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ABSTRACT ARTICLE HISTORY
Alzheimer’s disease is a neurodegenerative disorder mainly characterized by -amyloid deposit and tau Received 8 February 2018
hyperphosphorylation with no curative treatments. Curcumin (Cur) has been proved to have potential Revised 2 April 2018
use in Alzheimer's disease with its anti-amyloid, anti-inflammatory, and anti-oxidant properties, etc. ~ Accepted 3 April 2018

However, its hydrophobicity and low bioavailability hinder its application. In this paper, we designed a
novel brain-target nanoparticle, poly(lactide-co-glycolide)-block-poly(ethylene glycol) (PLGA-PEG) Curcumin; B6 peptide;
conjugated with B6 peptide and was loaded with Cur (PLGA-PEG-B6/Cur) and administered it into nanopam'des; blood
HT22 cells and APP/PS1 Al transgenic mice. The in vitro assays including dynamic light scattering (DLS), compatibility;

flow cytometry (FCM), red blood cell (RBC) lysis, and thromboelastography (TEG) analysis indicated that Alzheimer's disease
this nanoparticle could narrow the diameter of Cur, increase its cellular uptake and possess good blood

compatibility. The results from Morris water maze proved that PLGA-PEG-B6/Cur could tremendously

improve the spatial learning and memory capability of APP/PS1 mice, compared with native Cur. The

ex vivo assays including Bielschowsky silver staining, immunostaining, and western blotting demon-

strated that PLGA-PEG-B6/Cur could reduce hippocampal B-amyloid formation and deposit and tau
hyperphosphorylation. Thus, we suggested that PLGA-PEG-B6/Cur nanoparticles would be of potential

and promising use for the treatment of Alzheimer’s disease.

KEYWORDS

1. Introduction used in India and China. Recent studies have illustrated that
Cur possessed a variety of properties, such as anti-oxidant,
anti-inflammation, anti-tumor, anti-viral, anti-bacterial, and
had a potential against various disease, i.e. arthritis, allergies,
diabetes, AD, and other chronic diseases (Perrone et al,
2015; Ganugula et al., 2017; Stanic, 2017). Cur targets the
two histological markers of AD, amyloid beta (Af), and tau. It

Alzheimer's disease (AD) is a progressive neurodegenerative
disorder and the most prevalent cause of dementia,
characterized by B-amyloid aggregation, tau hyperphosphory-
lation, neurofibrillary tangles, and neuron loss. According
to the World Alzheimer Report 2015 (Prince et al, 2015),

46.8 million people worldwide are living with dementia and ) ¢ )
there will arise one new case every three seconds. However, could decrease the production of B-amyloid, the formation

currently there are only four effective drugs for the treatment ~2nd aggregation of senile plaque, tau hyperphosphorylation,
of AD: the cholinesterase inhibitors donepezil, rivastigmine and the formation of neurofibrillary tangles (Hamaguchi
and galantamine, and the glutamate antagonist memantine €t al, 2010; Goozee et al, 2016; Tang & Taghibiglou, 2017).
(Scheltens et al., 2016). These drugs can only attenuate the Additionally, it modulated other aspects of AD, for example,
symptoms of AD without curative effects. Therefore, new neuroinflammation, oxidative stress, cholesterol lowering,
treatments that will prevent, delay or treat the symptoms of ~copper binding, microglial activity, insulin signaling pathway,
AD are in an urgent need. and acetylcholinesterase inhibition (Goozee et al, 2016).

Curcumin (Cur), a plant-derived polyphenolic compound, Zheng et al. (2017) reported that Cur could ameliorate cogni-
is naturally present in turmeric, a food and remedy widely tive decline via inhibiting BACE1 expression, f-amyloid
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pathology, and synaptic degradation in 5 x FAD transgenic
mice. In human neuroblastoma SH-SY5Y cells, Cur modulated
PTEN/Akt/GSK-3B pathway and thus inhibited tau hyperphos-
phorylation (Huang et al., 2014). Cur administration inhibited
the acetylcholinesterase activity via suppressing acetylcholin-
esterase gene expression in cadmium treated rats (Akinyemi
et al., 2017). However, its poor bioavailability, which results
from its low aqueous solubility and rapid metabolism and
elimination from the body, and the poor permeability across
the blood-brain barrier (BBB), constitute major hindrances for
its application.

To overcome these limitations, many innovative technolo-
gies and drug delivery approaches are developed, such as
isomerization, liposomes, polymeric nanoparticles, polymeric
micelles, peptide/protein carriers, phospholipid complexes,
cyclodextrins, solid dispersions, conjugates, and so on
(Naksuriya et al., 2014). Poly (lactide-co-glycolide) (PLGA) and
polyethylene glycol (PEG) are widely used for drug delivery
purposes due to its biocompatibility and biodegradability
(Jain, 2000; Fredenberg et al., 2011). Shaikh et al. (2009)
reported that Cur-loaded PLGA nanoparticles could increase
the bioavailability by at least nine-fold, compared with Cur
alone . Studies from Khalil et al.(2013) illustrated that the
PLGA and PLGA-PEG nanoparticles could increase the bio-
availability of Cur by 15.6- and 55.4-fold, respectively by
increasing the mean half-time of Cur, decreasing the metab-
olism of Cur and sustaining the Cur delivery, compared to
the Cur aqueous suspension . Amin et al. (2017) adminis-
trated anthocyanins-loaded PLGA-PEG-2000 nanoparticles
(An-NPs) in SH-SY5Y cell lines and the results indicated that
compared to native bulk anthocyanins, An-NPs effectively
attenuated Alzheimer’s markers (APP, BACE-1), inflammatory
markers (NF-kB, TNF-a, iNOS), and apoptotic markers (Bax,
Bcl, and caspase-3).

The relative impermeability of the BBB resulting from the
tight junctions between cerebral microvascular endothelial
cells plays an important role in brain homeostasis, while it also
greatly hinders drug delivery into the central nervous system
(CNS) even incorporating them into nanoparticles (Li et al.,
2011). In order to further improve the efficiency and specificity
for brain delivery, receptors highly expressed on the endothe-
lial cells, such as the insulin receptor, transferrin and integrin
receptor, and the receptor-mediated transport (RMT) are of
great interest to scientists (van Rooy et al, 2011). Among
these various receptors, transferrin receptor (TfR) has been
widely studied for BBB targeting over the past decade (Prades
et al, 2012). However, it still presents some limitations, such
as stability, synthesis procedure, and immunological response.
B6 peptide (CGHKAKGPRK) is derived from a phage display
library, targeting TfR as a substitute for transferrin protein and
is considered as a promising candidate for drug delivery (Xia
et al, 2000; Nie et al., 2011; Urnauer et al., 2017). Yin et al.
(2015) synthesized sialic acid (SA)-modified selenium (Se)
nanoparticles conjugated with B6 peptide (B6-SA-SeNPs),
which showed high permeability across the BBB and thus
effectively inhibited the aggregation of Ap and disaggregated
preformed AP fibrils. Liu et al. (2013) demonstrated that PEG-
PLA-B6 encapsulated neuroprotective peptide nanoparticles
exhibited higher accumulation in brain capillary endothelial
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cells and ameliorated learning impairment, cholinergic
disruption, and neuron loss (Liu et al, 2013). All these above
suggested that B6 peptide might be a potential tool for
enhancing drug delivery into the CNS.

With these backgrounds, we designed a new nanomaterial,
Cur-loaded PLGA-PEG-B6 micelles (PLGA-PEG-B6/Cur), with
PLGA-PEG to increase the bioavailability and B6 peptide to
enhance the BBB permeability of Cur. The aim of our study is
to evaluate the potential efficacy of PLGA-PEG-B6/Cur for the
treatment of AD. In our study, we would investigate the drug
loading capacity, drug release kinetics, blood compatibility,
cell viability, and cellular uptake of PLGA-PEG-B6/Cur in vitro
and administrated it into APP/PS1 transgenic mice to evaluate
its effect on cognitive impairment, AB, and tau pathologies by
conducting Morris water maze, Bielschowsky silver staining,
immunostaining, and western blotting.

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), phosphate buffer solution (PBS), neurobasal
medium, N2 supplement, penicillin, and streptomycin were
purchased from Gibco (New York, NY). A Cell Counting Kit-8
was obtained from Dojin Kagaku (Kumamoto, Kyushu, Japan).
PEG 1500, D,L-Lactide, Glycolide were purchased from
Daigang Biomaterial Co, Ltd (Jinan, China). Cur, stannous-2-
ethylhexanote, acrylamide, dichloromethane, triethylamine,
acryloyl chloride, diethyl ether, acetone, dimethyl sulfoxide
(DMSO) and Calcium chloride (CaCl,) were gained from
Aladdin Industrial Corporation (Shanghai, China). B6 peptide
(CGHKAKGPRK) was supplied by GL Biochem Ltd (Shanghai,
China). Blood from healthy volunteers was collected in
sodium citrate tubes and the blood: anticoagulation ratio
was 9:1. All other regents used were of analytical grade.

Antibody against AB,;.,4 was purchased from BioLegend
(San Diego, CA). Antibodies against p-Thr231-Tau and p-
Ser202-Tau were purchased from Thermo Fisher Scientific
(Waltham, MA). Antibodies against p-Ser396-Tau, total Tau
(Tau 46), Ap (D54D2), BACE1, APP, Presenilin 1, actin, and
horseradish peroxidase (HRP)-conjugated secondary antibody
were acquired from Cell Signaling Technology (Danvers, MA).
The chemiluminescent HRP substrate was obtained from
Millipore (Billerica, MA). All other routine experiment reagents
and supplies were supplied by Thermo Fisher, Invitrogen
(Carlsbad, CA) and MR Biotech (Shanghai, China).

2.2. Synthesis of PLGA-PEG-B6

Synthesis of PLGA-PEG copolymers was done through ring-
opening method. Briefly, PEG 1500 (6g) was loaded to a
stainless steel reactor and heated at 150°C under 5mmHg
vacuum for 2h in order to dry. Then D, L-lactide (9.0g) and
glycolide (3.0g) were loaded to the reactor and heated at
150°C under vacuum for 30 min. Stannous 2-ethylhexanoate
(0.04 g) was added as catalyst and the heating was continued
at 160°C for 6h under vacuum. When the reaction com-
pleted, the copolymers were dissolved in 4°C cold water and
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then heated to 80°C to precipitate and remove unreacted
materials and water-soluble impurities. The purification proced-
ure was done three times and purified PLGA-PEG copolymers
were dried at 37 °C under vacuum to get constant weight.

The next step was to synthesize acrylated PLGA-PEG.
PLGA-PEG (1 g) was sufficiently dissolved in dichloromethane
(15mL) and the solution was repeatedly vacuumized and
purged with nitrogen. Triethylamine and acryloyl chloride
was respectively dissolved in 5mL dichloromethane and
dripped into the PLGA-PEG solution in sequence in an ice
bath and under dark condition. The molar ratio of PLGA-PEG,
triethylamine, and acryloyl chloride was 1:8:8. The chemical
reaction lasted for 24h at room temperature. The solution
was filtered to remove triethylamine hydrochloride crystal
and the filtrate was precipitated in a ten-fold volume cold
diethyl ether. The sediment was dried at 40°C under vac-
uum, the resultant obtained was acrylated PLGA-PEG.

Then, acrylated PLGA-PEG and the B6 peptide were dis-
solved in phosphate buffered saline at a molar ratio of 1:1
with the adjusted pH value close to 7and reacted at room
temperature for 24 h. Then the solution was dialyzed against
deionized water and lyophilized. Through the above proced-
ure, PLGA-PEG-B6 was obtained.

Bé-functionalized PLGA-PEG were prepared via a malei-
mide-thiol coupling reaction. Briefly, acrylated PLGA-PEG and
the B6 peptide were dissolved in phosphate buffered saline at
a molar ratio of 1:1 with the adjusted pH value close to 7 and
reacted at room temperature for 24h. After the incubation
period, the polymers were collected by centrifugation at
12,000rpm for 15min and washed twice with Milli-Q water.
The PLGA-PEG-B6 was obtained and used for further analyses.

2.3. Characterizations of PLGA-PEG-B6

The 'H nuclear magnetic resonance (NMR) spectra were deter-
mined on an AV 3000 Supercon spectrometer (Bruker Optics,
Ettlingen, Germany). Fourier transform infrared (FTIR) analysis
was conducted using the attenuated total reflectance (ATR)
technique (Bruker) and the spectra were recorded in the
absorbance mode from 500 to 4000 cm™". The particle sizes and
zeta potentials were determined by dynamic light scattering
(DLS) with a Mastersizer 2000 laser diffractometer (Malvern
Instruments, Worcestershire, UK). Before the measurements, the
nanoparticles were dissolved in 1 mL distilled water. Gel perme-
ation chromatography (GPC) was performed in tetrahydrofuran
(THF) with a Waters As- scope Model ALC/GPC 244 apparatus.
THF was used as a mobile phase with a flow rate of 1.0 mL/min.

2.4. Drug loading capacity and cumulative
release profiles

PLGA-PEG-B6/Cur micelle was prepared by solvent evapor-
ation method. In brief, Cur and PLGA-PEG-B6 were dissolved
in acetone. The suspension was stirred at high speed and
dripped into deionized water. Once acetone evaporated com-
pletely, the suspension was filtered to eliminate the unloaded
Cur. The filtrate was lyophilized to obtain the Cur-loaded
PLGA-PEG-B6 (PLGA-PEG-B6/Cur) nanoparticles.

The loading capacity of Cur in the PLGA-PEG-B6/Cur nano-
particles were determined by ultraviolet spectrophotometer
(Mathew et al.,, 2012). Firstly, the standard curve of Cur was
plotted. In short, Cur (10mg) was dissolved in DMSO and
diluted to different concentrations (1, 5, 10, 12, 14, 16, 18, 20,
25, and 30pg/mL). The absorbance values at 425nm were
measured to get the concentration-absorbance standard
curve of Cur. To calculate the loading capacity of Cur, PLGA-
PEG-B6/Cur powder was dissolved in DMSO and the absorb-
ance value was measured at 425nm. The loading capacity
(LC) of Cur could be calculated using the following Equation
(M):

LC (%):Weight of Cur in. nanopa'rticles
Total nanoparticles weight

x 100% (M

The release profiles of Cur from the nanoparticles were
determined as described by Liu et al. (2013). In brief, PLGA-
PEG-B6/Cur (10 mg) was diluted by 10 mL normal saline and
the concentration of the solution was 1 mg/mL. The solution
was transferred to a dialysis bag whose molecular weight cut
off was 500. The dialysis bag was put into 10 mL PBS (0.01M,
pH=7.4) release medium and was placed on a shaking bed
with a constant temperature of 37°C to investigate the drug
release profiles. At predetermined time intervals (0, 0.25, 0.5,
1,2,4,6,7, 8,10, 12, 24, 48, and 72 h), 3 mL release fluid was
taken out and fresh release medium of the same volume was
supplemented. The absorbance values of the extracted
release fluid were measured at 425 nm by ultraviolet spectro-
photometer and the cumulative release of Cur were calcu-
lated accordingly. The data analyzed were the mean values
from three independent experiments.

2.5. Reb blood cell (RBC) lysis

The RBC lysis of the PLGA-PEG-B6/Cur nanoparticles was
measured as described by Liu et al. (2016). In short, RBC sus-
pension (50puL, 16% in PBS, v/v) was added into 1mL PBS,
which contained different concentrations of the nanopar-
ticles. As positive control, 50 uL RBC suspension was added
into 1 mL water to yield complete hemolysis. On the contrary,
50 uL RBC suspension was added to 1mL PBS as a negative
control. The mixtures were centrifuged at 1000 x g for 5min
and the supernatants were collected after incubation for a
certain time. The absorbance values of the released hemoglo-
bin (Hb) were measured at 540 nm with a microplate reader
(SpectraMax M5, Sunnyvale, CA). The hemolysis ratio was
calculated following the Equation (2):

As—An
Ap—An

Hemolysis (%) = x 100% )

where A,, A, and A, are the absorbance values of the sam-
ples, negative, and positive controls. All data analyzed were
from three independent experiments.

2.6. Thromboelastography (TEG)

Fresh citrate whole blood and different concentrations of
the nanoparticles were mixed at a volume ratio of 9:1 in



kaolin-containing tubes. Then 340puL blood/nanoparticles
mixture and 20 uL CaCl, (0.2 M) solution were added into a
TEG cup. The coagulation process was recorded at 37°C by a
Thromboelastograph Hemostasis System 5000 (Hemoscope
Corporation, Niles, IL).

2.7. In vitro studies

2.7.1. Cytotoxicity studies

The cytotoxicity of nanoparticles was evaluated in HT22 cells
following the protocol of Cell Counting Kit-8 (CCK8) assays.
Briefly, cells were cultured in 96-well plates at a density of
2 x 10* cells/well in 100 uL of growth medium (DMEM +10%
FBS +1% penicillin/streptomycin) at 37 °C incubator with 5%
CO, for 24h and then differentiated in neurobasal medium
with N2 supplement for another 24 h. After that, cells were
respectively administrated with different concentrations (50,
100, 200, and 500 pg/mL) of the samples (PLGA-PEG-B6 nano-
particles, native Cur, Cur-loaded PLGA-PEG nanoparticles, and
PLGA-PEG-B6/Cur nanoparticles). Cell control group was
treated with equivalent volume of fresh medium and blank
group was only treated with medium (without cells). After
24h, 10uL CCK8 was added into the medium and the
absorbance values were detected at 450 nm with a multifunc-
tional microplate reader (SpectraMax M5, Sunnyvale, CA)
after 2 h. Untreated cells were taken as positive controls with
100% cell viability. Each measurement was conducted in trip-
licates and the data analyzed were the mean values of three
different experiments.

2.7.2. Cellular uptake studies

Flow cytometry (FCM) was used for quantitative cellular
uptake study. HT22 cells were seeded in 12-well plates of
2x10° cells/well, kept at 37°C incubator for 24h and then
differentiated for another 24 h. In order to investigate the cel-
lular uptake efficiencies of PLGA-PEG-B6/Cur nanoparticles in
HT22 cells of different doses and incubation time, several
concentrations (50, 100, 200, and 500 pug/mL) of particles
were added into the culture medium and incubated for dif-
ferent time (2, 4, 6, 8, and 12 h), respectively. Besides, the cel-
lular uptake efficiencies of native Cur and Cur-loaded PLGA-
PEG nanoparticles (PLGA-PEG/Cur) were also evaluated. Since
Cur or Cur-loaded nanoparticles are auto-fluorescent in fluor-
escein isothiocyanate (FITC) channel, no other cell staining
technique was used. Cells without treatment were considered
as negative controls. The percentages of fluorescence posi-
tive cells and the fluorescence intensity were compared
among different groups and data analyzed were from three
independent experiments.

2.8. In vivo studies

2.8.1. Animals and drug administration

APPswe/PS1dE9 double transgenic mice (APP/PST mice) were
purchased from the Model Animal Research Center of
Nanjing University (Nanjing, China; strain type B6C3-Tg
[APPswe, PSEN1dE9] 85Dbo/J). All the mice were kept in a
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room (22 +2°C) maintained on a dark-light light cycle of 12h
with free access to food and water. In this study, 32 SPF
Nine-month-old male APP/PS1 double transgenic mice (Tg,
28.30+3.64 g) were used, eight age-matched male wild-type
littermates (WT) were used as controls. The mice were ran-
domly divided into five groups: wild type (WT, n=8), trans-
genic control (APP/PS1, n=8), transgenic Cur (n=38),
transgenic PLGA-PEG/Cur (NT, n=8), and transgenic PLGA-
PEG-B6/Cur (Tar, n=8).

APP/PS1 transgenic mice were intraperitoneally injected
with Cur, PLGA-PEG/Cur nanoparticles, PLGA-PEG-B6/Cur
nanoparticles (all these three groups with an effective con-
centration of 25mg/kg/d, n=28). APP/PST mice (n=8) and
WT mice (n=8) were treated with the same volume of 0.9%
normal saline, served as positive and negative control
groups, respectively. The described treatments were per-
formed weekly, 12 times in total. All experimental procedures
strictly followed the regulations of the Institutional Animal
Care and Use Committee (IACUC) of Sun Yat-sen University,
Guangzhou, China.

2.8.2. Morris water maze (MWM)

The Morris water maze (MWM) is a test to force mice to
swim and search for the platform hidden beneath the water,
aiming to evaluate the spatial learning and memory ability.
We followed the procedures as described (Xiao et al., 2016;
Chen et al., 2017). The MWM test consists of a five-day orien-
tation navigation experiment and a one-day space explor-
ation experiment. Before the test, all the mice were put into
the pool to swim for 2min and then kept on the platform
for 20 s to get accustomed to the environment. The timer set
for the navigation experiment was 90s. The mice were
released from four of the quadrants, respectively. Once the
mice reached the platform and stayed there for 3s within
90, the timer would automatically stop and record the time
as the escape latency. The mice would be forced to stay on
the platform for 20s if they could not find the platform
within the scheduled time. The mice were trained four times
a day and the data obtained were the mean values of the
escape latencies of the four quadrants. After each trail, the
mice were dried off in their housing facilities. On the sixth
day in the space exploration experiment, the platform was
removed and the mice were allowed to swim for 60s freely.
The percentage of time spent in the target quadrant (where
the platform was previously located) and the numbers cross-
ing the platform were recorded by a video tracking equip-
ment and processed by a computer equipped with an
analysis-management system.

2.8.3. Tissue preparation

After the behavioral tests, the mice were sacrificed under
deep anesthesia with 10% chloral hydrate. For Bielschowsky
silver staining, immunohistochemical (IHC), and immunofluor-
escence (IF) staining, the mice were perfused transcardially
with normal saline and 4% paraformaldehyde in sequence
and then the removed brains were post-fixed in 4% parafor-
maldehyde (PFA) overnight, dehydrated in 30% sucrose in
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phosphate buffer (0.1 M) for 48 h and finally cut into a thick-
ness of 15um each slice coronally. For Western blotting,
mice were perfused with normal saline and the removed
brains were immediately frozen at —80°C.

2.8.4. Bielschowsky silver staining and immunostaining
Bielschowsky silver staining, IHC and IF staining were per-
formed according to the previously published protocols
(Schwab et al,, 2004; Zhang et al., 2014; Fan et al,, 2015). In
brief, brain sections of hippocampus, mainly Cornu Ammonis
1 (CA)1, were fixed with 10% glacial acetic acid, washed with
double steamed water and then stained with Bielschowsky
silver staining reagent. For IF/AB, sections of hippocampus
were blocked with goat serum, incubated with anti-AB
(D54D2; 1:500) primary antibody overnight at 4°C and then
fluorescent secondary antibody. For IHC/AB, sections of
hippocampus were incubated with anti-A 17-24 (1:500) anti-
body overnight at 4°C, followed by second biotinylated goat
anti-mouse IgG antibody at room temperature and finally
with HRP-conjugated streptavidin. Images were acquired
using a Zeiss LSM 710 laser confocal scanning microscope
(Zeiss, Germany). The analysis of AB burden was expressed as
the relative density normalized to APP/PS1 group.

2.8.5. Western blotting

For the Western blotting assay, mouse brains were homogen-
ized in ice-cold lysis (50 mmol/L Tris (pH =7.4), 150 mmol/L
NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
sodium dodecyl sulfate (SDS)) according to the protocol. The
sample proteins of mouse hippocampus were electrophoret-
ically separated using 10% bicine/tris gel and transferred to
polyvinylidene difluoride membranes. After blocking in 5%
(w/v) nonfat milk, the membranes were hybridized overnight
in 4°C with appropriate primary antibodies (p-Ser396-Tau
1:1000, p-Ser202-Tau 1:1000, p-Thr231-Tau 1:1000, total Tau
(Tau 46) 1:1000, AB 1:1000, BACE1 1:1000, APP 1:1000, PS1
1:1000, and Actin 1:2000), washed and then incubated for 1h
with the appropriate HRP-conjugated secondary antibody in
5% (w/v) nonfat milk. Blots were developed into the films
and images were scanned afterwards. Densitometric analysis
was performed using Image J software (NIH, Bethesda, MD).

2.9. Statistical analysis

All data were expressed as mean =*standard deviation (SD)
and the differences among groups were analyzed with one-
way analysis of variance (ANOVA) followed by a Bonferroni
post-hoc test using the SPSS 20.0 software (SPSS Inc.,
Chicago, IL). p < .05 was considered statistically significant.

3. Results
3.1. Synthesis and characterizations of nanoparticles

The synthesis scheme of PLGA-PEG-B6 is shown in Figure
1(A) and the formation of PLGA-PEG-B6 was confirmed via 'H
NMR spectra and FTIR, as shown in Figure 1(B,C).

The 'H NMR spectra of PLGA-PEG, acrylated PLGA-PEG,
and PLGA-PEG-B6 are shown in Figure 1(B). In Figure 2(A) (a),
the signals pertaining to PLGA-PEG are found in 6 =5.19 ppm
(CH of lactide), 1.52 ppm (CHs of lactide), 4.7 ppm (CH, of gly-
colide), and 4.30 ppm (CH, of ethylene glycol). In Figure 2(A)
(b), new peaks at 4.5 to 5ppm were attributed to the pro-
tons of -CH =CH,, indicating the successful synthesis of acry-
lated PLGA-PEG. In Figure 1(B) (c), the peaks at 4.5 to 5ppm
disappeared, showing that the reaction occurred on the
-CH = CH, group.

The FTIR spectra of PLGA-PEG, acrylated PLGA-PEG, and
PLGA-PEG-B6 are shown in Figure 1(C). The peak at
3522cm™" is the broad O-H stretching peak. In Figure 1(C)
(b), the intensity of the peak at 1636 cm~! was strengthened,
which was attributed to the overlapping of C=C stretching
peak, indicating that the successful synthesis of acrylated
PLGA-PEG. In Figure 1(C) (c), the peak at 1636 cm™' narrowed
down, indicating that the reaction occurred with the C=C
groups. At the same time, the peak occurred at 2520cm™"
was attributed to the -SH stretching peak of the B6 peptide.
The FTIR results and the 'H NMR results indicated that B6
peptide was successfully grafted on the backbone of the
PLGA-PEG polymers.

As can be seen from the result (Figure S1), both PLGA-
PEG-B6 and PLGA-PEG-B6/Cur nanoparticles were round
under dynamic light scattering (DLS). The sizes of the PLGA-
PEG-B6 nanoparticles were all less than 100 nm. The encapsu-
lation of Cur slightly increased the sizes, but most of them
were less than 150 nm, ranging from 50 to 250 nm. The zeta
potential of PLGA-PEG-B6 was 3.83 +0.89 mV.

The number-average molecular weight (Mn) and weight-
average molecular weight (Mw) of PLGA-PEG were 12,000
and 2500, respectively (Supplementary Table S1). The polydis-
persity( Pd =Mw/Mn) of copolymer was about 2.08, which
showed a symmetric peak and had a relative narrow molecu-
lar weight. Unimodal GPC with low polydispersity confirmed
the formation of PLGA-PEG copolymer. It is of interest to
note that the Mw of acrylated PLGA-PEG, PLGA-PEG-B6, and
PLGA-PEG-B6/Cur are 25,600, 26,000 and 26,600, respectively,
which demonstrate the synthesis of acrylated PLGA-PEG,
PLGA-PEG-B6, and PLGA-PEG-B6/Cur are successful.

3.2. Drug loading capacity and release profiles

According to the plotted standard curve of Cur, the loading
capacity of Cur in PLGA-PEG-B6/Cur nanoparticles was 15.6%.

The time-dependent drug release profiles of Cur from
micelles were investigated at pH 7.4, which was equivalent
to the pH value of human blood. As shown in
Supplementary Figure S2, PLGA-PEG-B6/Cur nanoparticles
exhibited a biphasic release pattern characterized by an ini-
tial release of 29.60+0.70% Cur from the PLGA-PEG-B6/Cur
nanoparticles within the first hour, followed by a sustained
release to 78.01 +1.55% over 72 h.

3.3. Blood compatibility

Good blood compatibility is the foundation of drug utiliza-
tion, which can reduce the change of its structure or
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Figure 1. (A) General procedure for the synthesis of PLGA-PEG-B6 nanoparticles. (B) H NMR spectra of (a) PLGA-PEG, (b) acrylated PLGA-PEG, and (c) PLGA-PEG-B6.

(C) FTIR spectra of (a) PLGA-PEG, (b) acrylated PLGA-PEG, and (c) PLGA-PEG-B6.

(A) 100 —PBS (B)
——0.01 mg/mL R
——0.05 mg/mL ‘
80 —— 0.5 mg/mL MA
9
< 60
%
%‘ PBS
E 40+
=
20- <
0+ T v T T T i T T T v T "
15min  30min 1h 3h 6h 24h
Incubation time 0.05 mg/mL 0.1 mg/mL

Figure 2. RBC lysis and TEG of the PLGA-PEG-B6/Cur nanoparticles. (A) Effect of different concentrations of PLGA-PEG-B6/Cur nanoparticles on RBC hemolysis.
(B) Effect of PLGA-PEG-B6/Cur nanoparticles on blood coagulation. Data represented as mean + SD (n=3).

function. Hemolysis rate and thromboelastography are usu-
ally used to evaluate blood compatibility. Hemolysis refers
to the damage of cell membrane integrity and subse-
quently the release of hemoglobin from RBCs, which
reflects the interaction of biomaterials with RBC membrane.
The effects of different concentrations of PLGA-PEG-B6/Cur
nanoparticles on RBC hemolysis are shown in Figure 2(A).
The hemolysis percentages between normal saline and

nanoparticles solution was of no significant difference, even
when the concentration reached up to 0.5mg/mL, indicat-
ing that the nanoparticles possessed no obvious hemo-
lytic reaction.

TEG is widely used to detect the whole blood coagula-
tion process clinically. The TEG assay has four main parame-
ters: (1) reaction time (R), the time from the CaCl, initiator
administration to the formation of the initial fibrin;
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(2) coagulation time (K), the time of the clot formation; (3)
o angle, the rate of clot polymerization or fibrin crossing;
(4) maximum amplitude (MA) of the tracing, the maximum
clot strength. TEG traces and the corresponding parameters
of R, K, o angle, and maximum amplitude (MA) are shown
in Figure 2(B) and Supplementary Table S2. The nanopar-
ticles of different concentrations displayed a similar shape
to the normal saline and the R of nanoparticles were all in
normal range. The lower MA values implied that the plate-
let activities were lower. The increase in the K value and
the decrease in the o angle indicated the reduction of
fibrinogen activities. In conclusion, these results implied that
the PLGA-PEG-B6/Cur nanoparticles with a concentration
less than 0.05mg/mL had little influence on the clotting
system in the whole blood.

3.4. In vitro results

3.4.1. Cytotoxicity studies

Cytotoxicity of Cur, PLGA-PEG/Cur nanoparticles, PLGA-PEG-
B6/Cur nanoparticles, and PLGA-PEG-B6 nanoparticles were
investigated in HT22 cells after 24 h incubation by the CCK-8
assay (Figure 3(A)). We proved that all the particles did not
affect cell viabilities within the concentration of 500 png/mL,
which was a relatively high concentration. It could be con-
cluded that native Cur, PLGA-PEG/Cur, and PLGA-PEG-B6/Cur
nanoparticles were biocompatible and possessed relatively
low toxicity profiles.

3.4.2. Cellular uptake studies
In this study, we conducted flow cytometry to measure the
cellular uptake in HT22 cells in FITC channel. As shown in
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Figure 3(B-E), PLGA-PEG-B6/Cur nanoparticles tremendously
increased its cellular uptake in HT22 cells, compared with
native Cur (Figure 3(D, E)). The uptake efficiency rose from
8.94+1.10 to 45.72+0.48% (Figure 3(D)). Besides, the cellular
uptake of PLGA-PEG-B6/Cur nanoparticles was dose-depend-
ent and time-related (Figure 3(B,Q)).

3.5. In vivo results

3.5.1. PLGA-PEG-B6/Cur improved the spatial learning and
memory capability of APP/PS1 mice in the MWM

To investigate the effect of PLGA-PEG-B6/Cur nanoparticles
on the spatial learning and memory capability, we per-
formed the Morris water maze test. In the orientation navi-
gation experiment from the first to the fifth day, we
analyzed the escape latencies of the mice and found that
they spent less time finding the platform as time passed by
and PLGA-PEG-B6/Cur nanoparticles shortened the escape
latency than the APP/PS1 group (Figure 4(A, B)). The mice
pretreated with PLGA-PEG-B6/Cur nanoparticles showed
more times crossing the platform and spent more time
searching the platform in the target quadrant, when com-
pared with the APP/PS1 and Cur group (Figure 4(C,D)). The
swimming speeds among these groups were of no differ-
ence, which could exclude the physical influence on the
cognition test (Figure 4(E)). The APP/PS1 mice is a good
model for Alzheimer’s disease research and the spatial learn-
ing ability is deteriorated. However, PLGA-PEG-B6/Cur nano-
particles could remarkably improve the cognitive

impairment in APP/PS1 mice, which would be of potential
use in Alzheimer’s disease.

50 100 500

-m*

Time (h)

0 RURR—
W 0 10
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Figure 3. Cell viabilities and cellular uptake efficiency. (A) Results of cell viabilities by CCK-8 assay after 24h incubation with different concentrations (50,
100, 200, and 500 pg/mL) of Cur, Cur-loaded PLGA-PEG, Cur-loaded PLGA-PEG-B6, and PLGA-PEG-B6, respectively. Cells without treatment were regarded as
the control group. Data as mean+SD, n=3. HT22 cellular uptake (B) 50-500 ng/mL Cur-loaded PLGA-PEG-B6 nanoparticles at 37 °C incubation for 4h. (C)
200 pg/mL Cur-loaded PLGA-PEG-B6 nanoparticles at 37°C incubation for different times. (D) 500 ug/mL Cur, Cur-loaded PLGA-PEG and Cur-loaded PLGA-
PEG-B6 nanoparticles at 37°C incubation for 6h, respectively. (E) Flow cytometry for Cur, Cur-loaded PLGA-PEG and Cur-loaded PLGA-PEG-B6 nanoparticles

uptake (500 pg/mL, 6h) in HT22 cells. Data as mean+SD, n=3. *p<.05,
mer group.

** p<.01,%**p <.001, and no significant difference (NS), versus the for-
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Figure 4. Cur-loaded PLGA-PEG-B6 nanoparticles attenuated the learning and memory impairment of APP/PST mice. (A) Comparison of escape latency of each
group from day 1 to day 5 in learning trials. (B) Comparison of escape latency of each group at day 5. PLGA-PEG-B6/Cur nanoparticles (25.113 £2.506) shortened
the time finding the platform than the APP/PS1 group (37.034 + 2.497). (C) Numbers passing the platform within 60 s in the probe trial. PLGA-PEG-B6/Cur nanopar-
ticles (3.250 +0.707) greatly increased the numbers passing the platform than the APP/PS1 group (0.375+0.518). (D) Percentage of time spent in the target quad-
rant in the probe trial. PLGA-PEG-B6/Cur nanoparticles (0.294 +0.037) spent more time in the target quadrant searching for the platform than the APP/PS1 group
(0.165 +0.027). (E) Comparison of swimming speed of each group. There was no significant difference among groups in swimming speed. (n =8, *p < .05 versus
WT group, *p < .05 versus former group). WT: wild type; APP/PS1: saline; Cur: curcumin; NT: PLGA- PEG/Cur nanoparticles; Tar: PLGA-PEG-B6/Cur nanoparticles.

3.5.2. PLGA-PEG-B6/Cur reduced hippocampal AP burden
in APP/PS1 mice

Given the previous reports showing that Cur decreased AD-
like pathology in APP/PST mice (Huang et al, 2012; Feng
et al, 2016), we aimed to investigate whether PLGA-PEG-B6/
Cur nanoparticles could further attenuate AD-related AP pla-
ques formation in AD model mice. APP/PS1 mice were
treated with saline (APP/PS1), Cur, PLGA-PEG/Cur nanopar-
ticles (NT), PLGA-PEG-B6/Cur nanoparticles (Tar), followed by
Bielschowsky silver staining and IF/IHC of AP in brain sec-
tions. As shown in Figure 5, when compared with the WT
mice, APP/PST mice exerted marked cerebral AP plaques

deposition. While the Cur g and NT group showed moderate
reducing effects, Tar group manifested the most prominent
reduction in this pathology. These results suggested that
PLGA-PEG-B6/Cur nanoparticles might be effective in treating
AD by targeting AP pathology.

3.5.3. PLGA-PEG-B6/Cur reduced hippocampal A produc-
tion and decreased tau phosphorylation in APP/PS1 mice

Since the Bielschowsky silver staining and immunostaining
results suggested that PLGA-PEG-B6/Cur nanoparticles poten-
tially reduced AD pathology in APP/PST mice, we further
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Figure 5. Cur-loaded PLGA-PEG-B6 nanoparticles reduced hippocampal AP burden in APP/PS1 mice. APP/PS1 mice exerted mass amyloid formation (red, white and
black arrows) in the hippocampal area. Cur and NT moderately reduced AP plaques formation when compared with APP/PS1 control group. Most notably, Tar sig-
nificantly attenuated this pathology. (A) Silver staining (red arrows), immunofluorescence (IF, white arrows), and immunohistochemistry (IHC, black arrows) of Ap
plaques of each group. (B-D) Comparison of relative density of Ap plaque in each group by silver staining, AP IF, and AB IHC, respectively. APP/PS1 mice and WT
mice treated with saline served as positive and negative control. (*p < .05 versus WT group, *p < .05 versus former group).

evaluated the A-related proteins and p-tau protein level in
mouse brain. As shown in Figure 6, the protein level of AB
and the phosphorylation level of tau were significantly more
in APP/PST mice than in WT mice. However, Cur and NT
could somehow decrease these expressions, while Tar showed
the most outstanding inhibitory effect. Interestingly, inhibition
of BACE1, APP, and PS1 could also be found, suggesting that
APP processing and y- secretase cleavage might be altered
by PLGA-PEG-B6/Cur nanoparticles in APP/PS1 mice.

4. Discussion

Although the current hypotheses emphasize different stories,
including B-amyloid deposit, tauopathy, oxidative stress (OS),
calcium overload, cholinergic, and glutamatergic neurotrans-
mission alterations, B-amyloid cascade and tauopathy are still
the most widely accepted central factors triggering and/or
accelerating the AD pathogenesis (Roberson et al, 2007;
Jucker & Walker, 2015; Sanabria-Castro et al, 2017). It is
believed that an imbalance between production and clear-
ance of B-amyloid is the triggering event and is the key factor
responsible for other abnormalities observed in AD
(Cummings et al.,, 2007; Yan, 2017), while tau protein arises as
a secondary pathogenic event that subsequently worsens
neurodegeneration (Roberson et al.,, 2007). Oddo et al. (2003)
found that tauopathy was detected in the CA1 area at

15months old 3 x Tg-AD mouse model. Over-deposited AP
and hyperphosphorylated tau resulted in neurological deficits
in synapses and neuronal circuits, both morphologically and
functionally (Selkoe, 2008; Arendt, 2009). In line with these
clinical researches and some other in vivo studies (Davis et al.,
2017; Jin et al, 2017), our study also showed mass AP accu-
mulation and phosphorylation of tau in APP/PS1 mouse brain.

The last few decades have witnessed phenomenal pro-
gress in understanding the pathogenesis of AD, however,
clinical therapeutic strategies achieve negligible effect. Thus,
novel approach that elicits both robust anti-p amyloidosis
and anti-tauopathy activities may provide new solution to
the future treatment for AD. Many natural bioactive com-
pounds have come to the attention of researchers over the
years, among which Cur is of great interest. Besides vast
functions, such as anti-oxidant, anti-inflammation, anti-tumor
et al, Cur also exerts properties in high AB affinity, anti-p
amyloidosis, and anti-tauopathy in AD (Hamaguchi et al,
2010; Ngo & Li, 2012; Goozee et al, 2016; Tang &
Taghibiglou, 2017). In agreement with the results of previous
studies, the present study also revealed that native Cur could
partially rescue memory loss and attenuate B amyloidosis
and tau phosphorylation in APP/PS1 mice. However, native
Cur did not obtain potent effect as expected, which might
result from its poor bioavailability and low permeability
across the BBB when administered peripherally.



WT APPIPS1 Cur NT Tar

WT APPIPS1 Cur

WT APPPS1 Cur NT Tar

WT APPFS1 Cur  NT  Tar

DRUG DELIVERY 1053

(C ) 1.5

p-Sor3s6T-Tau
s

e
in

WT APPIPS1 Cur NT Tar

»
e
*

- H) w2

BACEt/Actin
5 5

0.0

WT APPIPS1 Cur NT Tar

Figure 6. PLGA-PEG-B6/Cur nanoparticles reduced hippocampal A production and decreased tau phosphorylation in APP/PS1 mice. (A) Protein bands of AB, p-Tau
(Ser396, Ser202 and Thr231), T-Tau, APP, PS1, BACE1, and actin of each group, respectively. Actin served as the internal control. (B—H) Comparison of the protein
expression of AP, p-Tau (Ser396, Ser202 and Thr231), APP, PS1, and BACE1 among these five groups. Densitometry analysis data showed that PLGA-PEG-B6/Cur
nanoparticles (Tar) significantly decreased the band density ratios of AB, p-Tau, BACE1, APP, and PS1 to actin/T-tau. *p < .05 versus WT group, *p < .05 versus

former group.

To ameliorate the poor bioavailability and low permeabil-
ity through the BBB and fully gain the beneficial properties
from Cur, more and more researches were conducted upon
nanoparticle systems, among which PLGA and PEG were
proved to be outstanding in bio-safety and efficient in bio-
availability (Jain, 2000; Fredenberg et al., 2011; Khalil et al.,
2013; Paka & Ramassamy, 2017). In addition to bioavailability,
BBB permeability remains to be another challenge of drug
delivery system. As a dynamic structure between the blood
and the brain, BBB is mainly formed by a group of endothe-
lial cells, astrocytes, and the tight conjunctions between
them, which makes restricted passage for certain substances
to the brain (Pandey et al., 2016). According to the research
of Visser et al. (2004), transferrin receptor (TfR) is highly
expressed in brain capillary endothelia cells, and that is
involved in the receptor-mediated transport (RMT) through
the BBB to deliver the iron into the brain. This finding makes
TfR possible to be a potential target for drug delivery system.
However, the usage of large proteins, for example, transferrin
protein or TfR antibodies, resulted in problems such as syn-
thesis procedure, stability, and immunological response.
Interestingly, B6 peptide, targeting TfR that presents in the
brain capillary endothelial cells and in neurons, exerts high
permeability across the BBB when conjugated with some
nanoparticles (Liu et al., 2013; Yin et al, 2015). To acquire
excellent bioavailability and permeability, PLGA-PEG-B6 nano-
particles loaded with Cur were developed in this study.

From DLS measurements, we find that PLGA-PEG-B6
nanoparticles were well accommodated in solution with an
average diameter of less than 50 nm. Its mean size increased
to around 100 nm after B6 conjugation, with a favorable size

distribution. The nanoparticles synthesized revealed a low
zeta potential of PLGA-PEG-B6 at 3.83+£0.89mV and size of
PLGA-PEG-B6/Cur nanoparticles around 100 nm, which were
important because particles under 200 nm might be able to
get through the BBB without much difficulty (Jain, 2012). The
loading capacities of most nanomaterials were less than 10%
in other researches (Anitha et al., 2011; Song et al., 2011; Liu
et al, 2012; Zhao et al, 2012), while our study revealed a
loading capacity of 15.6%, which was relatively high.
Furthermore, the results of drug release profiles showed that
PLGA-PEG-B6/Cur nanoparticles exhibited good sustained
release, with only 29.60+0.70, 47.50+0.71, 66.16 £1.26, and
72.99% £ 4.07%, respectively of Cur released from the PLGA-
PEG-B6/Cur nanoparticles at 1, 4, 8, and 24 h. The sustained
release kinetics of Cur from micelles was mostly because Cur
was incorporated inside the nanoparticle bilayers, which
could greatly reduce its burst release and retard its release
rate in blood plasm and thus increase its concentration in
the central nervous system accordingly (Manju & Sreenivasan,
2011; Chen et al, 2015). Blood compatibility test revealed
that PLGA-PEG-B6/Cur nanoparticles had little influence on
the hemolysis and clotting systems, which implied that
PLGA-PEG-B6/Cur nanoparticles were biologically safe and
stable and might be an underlying effective drug for in vitro
and/or in vivo studies.

To investigate the bio-safety and uptake property of the
PLGA-PEG-B6/Cur nanoparticles, in vitro studies were conducted
in HT22 cells. Cell viability analysis manifesting no significant dif-
ference in cytotoxicity could be observed in PLGA-PEG-B6/Cur
nanoparticles and PLGA-PEG-B6 nanoparticles within 500 pug/mL,
which was a relatively high concentration. Compared with native
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Cur, PLGA-PEG-B6/Cur nanoparticles tremendously increased its
cellular uptake, with a dose- and time-dependent manner. Thus,
PLGA-PEG-B6/Cur nanoparticles were regarded as a relatively
safe and promising candidate for in vitro study.

As a popular rodent model of AD, APP/PS1 mice develop
amyloid plaques and behavioral deficits around 6-7 months,
presenting an age-dependent manner of AP deposition in
senile plaques (Jankowsky et al., 2004). APP/PS1 mice have
been extensively used to better understand the pathogenic
mechanisms underlying synaptic dysfunction and memory
impairment in AD, and to screen new therapeutic approaches
(Gong et al.,, 2006; Perez-Gonzalez et al, 2013; Jiao et al.,
2015; Jin et al., 2017). Our previous study also illustrated the
characteristic histological lesions in this mouse model at the
age of six months and once again proved it to be a good
model (Xiao et al., 2016). Thus, in the present study, we used
APP/PST mice to investigate the effect of PLGA-PEG-B6/Cur
nanoparticles on the spatial learning and memory capability.
After treated with different agents for three months, the Tar
group crossed the platform most and spent most time
searching the platform in the target quadrant, implying that
PLGA-PEG-B6/Cur nanoparticles had the most excellent effect
on cognitive impairment.

AP is the main component of brain senile plaques (Puzzo
et al, 2015), resulting from the sequential cleavage of APP
by two distinct enzymes: the BACE1 and the y-secretase
(Guglielmotto et al., 2011). The intraneuronal neurofibrillary
tangles (NFT) caused by tau hyperphosphorylation is another
hallmark of AD (Bloom, 2014). In the present study, we
further performed silver staining and IF/IHC of AP in hippo-
campal CA1 area of each group. As a result, Cur and NT
groups partially reduced AP plaques formation, while Tar
group significantly attenuated amyloid burden. More interest-
ingly, the western blotting results revealed that both Cur and
NT could partially reduce the AP level and the phosphoryl-
ation level of tau in APP/PS1 mouse brain, while Tar demon-
strated the most outstanding inhibitory effect. Along with
reduction of AP expression and tau phosphorylation,
inhibition of BACE1, APP, and PS1 could also be seen in this
process. Our results suggested that PLGA-PEG-B6/Cur nano-
particles could improve learning and memory function and
ameliorate AD pathologies by reducing tau phosphorylation
and AP deposition, in which alteration of APP and f-
secretase cleavage processing might be involved.

5. Conclusion

Our study explored the potential application of a novel nano-
material, PLGA-PEG-B6/Cur nanoparticles, in attenuating
memory loss, AB burden and tauopathy in APP/PST mice.
The results of the study suggest that PLGA-PEG-B6/Cur
nanoparticles possess promising properties in relieving
B-amyloidosis and tauopathy, with good bio-safety and high
bioavailability. These findings together indicate that PLGA-
PEG-B6 can profoundly improve the delivery efficiency of
nanoparticles to the brain and that PLGA-PEG-B6/Cur nano-
particles may serve as a promising therapeutic strategy for
the treatment of AD in the future.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

This study was supported by grants to Jun Liu from the National Natural
Science Foundation of China (No. 81372919), Guangzhou Science
Technology and Innovation Commission (No. 201604020100), Science and
Technology Program of Guangzhou (201601010270, 2017010160489,
201704030083), Pearl River S&T Nova Program of Guangzhou
(201710010155, 201806010072), and Science and Technology Project of
Guangdong province (2015A010101313, 2017A050506011, 2017B090911012).

References

Akinyemi AJ, Oboh G, Fadaka AOQ, et al. (2017). Curcumin administration
suppress acetylcholinesterase gene expression in cadmium treated
rats. Neurotoxicology 62:75-9.

Amin FU, Shah SA, Badshah H, et al. (2017). Anthocyanins encapsulated
by PLGAQPEG nanoparticles potentially improved its free radical scav-
enging capabilities via p38/JNK pathway against Abetal-42-induced
oxidative stress. J Nanobiotechnol 15:12.

Anitha A, Deepagan VG, Divya Rani VV, et al. (2011). Preparation, charac-
terization, in vitro drug release and biological studies of curcumin
loaded dextran sulphate-chitosan nanoparticles. Carbohydr Polym
84:1158-64.

Arendt T. (2009). Synaptic degeneration in Alzheimer's disease. Acta
Neuropathol 118:167-79.

Bloom GS. (2014). Amyloid-B and tau: the trigger and bullet in Alzheimer
disease pathogenesis. JAMA Neurol 71:505-8.

Chen F, Ghosh A, Wu F, et al. (2017). Preventive effect of genetic knock-
down and pharmacological blockade of CysLT1R on lipopolysaccharide
(LPS)-induced memory deficit and neurotoxicity in vivo. Brain Behav
Immun 60:255-69.

Chen X, Zou LQ, Niu J, et al. (2015). The stability, sustained release and
cellular antioxidant activity of curcumin nanoliposomes. Molecules
20:14293-311.

Cummings JL, Doody R, Clark C. (2007). Disease-modifying therapies for
Alzheimer disease: challenges to early intervention. Neurology
69:1622-34.

Davis SA, Gan KA, Dowell JA, et al. (2017). TDP-43 expression influences
amyloid beta plaque deposition and tau aggregation. Neurobiol Dis
103:154-62.

Fan S, Zhang B, Luan P, et al. (2015). PI3K/AKT/mTOR/p70S6K pathway
is involved in AP25-35-induced autophagy. BioMed Res Int
2015:161020.

Feng HL, Dang HZ, Fan H, et al. (2016). Curcumin ameliorates insulin sig-
nalling pathway in brain of Alzheimer's disease transgenic mice. Int J
Immunopathol Pharmacol 29:734-41.

Fredenberg S, Wahlgren M, Reslow M, Axelsson A. (2011). The mecha-
nisms of drug release in poly(lactic-co-glycolic acid)-based drug deliv-
ery systems-a review. Int J Pharm 415:34-52.

Ganugula R, Arora M, Jaisamut P, et al. (2017). Nano-curcumin safely pre-
vents streptozotocin-induced inflammation and apoptosis in pancre-
atic beta cells for effective management of Type 1 diabetes mellitus.
Br J Pharmacol. 174:2074-84.

Gong B, Cao Z, Zheng P, et al. (2006). Ubiquitin hydrolase Uch-L1 rescues
beta-amyloid-induced decreases in synaptic function and contextual
memory. Cell 126:775-88.

Goozee KG, Shah TM, Sohrabi HR, et al. (2016). Examining the potential
clinical value of Cur in the prevention and diagnosis of Alzheimer's
disease. Br J Nutr 115:449-65.

Guglielmotto M, Monteleone D, Giliberto L, et al. (2011). Amyloid-p(4)(2)
activates the expression of BACE1 through the INK pathway.
J Alzheimers Dis 27:871-83.

Hamaguchi T, Ono K, Yamada M. (2010). Review: Curcumin and
Alzheimer's disease. CNS Neurosci Ther 16:285-97.



Huang HC, Chang P, Dai XL, Jiang ZF. (2012). Protective effects of curcu-
min on amyloid-beta-induced neuronal oxidative damage. Neurochem
Res 37:1584-97.

Huang HC, Tang D, Xu K, Jiang ZF. (2014). Curcumin attenuates amyloid-
beta-induced tau hyperphosphorylation in human neuroblastoma SH-
SY5Y cells involving PTEN/Akt/GSK-3beta signaling pathway. J Recept
Signal Transduct Res 34:26-37.

Jain KK. (2012). Nanobiotechnology-based strategies for crossing the
blood-brain barrier. Nanomedicine (Lond) 7:1225-33.

Jain RA. (2000). The manufacturing techniques of various drug loaded
biodegradable poly(lactide-co-glycolide) (PLGA) devices. Biomaterials
21:2475-90.

Jankowsky JL, Fadale DJ, Anderson J, et al. (2004). Mutant presenilins
specifically elevate the levels of the 42 residue beta-amyloid peptide
in vivo: evidence for augmentation of a 42-specific gamma secretase.
Hum Mol Gen 13:159-70.

Jiao SS, Yao XQ, Liu YH, et al. (2015). Edaravone alleviates Alzheimer's
disease-type pathologies and cognitive deficits. Proc Natl Acad Sci
USA 112:5225-30.

Jin WS, Shen LL, Bu XL, et al. (2017). Peritoneal dialysis reduces amyloid-
beta plasma levels in humans and attenuates Alzheimer-associated
phenotypes in an APP/PS1T mouse model. Acta Neuropathol
134:207-20.

Jucker M, Walker LC. (2015). Neurodegeneration: amyloid-p pathology
induced in humans. Nature 525:193-4.

Khalil NM, do Nascimento TC, Casa DM, et al. (2013). Pharmacokinetics of
curcumin-loaded PLGA and PLGA-PEG blend nanoparticles after oral
administration in rats. Colloids Surf B Biointerfaces 101:353-60.

Li J, Feng L, Fan L, et al. (2011). Targeting the brain with PEG-PLGA
nanoparticles modified with phage-displayed peptides. Biomaterials
32:4943-50.

Liu J, Xu L, Liu C, et al. (2012). Preparation and characterization of cat-
jonic curcumin nanoparticles for improvement of cellular uptake.
Carbohydr Polym 90:16-22.

Liu X, Mo Y, Guo R, et al. (2016). Synthesis, characterisation and prelimin-
ary investigation of the haemocompatibility of polyethyleneimine-
grafted carboxymethyl chitosan for gene delivery. Mater Sci Eng C
Mater Biol Appl 62:173-82.

Liu Z, Gao X, Kang T, et al. (2013). B6 peptide-modified PEG-PLA nano-
particles for enhanced brain delivery of neuroprotective peptide.
Bioconjugate Chem 24:997-1007.

Manju S, Sreenivasan K. (2011). Hollow microcapsules built by layer by
layer assembly for the encapsulation and sustained release of curcu-
min. Colloids Surf B Biointerfaces 82:588-93.

Mathew A, Fukuda T, Nagaoka Y, et al. (2012). Curcumin loaded-PLGA
nanoparticles conjugated with Tet-1 peptide for potential use in
Alzheimer's disease. PloS One 7:€32616.

Naksuriya O, Okonogi S, Schiffelers RM, Hennink WE. (2014). Curcumin
nanoformulations: a review of pharmaceutical properties and preclin-
ical studies and clinical data related to cancer treatment. Biomaterials
35:3365-83.

Ngo ST, Li MS. (2012). Cur binds to Abetal1-40 peptides and fibrils stron-
ger than ibuprofen and naproxen. J Phys Chem B 116:10165-75.

Nie Y, Schaffert D, Rodl W, et al. (2011). Dual-targeted polyplexes: one
step towards a synthetic virus for cancer gene therapy. J Control
Release 152:127-34.

Oddo S, Caccamo A, Shepherd JD, et al. (2003). Triple-transgenic model
of Alzheimer's disease with plaques and tangles: intracellular Abeta
and synaptic dysfunction. Neuron 39:409-21.

Paka GD, Ramassamy C. (2017). Optimization of curcumin-loaded PEG-
PLGA nanoparticles by GSH functionalization: investigation of the
internalization pathway in neuronal cells. Mol Pharmaceutics 14:93-106.

Pandey PK, Sharma AK, Gupta U. (2016). Blood brain barrier: an overview
on strategies in drug delivery, realistic in vitro modeling and in vivo
live tracking. Tissue Barriers 4:e1129476.

Perez-Gonzalez R, Pascual C, Antequera D, et al. (2013).
Phosphodiesterase 7 inhibitor reduced cognitive impairment and
pathological hallmarks in a mouse model of Alzheimer's disease.
Neurobiol Aging 34:2133-45.

DRUG DELIVERY 1055

Perrone D, Ardito F, Giannatempo G, et al. (2015). Biological and thera-
peutic activities, and anticancer properties of curcumin. Exp Ther Med
10:1615-23.

Prades R, Guerrero S, Araya E, et al. (2012). Delivery of gold nanoparticles
to the brain by conjugation with a peptide that recognizes the trans-
ferrin receptor. Biomaterials 33:7194-205.

Prince M, Wimo A, Guerchet M, et al. (2015). World Alzheimer Report
2015- The global impact of dementia. Alzheimer's Disease
International. Available at: http://www.worldalzreport2015.org

Puzzo D, Gulisano W, Palmeri A, Arancio O. (2015). Rodent models for
Alzheimer's disease drug discovery. Expert Opin Drug Discov 10:703-11.

Roberson ED, Scearce-Levie K, Palop JJ, et al. (2007). Reducing endogen-
ous tau ameliorates amyloid beta-induced deficits in an Alzheimer's
disease mouse model. Science 316:750-4.

Sanabria-Castro A, Alvarado-Echeverria |, Monge-Bonilla C. (2017).
Molecular pathogenesis of Alzheimer's disease: an update. Ann
Neurosci 24:46-54.

Scheltens P, Blennow K, Breteler MMB, et al. (2016). Alzheimer's disease.
Lancet 388:505-17.

Schwab C, Hosokawa M, McGeer PL. (2004). Transgenic mice overexpress-
ing amyloid beta protein are an incomplete model of Alzheimer dis-
ease. Exp Neurol 188:52-64.

Selkoe DJ. (2008). Soluble oligomers of the amyloid beta-protein impair
synaptic plasticity and behavior. Behav Brain Res 192:106-13.

Shaikh J, Ankola DD, Beniwal V, et al. (2009). Nanoparticle encapsulation
improves oral bioavailability of Cur by at least 9-fold when compared
to curcumin administered with piperine as absorption enhancer. Eur J
Pharm Sc 37:223-30.

Song Z, Feng R, Sun M, et al. (2011). Curcumin-loaded PLGA-PEG-PLGA
triblock copolymeric micelles: Preparation, pharmacokinetics and dis-
tribution in vivo. J Colloid Interface Sci 354:116-23

Stanic Z. (2017). Curcumin, a compound from natural sources, a true sci-
entific challenge - a review. Plant Foods Hum Nutr 72:1-12.

Tang M, Taghibiglou C. (2017). The mechanisms of action of Curcumin
in Alzheimer's disease. J Alzheimers Dis 58:1003-16.

Urnauer S, Klutz K, Grunwald GK, et al. (2017). Systemic tumor-targeted
sodium iodide symporter (NIS) gene therapy of hepatocellular carcin-
oma mediated by B6 peptide polyplexes. J Gene Med 19. doi:
10.1002/jgm.2957

van Rooy |, Mastrobattista E, Storm G, et al. (2011). Comparison of five
different targeting ligands to enhance accumulation of liposomes into
the brain. J Control Release 150:30-6.

Visser CC, Stevanovic S, Heleen Voorwinden L, et al. (2004). Validation of
the transferrin receptor for drug targeting to brain capillary endothe-
lial cells in vitro. J Drug Target 12:145-50.

Xia H, Anderson B, Mao Q, Davidson BL. (2000). Recombinant human
adenovirus: targeting to the human transferrin receptor improves
gene transfer to brain microcapillary endothelium. J Virol
74:11359-66.

Xiao S, Zhou D, Luan P, et al. (2016). Graphene quantum dots
conjugated neuroprotective peptide improve learning and memory
capability. Biomaterials 106:98-110.

Yan R. (2017). Physiological functions of the beta-site amyloid precursor
protein cleaving enzyme 1 and 2. Front Mol Neurosci 10:97.

Yin T, Yang L, Liu Y, et al. (2015). Sialic acid (SA)-modified selenium
nanoparticles coated with a high blood-brain barrier permeability
peptide-B6 peptide for potential use in Alzheimer's disease. Acta
Biomater 25:172-83.

Zhang L, Shen C, Chu J, et al. (2014). Icariin decreases the expression of
APP and BACE-1 and reduces the beta-amyloid burden in an APP trans-
genic mouse model of Alzheimer's disease. Int J Biol Sci 10:181-91.

Zhao L, Du J, Duan Y, et al. (2012). Curcumin loaded mixed micelles
composed of Pluronic P123 and F68: preparation, optimization and in
vitro characterization. Colloids Surf B Biointerfaces 97:101-8.

Zheng K, Dai X, Xiao N, et al. (2017). Curcumin ameliorates memory
decline via inhibiting BACE1 expression and beta-amyloid pathology
in 5xFAD transgenic mice. Mol Neurobiol 54:1967-77.


http://www.worldalzreport2015.org
https://doi.org/10.1002/jgm.2957

	Abstract
	Introduction
	Materials and methods
	Materials
	Synthesis of PLGA-PEG-B6
	Characterizations of PLGA-PEG-B6
	Drug loading capacity and cumulative release profiles
	Reb blood cell (RBC) lysis
	Thromboelastography (TEG)
	2.7. In vitro studies
	Cytotoxicity studies
	Cellular uptake studies

	2.8. In vivo studies
	Animals and drug administration
	Morris water maze (MWM)
	Tissue preparation
	Bielschowsky silver staining and immunostaining
	Western blotting

	Statistical analysis

	Results
	Synthesis and characterizations of nanoparticles
	Drug loading capacity and release profiles
	Blood compatibility
	3.4. In vitro results
	Cytotoxicity studies
	Cellular uptake studies

	3.5. In vivo results
	PLGA-PEG-B6/Cur improved the spatial learning and memory capability of APP/PS1 mice in the MWM
	PLGA-PEG-B6/Cur reduced hippocampal A burden in APP/PS1 mice
	PLGA-PEG-B6/Cur reduced hippocampal A production and decreased tau phosphorylation in APP/PS1 mice


	Discussion
	Conclusion
	Disclosure statement
	References



<<
	/CompressObjects /Tags
	/ParseDSCCommentsForDocInfo true
	/CreateJobTicket false
	/PDFX1aCheck false
	/ColorImageMinResolution 150
	/GrayImageResolution 150
	/DoThumbnails false
	/ColorConversionStrategy /sRGB
	/GrayImageFilter /DCTEncode
	/EmbedAllFonts true
	/CalRGBProfile (sRGB IEC61966-2.1)
	/MonoImageMinResolutionPolicy /OK
	/AllowPSXObjects true
	/LockDistillerParams true
	/ImageMemory 1048576
	/DownsampleMonoImages true
	/ColorSettingsFile (None)
	/PassThroughJPEGImages false
	/AutoRotatePages /All
	/Optimize true
	/ParseDSCComments true
	/MonoImageDepth -1
	/AntiAliasGrayImages false
	/JPEG2000ColorImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/GrayImageMinResolutionPolicy /OK
	/ConvertImagesToIndexed true
	/MaxSubsetPct 100
	/Binding /Left
	/PreserveDICMYKValues false
	/GrayImageMinDownsampleDepth 2
	/MonoImageMinResolution 600
	/sRGBProfile (sRGB IEC61966-2.1)
	/AntiAliasColorImages false
	/GrayImageDepth -1
	/PreserveFlatness true
	/CompressPages true
	/GrayImageMinResolution 150
	/CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
	/PDFXBleedBoxToTrimBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/AutoFilterGrayImages true
	/EncodeColorImages true
	/AlwaysEmbed [
	]
	/EndPage -1
	/DownsampleColorImages true
	/ASCII85EncodePages false
	/PreserveEPSInfo false
	/PDFXTrimBoxToMediaBoxOffset [
		0.0
		0.0
		0.0
		0.0
	]
	/CompatibilityLevel 1.6
	/MonoImageResolution 600
	/NeverEmbed [
	]
	/CannotEmbedFontPolicy /Warning
	/PreserveOPIComments false
	/AutoPositionEPSFiles true
	/JPEG2000GrayACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/PDFXOutputIntentProfile ()
	/EmbedJobOptions true
	/JPEG2000ColorACSImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/MonoImageDownsampleType /Bicubic
	/DetectBlends true
	/EmitDSCWarnings false
	/ColorImageDownsampleType /Bicubic
	/EncodeGrayImages true
	/AutoFilterColorImages true
	/DownsampleGrayImages true
	/GrayImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/AntiAliasMonoImages false
	/GrayImageAutoFilterStrategy /JPEG
	/GrayACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/ColorImageAutoFilterStrategy /JPEG
	/ColorImageMinResolutionPolicy /OK
	/ColorImageResolution 150
	/PDFXRegistryName ()
	/MonoImageFilter /CCITTFaxEncode
	/CalGrayProfile (Gray Gamma 2.2)
	/ColorImageMinDownsampleDepth 1
	/PDFXTrapped /False
	/DetectCurves 0.1
	/ColorImageDepth -1
	/JPEG2000GrayImageDict <<
		/TileHeight 256
		/Quality 15
		/TileWidth 256
	>>
	/TransferFunctionInfo /Preserve
	/ColorImageFilter /DCTEncode
	/PDFX3Check false
	/ParseICCProfilesInComments true
	/DSCReportingLevel 0
	/ColorACSImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/PDFXOutputConditionIdentifier ()
	/PDFXCompliantPDFOnly false
	/AllowTransparency false
	/UsePrologue false
	/PreserveCopyPage true
	/StartPage 1
	/MonoImageDownsampleThreshold 1.5
	/GrayImageDownsampleThreshold 1.5
	/CheckCompliance [
		/None
	]
	/CreateJDFFile false
	/PDFXSetBleedBoxToMediaBox true
	/EmbedOpenType false
	/OPM 1
	/PreserveOverprintSettings true
	/UCRandBGInfo /Remove
	/ColorImageDownsampleThreshold 1.5
	/MonoImageDict <<
		/K -1
	>>
	/GrayImageDownsampleType /Bicubic
	/Description <<
		/ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
		/PTB <>
		/FRA <>
		/KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
		/NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
		/NOR <>
		/DEU <>
		/SVE <>
		/ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
		/DAN <>
		/JPN <>
		/CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
		/SUO <>
		/CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
		/ESP <>
	>>
	/CropMonoImages true
	/DefaultRenderingIntent /Default
	/PreserveHalftoneInfo false
	/ColorImageDict <<
		/HSamples [
			1.0
			1.0
			1.0
			1.0
		]
		/QFactor 0.4
		/VSamples [
			1.0
			1.0
			1.0
			1.0
		]
	>>
	/CropGrayImages true
	/PDFXOutputCondition ()
	/SubsetFonts true
	/EncodeMonoImages true
	/CropColorImages true
	/PDFXNoTrimBoxError true
>>
setdistillerparams
<<
	/PageSize [
		612.0
		792.0
	]
	/HWResolution [
		600
		600
	]
>>
setpagedevice


