Differences were
considered statistically significant at p < 0.05.
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3. Results

3.1. Preparation and characterization of the nanoparticles

The physical characterizations of coumarin-6/NAP-loaded
nanoparticles (NP-NAP) were shown in Table 1. The nanoparticles
exhibited an average diameters 70e90 nm under transmission
electronmicroscopy (Fig. 1), which was in good agreement with the
number-based particle size measured by the laser scattering tech-
nique. A slight increase in volume-based mean diameters of Lf-NP
was observed compared with that of the unmodified nano-
particles. The nanoparticles with or without Lf modification
showed similar acceptably polydispersity indexes (PI < 0.25).

Under our experimental conditions (molar ratio of maleimide-
PEG-PCL to Lf 1:1, incubation time for conjugation reaction 9 h),
Lf conjugation efficiency was 22.6%, and Lf density on the nano-
particle surfacewas around 46. XPS analysis showed 0.32% nitrogen
on the Lf-nanoparticle surface while none on the unmodified
nanoparticles.

The EE and LC of NP-NAP and Lf-NP-NAP were 54.34 � 3.02%,
47.61 � 2.36%, and 0.71 � 0.016%, 0.62 � 0.013%, respectively.

3.2. Cellular uptake of coumarin-6-labeled NP and Lf-NP in
16HBE14o-cells

Cellular association of coumarin-6-labeled NP and Lf-NP in
16HBE14o-cells were qualitatively presented by fluorescent micro-
scope images (Fig. 2). At all the detected concentrations, the cellular
association of Lf-NP was much higher than that of NP.

Quantitative analysis revealed the time-dependent, tempera-
ture-dependent and concentration-dependent mode of cellular
uptake of NP and Lf-NP (Fig. 3A and B). The cellular uptake of Lf-NP
was significantly higher than that of NP at each time (1.91, 2.92,
3.46, 3.68 and 3.02 times of that of NP at 200 mg/ml after 0.5, 1, 2, 3
and 4 h incubation at 37 �C, respectively) (Fig. 3A), and at both 37 �C
and 4 �C (at 37 �C, about 4.25, 4.75, 5.27, 6.39, 3.87 times higher
than that of NP at the concentration of 200, 300, 400, 600 and
800 mg/ml, respectively; and at 4 �C about 7.32, 3.68, 9.63, 8.63 and
6.05 times higher than that of NP at the concentration of 200, 300,
400, 600 and 800 mg/ml, respectively).

Endocytosis inhibition experiments showed that the cellular
uptake of Lf-NP was inhibited by chlorpromazine, filipin,
NaN3 þ deoxyglucose and Genistein (Fig. 4), but not or less affected
by other inhibitors including colchicines, cyto-D, monensin,
Nocodazole and BFA. Besides, a significant reduction in the cellular
uptake of Lf-NP was observed in the presence of excess Lf (Fig. 4).

3.3. Brain delivery of Lf/Lf-NP following intranasal administration

3.3.1. Brain distribution of Cy5.5-labeled Lf after intranasal
administration

The fluorescent probe Cy5.5 allowed real-time imaging and
tracking the biodistribution of Cy5.5-labeled Lf after intranasal
administration (Fig. 5A). Compared with Cy5.5-labeled BSA, the
Table 1
Characterization of coumarin-6/NAP-loaded nanoparticles and lactoferrin-
functionalized nanoparticles.

Formulation Vesicle size (nm) PI Zeta potential (mV)

Coumarin-6-NP 73.2 � 4.2 0.11 � 0.013 �25.13 � 0.98
Coumarin-6-Lf-NP 89.0 � 5.7 0.20 � 0.039 �23.08 � 0.74
NP-NAP 76.2 � 6.5 0.15 � 0.020 �24.24 � 0.81
Lf-NP-NAP 88.4 � 7.8 0.22 � 0.033 �23.56 � 0.96

Data are represented with mean � SD (n ¼ 3).
fluorescence signal of Cy5.5-labeled Lf in the brain was much
higher at all time points post-administration. Three hours post-
administration, an obvious stronger fluorescent signal of Cy5.5-
labeled Lf was observed in the brain compared with that of
Cy5.5-labeled BSA (Fig. 5B). Besides, the labeled proteins were
found mainly distributed in the liver, lung and kidney (Fig. 5C).

3.3.2. Brain distribution of coumarin-6-labeled NP and Lf-NP
following intranasal administration

The brain distribution of coumarin-6-labeled NP/Lf-NP was also
quantitatively assessed in rats after intranasal administration. As
shown in Fig. 6A, NP and Lf-NP showed similar plasma
concentration-time curves, and the highest blood coumarin-6
concentration was achieved at 1 h after dosing (Table 2). In con-
trast, the brain concentration of coumarin-6 after intranasal
administration of Lf-NP was significantly higher in all the five brain
tissues compared with that of the unconjugated NP. The AUC0e8h in
the olfactory bulb, olfactory tract, cerebrum with hippocampus
removed, cerebellum and hippocampus was 2.57, 2.70, 2.22, 2.70
and 2.23 times, respectively, when compared with that of the un-
conjugated NP (Fig. 6BeF). The AUC0e8h ratio of brain tissues to
blood (AUCbrain/AUCblood) of coumarin-6 incorporated in Lf-NP was
also much higher than that of coumarin-6 associated to the un-
modified NP (2.69, 2.27, 3.80, 3.57 and 3.51 folds for the olfactory
bulb, olfactory tract, cerebrum with hippocampus removed, cere-
bellum and hippocampus, respectively, Table 2).

3.4. Neuroprotective effect of Lf-NP-NAP in mice co-injected with
Ab1e40 and IBO

3.4.1. Behavioral analysis of Ab1e40 and IBO co-injected mice
Neuroprotective effect of Lf-NP-NAP in mice co-injected with

Ab1e40 and IBO were studied in an MWM. Latencies to find the
hidden platform were measured daily (Fig. 7A). It was found that
the AD control animals did not show shorten latency even after 4
days training progress, on the other hand, the sham control animals
exhibited significantly shorter latency than AD control group on
days 2, 3 and 4. Intranasal application of NAP formulations ame-
liorated cognitive deficits in a dose-dependent manner: daily
intranasal administration of 0.1 mg NAP solution shortened latency
on day 4 compared with AD control animals, while daily i.n. of
0.05 mg NAP solution group showed no significant difference. In the
daily i.n. NP-NAP groups, the 0.1 mg NP-NAP group showed
decreased latency compared with the 0.05 mg NP-NAP group. In the
case of Lf-NP-NAP, significant decrease in latency was observed at
the dose of 0.1 mg NAP on day 2, 3, and 4, but only on day 3 and 4 at
the dose of 0.05 mg NAP. The same results were observed in the
probe tests carried out on the fifth day of the test (Fig. 7B & C).
The reduction in the number of times crossing the area where the
platform had been located was significantly ameliorated in the
i.n. NAP formulation groups: NP-NAP (0.1 mg/day); Lf-NP-NAP
(0.05 mg/day) and Lf-NP-NAP (0.1 mg/day) (Fig. 7B). These out-
comes were further confirmed by the percentage of time spent in
the target quadrant (Fig. 7C). ANOVA analysis with Bonferroni
adjustment for multiple comparisons showed significant differ-
ences between sham control and AD control; NP-NAP (0.1 mg/day)
group and AD control; Lf-NP-NAP group (0.05 mg/day) and AD
control as well as Lf-NP-NAP (0.1 mg/day) group and AD control.

3.4.2. AChE and ChAT activity in mice hippocampus
Both AChE and ChAT activity in mice hippocampus of the sham

control and the NAP-treated groups were significantly different
with that in the AD control animals (p < 0.05) (Fig. 8A & B). The
NAP-treated groups exhibited a reduction in AChE activity, which
ameliorated the dysfunction of cholinergic neurotransmitter



Fig. 1. Transmission electron micrographs of (A) NP and (B) Lf-NP. Bar ¼ 100 nm.
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system. In the case of ChAT, the Ab and IBO co-injection induced
a marked depletion of ChAT activity in the AD control animals
compared with sham control. The NP-NAP and Lf-NP-NAP treat-
ment alleviated the decline in a dose-dependent manner, in which
the Lf-NP-NAP (0.1 mg/day) group exhibited a ChAT activity
99 � 8.2% to that of sham control.

3.4.3. Histology
HE staining was used to qualitatively evaluate the neuro-

protective effect of NAP formulations onmice hippocampus (Fig. 9).
A gross morphological difference was observed between the sham
control (Fig. 9A) and the AD control animals (Fig. 9B). Neuron nu-
clear shrink and karyolysis were observed in CA1 region of hip-
pocampus in the AD control mice, ameliorated following the NAP
treatments in the order: 0.05 mg/mouse/d NAP solution group
<0.1 mg/mouse/d NAP solution group <0.05 mg/mouse/d NP-NAP
<0.1 mg/mouse/d NP-NAP group. Reduced neuronal cell density
was also observed in the CA1 region of those mice treated with NAP
solution and NP-NAP. In contrast, no gross lesions were observed in
the animals treated with Lf-NP-NAP (0.05 mg/day) and Lf-NP-NAP
(0.1 mg/day). In addition, Nissl staining cell counting showed that
the NP-NAP and Lf-NP-NAP-treated groups exhibited an amelio-
ration of neuronal loss in CA1 region of hippocampus in a dose-
dependent manner (Fig. 10).
Fig. 2. Cellular uptake of NP (A) and Lf-NP (B) at 37 �C after 1 h incubation at different n
stained with DAPI. The bar is 100 mm. (For interpretation of the references to color in this
4. Discussion

AD is the most common neurodegenerative disorder that causes
dementia among the elderly. However, the development of new
therapeutics for the symptomatic and disease-modifying treatment
of AD has been limited by the BBB.

In recent years, the non-invasive intranasal delivery of thera-
peutic agents bypassing the BBB with drug carriers has drawn
a lot of attention [5]. The particular anatomical, physiological and
histological characteristics of the nasal cavity enable the direct
nose-to-brain drug delivery following intranasal administration.
However, it still presents some limitations such as poor membrane
penetration, rapid mucociliary clearance, rapid enzymatic degra-
dation and P-gp-mediated efflux [46]. To overcome these diffi-
culties, a variety of strategies are under development, amongwhich
pegylated polymeric NPs are promising candidates that can
improve drug absorption by protecting drugs against enzymatic
degradation and extracellular transportation by P-gp efflux pro-
teins [46,47]. Previous studies showed that surface modification of
the nanoparticles with biorecognitive ligands such as lectins
(wheat germ agglutinin (WGA), ulex europaeus agglutinin-1 (UEA-
1), and Odorranalectin) [33,48,49] and cell-penetrating peptides
(CPPs) (low molecular weight protamine (LMWP) and Tat) [40,50]
allowed for enhanced brain delivery with reduced clearance and
anoparticle concentrations. Green, coumarin-6-loaded nanoparticles; Blue, cell nuclei
figure legend, the reader is referred to the web version of this article.)



Fig. 3. Cellular uptake of coumarin-6-loaded nanoparticles in 16HBE14o-cells. (A) The
cells were incubated with Lf-NP and NP (200 mg/ml) at 37 �C for 15, 30, 60, 120, 180 and
240 min, respectively. (B) The cells were incubated with Lf-NP and NP (5e800 mg/ml)
for 1 h at 37 �C and 4 �C, respectively. **p < 0.01, ***p < 0.001 significantly different
with that of NP at 37 �C; ###p < 0.001, significantly different with that of NP at 4 �C.
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improved absorption [10,47]. However, the use of lectins may
be toxic to mammalian cells [51]. WGA-NP has been claimed to
induce slight excitotoxicity and oxidative stress, and its long-term
toxicity still need to be further studied [52]. The application of
Fig. 4. Cellular uptake of coumarin-6-loaded Lf-NP in the presence of different
endocytosis inhibitors (chlorpromazine, colchicines, filipin, cyto-D, monensin,
NaN3 þ deoxyglucose, Nocodazole, BFA, Genistein and Lf). Data represent mean � SD,
n ¼ 3, *p < 0.05, **p < 0.01 significantly different with that of the non-inhibited control.
Tat-mediated nose-to-brain delivery may induce cargo-dependent
cytotoxicity [53,54]. LMWP, which is claimed to be non-cytotoxic,
may still harm the normal tissue due to its lack of cell type selec-
tivity [55]. Lf, a naturally occurring ligand, biodegradable, non-toxic
and non-immunogenic [56], with its receptor highly expressed on
respiratory epithelial cells [19], and also in the brain endothelial
cells and neurons [20,21], might serve as an alternative to lectins
and CPPs to improve the nose-to-brain drug delivery.

Here we evaluate the potential of Lf-NP as an intranasal DDS
for the treatment of AD. Using NAP as a model drug, we studied
the neuroprotective effect of Lf-NP-NAP in AD animal models
that established by intracerebroventricular co-injection of Ab1e40
and IBO.

According to the previously reported nanoparticle systems for
intranasal administration [33,40,57], particle size played an
important role in the delivery of nanoparticles from nasal passages
to brain. NP and Lf-NP obtained in this study showed diameters less
than 90 nm, which was beneficial for nose-to-brain drug delivery.
The existence of Lf on the surface of Lf-NP was verified by the
CBQCA Protein Quantitation and XPS analysis.

Consistent with previous researches [40,58], in vitro release
study conducted in pH 4.0 and pH 7.4 showed that almost all the
coumarin-6 remained in nanoparticles during the experimental
period (data not shown), indicating that the fluorescent signal of
coumarin-6 could represent the fate of nanoparticles both in vitro
and in vivo.

Following intranasal administration, the first barrier needed to
be overcome is the nasal epithelial cells interconnected by tight
junction. 16HBE14o-cells, an immortalized human bronchial epi-
thelial cell line, was here used as the nasal epithelial cell model as
previous study showed that little difference in morphology, ciliary
activity and high LfR expression was observed between the nasal
and bronchial epithelial cells [59]. The uptake of Lf-NP by
16HBE14o-cells wasmuch higher than that of NP, as shown in Fig. 3,
indicating that Lf-NP exhibited better cellular uptake. The time,
concentration and temperature-dependent cellular uptake pattern
of both Lf-NP and NP indicated an active endocytotic process [60].

To elucidate the epithelial cellular interaction mechanism of
Lf-NP, the effects of ATP depletion, endocytosis inhibitors and lac-
toferrin on cellular uptake of Lf-NP were performed quantitatively.
Cells treated with NaN3 þ deoxyglucose showed a significant
decrease (p < 0.05) in cellular uptake (Fig. 4), together with
the reduced cellular uptake of Lf-NP at 4 �C (Fig. 3B), indicating that
the cellular interaction with Lf-NP was an energy-dependent
process.

Understanding the different mechanisms of endocytosis
evolved in the interaction between Lf-NP and 16HBE14o-cells
would be a key step to drug delivery. One hour pre-incubationwith
chlorpromazine resulted a significant decrease (p< 0.05) in cellular
uptake of Lf-NP compared with that of the non-inhibited control
(Fig. 4), indicating that clathrin-mediated endocytosis was involved
in the cellular uptake of Lf-NP. The cellular uptake of Lf-NP was also
inhibited by filipin and genistein (Fig. 4), both of which are typical
agents disrupting caveolae [37], suggesting that the cellular import
of Lf-NP could be also mediated by caveolae. Besides, cellular
uptake still occurred, although reduced, at low temperature (4 �C),
indicating an energy-independent direct translocation was
involved as well. Lactoferrin was used to investigate the receptor
blocking effect, showing that free lactoferrin competitively reduced
the epithelial cellular uptake of Lf-NP, which suggested the inter-
nalization of Lf-NP involved lactoferrin receptor-mediated
endocytosis.

The Lf-mediated brain targeting ability was evaluated by a real-
time brain distribution analysis under an in vivo imaging system at
0.25 he3 h after intranasal administration. BSA, a protein shows



Fig. 5. (A) Distribution and retention of Cy5.5-Lf in the brain following intranasal administration. Distribution of Cy5.5-Lf in (B) brain and (C) main organs following intranasal
administration.
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no brain targeting ability, was used as the negative control.
Fluorescent signals from Cy5.5-Lf was detected in the animal’s
brain during the whole experimental period while that from Cy5.5-
BSA was even not detected (Fig. 5A), indicating that Lf possessed
higher efficiency for brain accumulation. In contrast, the fluo-
rescent signal from Cy5.5-BSA was mainly distributed to the liver,
lung and spleen when compared with Cy5.5-Lf (Fig. 5B and C),
which might be attributed to by its non-specific capture by the
mononuclear phagocyte system [61].

Systemic pharmacokinetics and biodistribution of coumarin-6
were determined following intranasal administration of cou-
marin-6-loaded Lf-NP and NP. The plasma concentration-time
curve of Lf-NP and NP were similar (Fig. 6A), suggesting that the
conjugation of Lf on the surface of NP did not impair the long-
circulation characteristic of PEG. Rapid and significantly increased
accumulation of fluorescence tracer (expressed as AUC0e8h and
Cmax) embedded in Lf-NP was obtained in the various brain areas
(olfactory bulb, olfactory tract, cerebrum with hippocampus
removed, cerebellum and hippocampus) when compared with that
in the NP (Table 2), indicating that Lf-NP may contributed to higher
transmucosal transport, therefore facilitated higher accumulation
of Lf-NP in the brain. The enhanced AUCbrain/AUCblood ratio ach-
ieved by coumarin-6-loaded Lf-NP (Table 2) also justified the brain-
targeting delivery efficiency of Lf-NP. The accumulation was also
increased in the hippocampus (Table 2), which makes Lf-NP
extremely useful as drug carrier for improving learning and
memory [62].

The precise pathways and mechanisms by which a drug travels
from the nasal epithelium to various regions of the CNS have not
been fully elucidated. The central distribution of 125I-labeled proteins
following intranasal administration in rats and monkeys has sug-
gested that delivery occurs along both olfactory and trigeminal nerve
pathways [63,64]. It has been demonstrated that transport via the
trigeminal nerve pathway facilitated nose-to-brain delivery to caudal
brain areas. In contrast, drugdirectly entered the rostral brain regions
via the olfactory pathway [47]. Here, the rank order of coumarin-6
distribution (expressed as AUC0e8h) throughout the brain was:
cerebrum with hippocampus removed z hippocampus z
cerebellum > olfactory bulb > olfactory tract, suggesting that after
intranasal administration, the nanoparticles might be directly
transport to the brain via both the olfactoryand the trigeminal nerves
pathway. In addition to these direct nose-to-brain transport, those
Lf-NP absorbed into the blood circulation might also contribute to
enhanced brain delivery as LfR was also highly expressed in
brain endothelial cells [20,21] and has been proved efficient
in facilitating the brain delivery of nanoparticulate DDS [17].



Fig. 6. (A) Blood concentration-time profiles of coumarin-6 following intranasal administration of coumarin-6 loaded Lf-NP and NP. Data represented the mean � S.D. n ¼ 3. Brain
biodistribution of coumarin-6 following intranasal administration of coumarin-6-loaded Lf-NP and NP in the (B) olfactory bulb, (C) olfactory tract, (D) cerebrum with hippocampus
removed, (E) cerebellum and (F) hippocampus.
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However, increased AUCbrain/AUCblood and Cmax, brain/Cmax, blood ratio
of coumarin-6-loaded Lf-NP were achieved following intranasal
administration vs. intravenous administration [17], suggesting that
the increased brain accumulation of coumarin-6 after nasal delivery
of Lf-NP was largely contributed by the direct nose-to-brain
Table 2
Pharmacokinetic parameters of coumarin-6 following an intranasal administration
of labeled Lf-NP and NP.

Formulation Tissue Cmax (pg/ml
or pg/g)

Tmax (h) AUC0e8h (pg h/ml
or pg h/g)

AUCbrain/
AUCblood

Lf-NP Blood 344.69 1 1180.10 e

OB 957.17*** 1 3179.18*** 2.69***
OT 880.95*** 1 2679.98*** 2.27***
CR 1307.85*** 1 4484.86*** 3.80***
CL 1067.07*** 1 4212.75*** 3.57***
HI 1053.25*** 1 4143.74*** 3.51***

NP Blood 305.10 1 966.49 e

OB 402.54 1 1238.44 1.28
OT 312.82 1 993.90 1.03
CR 490.53 1 1901.42 1.97
CL 531.10 1 1663.84 1.72
HI 486.10 1 1854.70 1.92

OB, olfactory bulb; OT, olfactory tract; CR, cerebrum with hippocampus removed;
CL, cerebellum; HI, hippocampus. ***p < 0.001 significant different with that of NP.
transport other than the vasculature pathway. Furthermore, our
pharmacokinetic data showed that enhanced brain delivery is clearly
seen within 1 h, indicating that rapid extracellular delivery might
largely contributed to the brain delivery since intracellular delivery
involving axonal transport would require a much longer period of
time [65]. Therefore, we concluded that the enhanced brain delivery
following Lf-NP intranasal administration was very likely largely
achieved via both the olfactory and the trigeminal nerves pathway in
a the rapid extracellular delivery manner.

Accumulating evidence suggests that the co-injection of Ab1-40
with a small amount of IBO produced drastic neuronal loss, which
provides a useful model for studying the pathogenetic mechanisms
leading to AD [66e68]. In order to evaluate the neuroprotective
effect of Lf-NP-NAP, we here use mice intracerebroventricularly co-
injected with preaggregated Ab1e40 and a small amount of IBO as
the animal model [42].

MWM described thirty years ago has become one of the most
frequently laboratory tools to study the neurocognitive disorders.
In this study, we applied the basic training protocols including four
days hidden-platform acquisition training and a probe trial testing
on day five. During the first four days hidden-platform acquisition
phase of the MWM task, we analyzed the escape latency
(time required to reach the platform) as a standard performance



Fig. 7. (A) Neuroprotection effects of nasal administration of NAP solution, NP-NAP, and Lf-NP-NAP on the impairment of water maze learning in mice with lesions induced by
intracerebroventricular co-injection with Ab1e40 and IBO. Training began after 34 days of recovering and daily drug application. Data represented the mean � S.E.M.; (B) Effects of
nasal administration of NAP solution, NP-NAP and Lf-NP-NAP on the number of times crossed the area where the platform had been located. Day 5 of testing, a spatial probe test
performed with the platform removed. The animals allowed swim for 60 s, and the mean number of times the animals crossed the area where the platform had been located
recorded. Data represented the mean � S.E.M.; (C) the percent of (%) time in the targeted quadrant where the platform had been located. Data represented the mean � S.E.M.
(n ¼ 8). *p < 0.05, significantly different from AD control; #p < 0.05, significantly different from sham control. Sham control, given saline instead of Ab1e40 and IBO and received
daily applied saline; AD control, daily applied saline; NAP Sol. (0.05 mg/day), intranasal administration of NAP solution at the dose of 0.05 mg/mouse/day NAP; NAP Sol. (0.1 mg/day),
intranasal administration of NAP solution at the dose of 0.1 mg/mouse/day NAP; NP-NAP (0.05 mg/day), intranasal administration of NP-NAP at the dose of 0.05 mg/mouse/day NAP;
NP-NAP (0.1 mg/day), intranasal administration of NP-NAP at the dose of 0.1 mg/mouse/day NAP; Lf-NP-NAP (0.05 mg/day), intranasal administration of Lf-NP-NAP at the dose of
0.05 mg/mouse/day NAP; Lf-NP-NAP (0.1 mg/day), intranasal administration of Lf-NP-NAP at the dose of 0.1 mg/mouse/day NAP.
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measure [69]. Results from the AD control group indicated that
intracerebroventricular co-injection of Ab1e40 and IBO induced
learning and memory dysfunction in mice. Animals treated with
the NP formulations showed amelioration in cognitive deficits in
a dose-dependent manner: the most significant decrease in latency
on day 2, 3, and 4 was observed following intranasal administration
of 0.1 mg of NAP that loaded by Lf-NP, but only on day 3 and 4 after
the administration of other formulations. These results were con-
firmed by the number of times crossing the area where the plat-
form had been located and the percentage of time spent in the
target quadrant. Intranasal administration of Lf-NP-NAP provided
a significant improvement in the MWM task even at a very low
drug dose (0.05 mg).

Maintaining normal function of cholinergic neurotransmitter
system is important for brain function, which requires the balance
between activity of AChE (the enzyme that degrades acetylcholine)
and activity of ChAT (the enzyme that synthesizes acetylcholine).
Evidence from a variety of sources implicated that Ab-induced
deficits in cholinergic neurotransmission [70e72], and led to defi-
cits in learning, memory and other aspects of cognition. Former
study showed that NAP protected animals from loss of cholinergic
functions [31]. In this contribution, the NAP-related neuro-
protectionwas also studied by determining the activity of AChE and
ChAT in the mice hippocampus. It was showed that Lf-NP-NAP also
protected the model animals against Ab-induced inhibition of ChAT
and increase of AchE activity even at the dose (0.05 mg) half of that
of NP-NAP (0.1 mg) (Fig. 8A and B). These studies suggest that Lf-NP
might provide a more efficacious drug delivery system than un-
modified NP and drug solution.

As indicated above, co-injection of Ab1e40 and IBO could induce
a synergistic loss of hippocampal neurons [67,68], which might be
ameliorated by NAP treatment [73]. In our study, we used HE



Fig. 8. Intranasal application of Lf-NP-NAP nanoparticles prevented inhibition of ChAT and increase of AChE activity in mice. (A) AChE and (B) ChAT activity in the hippocampus of
mice intracerebroventricular co-injection with Ab1e40 and IBO. Results were calibrated against sham control (100%). Data represented the mean � S.E.M. (n ¼ 5). *p < 0.05, sig-
nificantly different from AD control; #p < 0.05, significantly different from sham control.
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staining to determine different cellular and microanatomical fea-
tures between normal and the injured brains. Both gross mor-
phology observation and quantitative cell counting results showed
that none visible damages were detected in the brain of mice
Fig. 9. HE staining in the CA1 region of right hippocampus frommice treated with: (A) sham
i.n. NP-NAP (0.05 mg/day); (F) i.n. NP-NAP (0.1 mg/day); (G) i.n. Lf-NP-NAP (0.05 mg/day); an
hippocampus in B, D, E and F. Black polygon shows neuronal damage in hippocampus in C
treated with Lf-NP-NAP even in a lower drug dose (0.05 mg)
compared to other formulations. The neuroprotection effect of
Lf-NP-NAP demonstrated here was superior to that of other
formulations.
control; (B) AD control; (C) i.n. NAP Sol. (0.05 mg/day); (D) i.n. NAP Sol. (0.1 mg/day); (E)
d (H) i.n. Lf-NP-NAP (0.1 mg/day). Scale Bar, 25 mm. Arrows show neuronal damage in
.



Fig. 10. Neuroprotective effects of nasal administration of NAP solution, NP-NAP, and
Lf-NP-NAP on the neuronal loss in the hippocampus CA1 region of mice with lesions
induced by co-injection of Ab1e40 and IBO. Number of neurons in mice CA1 region after
35 days of daily drug application (cells/247,500 mm2, n ¼ 15). Data represented the
mean � S.D. *p < 0.05, significantly different from AD control; #p < 0.05, significantly
different from sham control.
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5. Conclusion

In this study, we proposed PEG-PCL nanoparticles modified with
lactoferrin as an effective intranasal DDS in mediating NAP trans-
port into the brain for the treatment of Alzheimer’s disease. Cellular
experiments showed that Lf-NP exhibited significantly enhanced
cellular accumulation than that of unmodified NP via clathrin-/
caveolae-mediated endocytosis and direct translocation. It also
exhibited a desirable brain biodistribution profile with significantly
increased coumarin-6 delivery in the rat olfactory bulb, olfactory
tract, hippocampus, cerebellum and cerebrum with hippocampus
removed. In the pharmacodynamic experiment, Lf-NP-NAP treat-
ment showed significant improvement in both behavioral studies
and in histology study. These results definitely indicated that the
DDS described here could offer an effective non-invasive approach
to facilitate the access of neuropeptides to the CNS.
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