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KEY WORDS Abstract Insurmountable blood—brain barrier (BBB) and complex pathological features are the key
factors affecting the treatment of Alzheimer’s disease (AD). Poor accumulation of drugs in lesion sites
and undesired effectiveness of simply reducing A@ deposition or TAU protein need to be resolved ur-
gently. Herein, a nanocleaner is designed with a rapamycin-loaded ROS-responsive PLGA core and sur-
face modification with KLVFF peptide and acid—cleavable DAG peptide [R @ (0x-PLGA)-KcD]. DAG
can enhance the targeting and internalization effect of nanocleaner towards neurovascular unit endothelial

Alzheimer’s disease;
A capturing;
Autophagy;
ROS-responsive;
Anti-inflammatory;

blood—brain barrier cells in AD lesions, and subsequently detach from nanocleaner in response to acidic microenvironment of
transcytosis; endosomes to promote the transcytosis of nanocleaner from endothelial cells into brain parenchyma. Then
Microenvironment exposed KLVFF can capture and carry A to microglia, attenuating AG-induced neurotoxicity. Strikingly,
modulation; rapamycin, an autophagy promoter, is rapidly liberated from nanocleaner in the high ROS level of lesions
Lesion targeting to improve Ag degradation and normalize inflammatory condition. This design altogether accelerates Ag

degradation and alleviates oxidative stress and excessive inflammatory response. Collectively, our finding
offers a strategy to target the AD lesions precisely and multi-pronged therapies for clearing the toxic pro-
teins and modulating lesion microenvironment, to achieve efficient AD therapy.
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1. Introduction

Alzheimer’s disease (AD) is the most common progressive
neurodegenerative disease all over the world'~*. The immensely
destructive nature of this disease and the increasing number of
patients have pushed many researchers to look for efficient
treatments.

Currently, marketed drugs are only a cure for the symptoms,
not the causes, coupled with the insurmountable gastrointestinal
side effects and poor drug delivery efficiency, which vigorously
impair their therapeutic effect’ °. Besides, some new strategies,
such as reducing amyloid deposits or interfering with the forma-
tion of neurofibrillary tangles, have been plagued by seemingly
endless clinical trial failures”®. Tracing its root, the pathological
features of AD in addition to amyloid peptide aggregation and
TAU phosphorylation”'’, also include abnormal lesion microen-
vironment. The first to bear the brunt is the excessive activation of
microglia. The autophagy lysosomal dysfunction in microglia
directly affects the degradation of A''~'?. Meanwhile, overactive
microglia release large amounts of ROS and inflammatory fac-
tors'*'°, causing oxidative stress and excessive inflammatory
response, which not only promotes the spread of AG and TAU
protein, but also greatly damages nerve cells'®'’. The character-
istics of AD were inter—connected, interacting and inter-prompt-
ing, forming an endless pathological cycle'®. Consequently, a
combinational therapeutic strategy is urgently needed.

Overwhelming evidence supports extracellular AG deposition
and a cascade of events induced by it ultimately lead to neuronal
damage and necrosis, wherefore the clearance of A@ remains the
top priority in the treatment of AD. Some studies utilized the good
affinity of KLVFF and A and modified it on the nanoparticles to
capture and bring A into the microglia to reduce extracellular A@
deposition'* ', However, due to the dysfunctional autophagy-
lysosome system of microglia cells in AD lesions, the effect was
not good. And some researchers suggested that AB can be
degraded by promoting autophagy®>*’, but the AG usually ag-
gregates and deposits outside the cell while autophagic degrada-
tion occurs intracellularly, the conceive of cleaning AS only by
improving autophagy is controversial. Thus, it is necessary to co-
delivery KLVFF peptide with autophagy promoter. Rapamycin, as
a specific inhibitor of mammalian rapamycin target protein
(mTOR), has been shown to be effective against neurodegenera-
tive diseases. (1) It can enhance cell autophagy to promote the
degradation of AB and phosphorylated TAU protein. (2) It can
regulate the level of f-secretase, y-secretase and cAMP-depen-
dent protein kinases to decrease the production of A@ and phos-
phorylated TAU protein. (3) It can inhibit the synthesis of nitric
oxide to reduce the level of inflammation and ROS in the AD
lesions, and protect the survival and plasticity of nerve cells***°.
Therefore, we envisage to co-delivery KLVFF peptide and rapa-
mycin to lesions. First KLVFF and rapamycin can synergistically
complete the degradation of AS and second rapamycin can
remodel the lesion microenvironment. In order to realize more

accurate release and avoid multifunctional regulation of rapamy-
cin from interfering with the cell behavior of other normal tissues,
we designed an ROS-responsive release system based on the high
level of ROS in the lesion. In this way, we can achieve a com-
bination therapy system with precise drug release.

As a brain disease, the successful delivery of drugs to the
lesion is also vital important. In previous studies, nonspecific
blood—brain barrier (BBB) targeting peptides were commonly
used in AD delivery systems®™”’. These regimens usually indis-
criminately target the BBB causing a relatively widespread dis-
tribution in the brain and poor accumulation of drugs in the
lesions. The subsequent cascade targeting strategies did not
greatly improve this problem® *°. Latterly, as cyclic peptide,
CDAGRKQKC (designated as DAG), could specifically home to
neurovascular unit endothelial cells and reactive astrocytes in AD
lesions by targeting its receptor connective tissue growth factor
(CTGF)*. Although the DAG could help nanoparticles directly
target BBB in AD lesions, the difficulty in escaping lysosomes
caused by the binding of ligand to receptor remains a non-negli-
gible problem, which will affect the penetration of nanoparticles
into brain parenchyma®’. According to our previous experience,
the design of an acid-cleavable target can promote the penetration
of BBB*, we therefore creatively linked DAG to an acid sensitive
fragment to achieve specific penetration of BBB in AD lesions.

Herein, we designed a versatile nanocleaner integrating AD
lesions specific targeting, A@ capturing, stimuli-responsive drug
release for cleaning extracellular A and modulating lesion
environment. The nanocleaner was composed of an ROS-
responsive PLGA core loaded with rapamycin and decorated with
KLVFF and DAG peptides [R@(0ox-PLGA)-KcD] (Fig. 1). Under
the guidance of DAG peptide, R@(0x-PLGA)-KcD first targeted
to neurovascular unit endothelial cells and reactive astrocytes
surround A deposits. Then R@(ox-PLGA)-KcD underwent an
acid-responsive cleavage of DAG, making the remainder of
nanocleaner [R@(ox-PLGA)-K] further be exocytosed into brain
parenchyma. Next, KLVFF-modified nanocleaner [R@(ox-
PLGA)-K] recognized and co-assembled with AS to capture and
carry it into microglial cells. Upon exposure to high ROS level in
lesions, entrapped rapamycin could be readily released from the
unconsolidated nanocleaner to promote autophagy and regulate
microenvironment. Results from in vitro and in vivo experiments
confirmed the AQ clearance and microenvironment coordination
efficiency of the nanocleaner. Furthermore, two AD animal
models showed excellent therapeutic effects. This multi-pronged
nano-strategy exhibited desirable therapeutic potential of AD.

2. Materials and methods

2.1. Materials

Inositol was purchased from Shanghai Yi En Chemical Technol-
ogy Co., Ltd. (Shanghai, China). Oxalyl chloride and Thioflavin-T
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was obtained from Sigma—Aldrich Co., LLC (USA). DSPE-
PEG;gp0-Mal and DSPE-PEGsgy-Mal were purchased from
Ponsure Biotechnology (Shanghai, China). DSPE-hyd-DSPEsggo-
Mal was obtained from Jenkem Technology Co., Ltd. (Beijing,
China). PLGA (MW = 3000) was gained from Trueturn-Bio-
logical technology Co., Ltd. (Beijing, China). The KLVFFC and
C-Acp-Cyclo (CDAGRKQKC) were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China). AB;_4, and AB4,-FITC were
obtained from GL Biochem Ltd. (Shanghai, China). Rapamycin
was purchased from Dalian Meilun Biotech Co., Ltd. (Dalian,
China). 4-Chlorobenzenesulfonate salt (DiD) was gained from
Biotium (Hayward, CA, USA). The anti-TAU (phospho S396) and
anti-beta amyloid;_4, were purchased from Abcam Ltd. (Cam-
bridge, UK), and the APP polyclonal antibody and phosphorylated
TAU antibody [p-TAU (Ser 404)] were purchased from Abclonal
(China). ELISA kits (IL-10, IFN-v and TNF-«) was obtained from
BD Pharmingen (USA). Tissue ROS test kit were purchased from
BestBio Science (Nanjing, China). The chemical used in this
study were analytical grade.

2.2.  Cell lines and animals

The human glioblastoma astrocytoma cells (U251) and the nerve
growth factor-differentiated rat pheochromocytoma cells (PC12)
were obtained from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). Male BALB/c mice were derived from Dashuo
Biotechnology Co., Ltd. Male C57BL/6 were purchased from
Byrness Weil Biotech Ltd. (Chongging, China). B6-Tg (APPs-
wePSEN1DE9) mice were derived from the Nanjing Biomedical
Research Institute of Nanjing University (Nanjing, China). All
animals were raised under standard living conditions. All animal

Regulate inflammati
Protect neuron

Scheme of the ROS—responsive specific targeted R @ (ox—PLGA)—KcD.

experiments were conducted in accordance with the guidelines
approved by the Experimental Animal Management Committee of
Sichuan University, China.

2.3.  Synthesis of core nanoparticles [(Polyol-ox)-PLGA]
(Polyol-ox)-PLGA was obtained via acylation reaction in two
steps: (1) the inter-mediate product Polyol-ox was obtained by
acylation of oxalyl chloride with inositol; (2) the (Polyol-ox)-
PLGA was obtained by acylation of Polyol-ox with PLGA
(MW = 3000). Briefly, 0.25 g inositol (1.4 mmol/L) was dis-
solved in 4 mL anhydrous THF under the protection of argon and
stirred at 30 °C for 30 min. Following 0.93 mL oxalyl chloride
(11 mmol/L) was dripped slowly into the reaction system at room
temperature. Then, the mixture was stirred constantly at 30 °C for
20 h. After the reaction, solvent THF was removed by rotary
evaporation, and the product was further dried by vacuuming. The
obtained intermediate product Polyol-ox showed a pale yellow
foamy solid. After that, 150 mg PLGA (0.05 mmol/L) and
5.42 mg Polyol-ox (0.01 mmol/L) were dissolved in 3 mL anhy-
drous THF. The mixture was stirred for 48 h at room temperature
under the protection of argon. After the reaction completed, the
resulting solution was dried by a rotary evaporator and then was
recrystallized with good solvent chloroform and bad solvent
methanol for further separation and purification.

2.4.  Thioflavin-T assay

The concentrated solution of Thioflavin T (ThT 0.7 mg/mL) and
ABi—4» (1 mg/mL) were firstly prepared. Then the ThT and
AQB_4> were both diluted to a final concentration of 20 pmol/L
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into glycine/NaOH (90 mmol/L, pH 8.5). Following, this mixture
was added to the 96—well plate at 100 pL per well, and incubated
with different samples: ox-PLGA, (ox-PLGA)-K, (ox-PLGA)-KD
and KLVFF. The molar ratio of AB;_4,/samples was 1/2. Three
replicates were made for each sample and then averaged the re-
sults. After incubation at 37 °C for 24 h, the ThT fluorescence in
plates was tested with an excitation wavelength of 450 nm and
emission at 485 nm by microplate reader.

2.5. Anti-A@ toxicity assay

Firstly, PC-12 cells were inoculated on 96-well plate
(1 x 10* cells/per well). After the cells have grown for 24 h, the
original medium was removed, and then added fresh medium
(control) or medium containing A@ (10 pmol/L). Next, different
concentrations of 0x—PLGA, (0x-PLGA)-K, (0ox-PLGA)-KD,
KLVFF, and PBS were added into corresponding wells. The ratio
of each nanoparticle to A@ was set with different molar ratios,
which are 1-5, 1—-10, and 1-20, respectively. 24 h later, the
prepared MTT solution (5 mg/mL) was given to each well (10 pL
per well). Finally, the absorbance at 570 nm was detected by
microplate reader after incubating with MTT solution for 4 h.

2.6.  Cell targeting experiment

The U251 cells were inoculated into 6-well plate (5 x 10° cells
per well). After grown for 24 h, the cells were treated with
different nanoparticles labeled with coumarin-6.3 h later, the cells
were stained with DAPI (0.5 pg/mL) for 5 min. Then the laser
scanning confocal microscopy (A1R+, Nikon, Japan) was
employed to observe the co-localization of nanoparticles with
cells.

The PC-12 cells and BV-2 cells were inoculated in 6—well
plate (3 x 10° cells per well). After grown for 24 h, the A8 (Af—
FITC/AB = 1/10) and different nanoparticles were added into the
6-well plate. After 3 h incubation, culture medium was removed,
and the cells were washed three times with PBS. Finally, cells
were digested and collected for testing by flow cytometry (Becton,
Dickinson and Company, USA).

2.7.  Invitro BBB transcytosis

The U251 cells were inoculated under the chambers of Transwells
(24-well; pore size: 3 um; Corning, USA) (1 x 10° cells per well).
After U251 cells adherence, the bEnd.3 cells were inoculated into
inserts (1 x 10° cells per well), so that the endothelial cell line
could contact with the glioblastoma astrocytoma cells through the
micropores’’. The culture medium was replaced every 1—2 days.
The integrity of this bilayer was monitored using transendothelial
electrical resistance (TEER) measurements (Millicell-ERS, Mil-
lipore, USA). After the transmembrane resistance of the model
reached 200 Q, added new medium containing AB (5 umol/L) into
corresponding wells. After 24 h, replaced the medium and added
different nanoparticles labeled with coumarin-6 into the chambers
of Transwells. 4 h later, the confocal microscope was used to
observe the imaging of this bilayer.

2.8.  Invivo imaging
Firstly, AD model was established by injecting AB,_4, into hip-

pocampus according to the method described previously’®. The
male mice were anesthetized and fixed in a stereotactic device.

AQ1—4p was dissolved in artificial cerebrospinal fluid (1 mg/mL)
and pre-incubated at 37 °C for 7 days. Next, AB;_4> (5§ pL) was
injected into the right hippocampus for 8 min and then withdrawn
slowly. Two weeks after the operation, the mice were intrave-
nously injected with the DiD-labeled nanoparticles and imaged by
the Lumina III Imaging System (PerkinElmer, USA) at 2, 4, 8, 12,
24, 36 and 48 h post injection. At the same time, some mice were
executed at the 8 h, and then their major organs were separated for
ex vivo imaging. The fluorescence of the organs was measured as
above. Next, the tissues were sectioned after the fixation and
dehydration steps by freezing microtome (Leica CM1950, Ger-
many). At last, the tissues were stained with DAPI (1 ng/mL). The
images were observed using a confocal microscope.

2.9.  Behavioral experiment

Morris water maze (MWM): MWM were used to evaluate the
spatial cognitive performance. Whether the dosage or frequency of
administration, the same treatment was used in two AD models (8-
month-old APPswe/PSEN1DE9 transgenic mice and AB-injected
mice). Here, AB-injected mice model provided an example. The
Af-injected mice were randomly divided into 4 groups (n = 11)
and gave appropriate medication. Healthy mice were performed
sham operation for reducing the error caused by the surgery. High
dose (0.7 mg/kg), low dose (0.35 mg/kg) of R@(ox-PLGA)-KcD,
free rapamycin (0.7 mg/kg) and PBS were administered intrave-
nously once every two days. After giving 7 treatments, the mice
were performed MWM test. Firstly. A 4-days behavior training
were conducted before the test. The mice were placed in a white
round pool (100 cm in diameter). There was a circular platform in
the water, which was about 1 cm away from the water surface. If
the mice find the platform within 60 s and stay for at least 10 s, it
is considered a successful training. If not, they will be artificially
guided to the platform and stay for 10 s. On the fifth day, the
platform was removed and the spatial probe test was performed.
The mice were allowed to swim freely for 60 s. The latency to
reach the platform, average frequencies across original platform
location and cumulative time at original platform location were
recorded for statistical analysis.

Y-maze: To further study short-time memory ability, the AD
mice were measured by Y-maze. It had three arms (A, B, C arms) of
the same size (30 cm long, 8 cm wide and 15 cm height). The angle
between the arms was 120°. We put the mice in one arm (A arm),
and then recorded the sequence of mice entering each arm in 480 s.
Pre-training was conducted to familiarize mice with Y-maze.

2.10.  Mechanism experiments after treatment

After the treatment, we collected blood from the eyes of the mice
before the execution. After the blood was allowed to stand for 2 h,
the supernatant was separated by centrifugation to obtain serum,
and the inflammatory factors in the serum were measured by ELISA
Kit. Next, the major organs were separated. The cross sections of
the hippocampus of some brains were selected for staining. The
hippocampal tissues in some brains were homogenized by a high-
speed tissue grinder (Servicebio, Wuhan, China) to perform West-
ern blot, ELISA assay and ROS experiments, respectively.

2.11.  Evaluation of systemic toxicity

During the treatment, all mice were weighed once every three
days. The weight changes of each group were counted after
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Figure 2

Synthesis and characterization of the R@(0x-PLGA)-KcD. (A) Synthesis scheme of (Polyol-ox)-PLGA. (B) GPC analysis of (Polyol-

ox)-PLGA. (C) DLS analysis of R@(0ox-PLGA)-KcD. (D) TEM image of R@(0ox-PLGA)-KcD in PBS. Scale bar = 50 nm. (D) Cumulative
release rate of R@(0x-PLGA)-KcD in PBS with 0 mmol/L. and 1 mmol/L H,0,. Data are presented as mean + SD (n = 3).

administration. Meanwhile, H&E staining was used to observe the
pathological changes of visceral sections of mice, so that the
systemic cumulative toxicity of nanoparticles could be observed.

2.12.  Statistical analysis
All data are presented as mean =+ standard deviation (SD). Un-
paired Student’ s r-test was used for comparison of two groups.

3. Results

3.1.  Synthesis and characterization of R@(ox-PLGA)-KcD

The intermediate product Polyol-ox with ROS sensitive bond was
synthesized from inositol and oxalyl chloride, '"HNMR and elec-
trospray ionization mass spectrometry (ESI-MS) illustrated that it
was successfully synthesized (Supporting Information Figs. STA
and S1B). Then one Polyol-ox was connected with two PLGA
(MW = 3000) molecules to form two-arm nunchaku-shape
biodegradable polymer (Polyol-ox)-PLGA (Fig. 2A), which was
demonstrated by gel permeation chromatography (GPC) (Fig. 2B).
KLVFFC (MW = 755.5) and C-Acp-Cyclo (CDAGRKQKC)
MW = 1222) were connected with DSPE-PEG;y,-Mal and
DSPE-hyd—PEGs5009-Mal, respectively. From the matrix-assisted
laser desorption/ionization time of flight mass spectrum (MALDI-
TOF-MS) (Supporting Information Figs. S2A—S2D), the DSPE-
PEG;(pp-Mal peak at m/z about 2900 and the DSPE-hyd-PEGsgo-
Mal peak at m/z about 5600 moved to about 3600 and 6800,
respectively, indicating that DSPE-PEG;g0o-KLVFF and DSPE-
hyd-PEGs009-DAG were successfully synthesized. In addition, we
have also confirmed that the hydrazone bond in DSPE-hyd-
PEGs5000-DAG would break under the acidic environment
(Supporting Information Figs. S2E and S2F). On the contrary, the
DSPE-PEGs59-DAG without hydrazone bond didn’t have such a
phenomenon (Supporting Information Figs. S2G—S2J). Next,
rapamycin was encapsulated into nanoparticles by Ultrasonic Ho-
mogenizer (SCIENTZ, JY92-IIN, Ningbo, China), and the most

suitable particle size and zeta potential were obtained by optimizing
the preparation methods. The number mean size of R@ (ox-PLGA)-
KcD was 60.0 £ 5.9 nm (Fig. 2C), and the zeta potential was
—30.5 £ 1.4 mV, which were measured by the dynamic light
scattering (DLS). Transmission electron microscopy (TEM) and
showed that the nanoparticles were regular round with good uni-
formity (Fig. 2D).

To verify the stability of nanoparticles, nanoparticles were
incubated with phosphate buffer solution (PBS), 10% and 50%
fetal bovine serum (FBS), respectively (Supporting Information
Fig. S3). Within 36 h, there was no significant increase in parti-
cle size or polydispersity index (PDI). Compared with PBS
without H,O,, the release rate of rapamycin in PBS with 1 mmol/
L H,0, was obviously increased (Fig. 2E), indicating the drugs
loaded in nanoparticles were released responsively. TEM showed
that the structure of ROS-responsive nanoparticles [R@(ox-
PLGA)-KcD] changed obviously after incubating with PBS con-
taining H,O, for 12 h, but no change was observed in
PBS(Supporting Information Figs. S4A and S4B). In comparison,
the structure of nanoparticles composed of PLGA without ROS
bond modification (R@PLGA-KcD) didn’t change observably
before and after incubation (Supporting Information Figs. S4C
and S4D). These results confirm that PLGA modified with Pol-
yol-ox could make the nanoparticle respond to ROS to release the
drugs quickly. Since the ROS level of normal tissues and cells
remain relatively low, these features of nanoparticles can support
the selective release of drugs in the pathological environment of
AD.

3.2.  Evaluation of AB capturing and anti-AQ toxicity

First, we visually observed the role of nanoparticles in capturing
Ag through TEM imaging (Fig. 3A). Compared with simple (ox-
PLGA)-K nanoparticles, after co-incubation with A, a thin film
was clearly observed on its outer surface, and a large number of
fibers formed after simple AP incubation were not found, which
indicated that A co-incubated with nanoparticles modified with
KLVFF could form nanoparticles/AB complex to inhibit the
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Figure3  The anti-Ag toxicity and targeting ability of nanoparticles. (A) TEM images of A, AG/KLVFF, AB/(ox-PLGA)-K and (ox-PLGA)-K
at 24 h. Scale bar = 100 nm. (B) The binding of nanoparticles to AG was showed by ThT assay after incubation monomeric AB,_4, with different
nanoparticles for 24 h at 37 °C. Data are presented as mean + SD (n = 3). ***P < 0.001. (C) The anti-Ag toxicity of KLVFF, (ox-PLGA)-K, (ox-
PLGA)-KD and ox-PLGA in PC-12 cells. The molar ratios of nanoparticle/Ag were 1/5 (blue), 1/10 (red) and 1/20 (green), respectively. Data are
presented as mean + SD (n = 3). ***P < 0.001. (D) The schematic illustration of transwell model. (E) 3D confocal images of bEnd.3 and U251
contact co-cultured bilayer in the donor chamber of transwell model after the introduction of different formulations for 4 h. Scale bar = 40 pm.
(F) Intensity curve of coumarin-6 at the indicative location and distance from E. a, Cou-6@ox-PLGA; b, Cou-6@(0x-PLGA)-D; c, Cou-6@(ox-
PLGA)-cD; d, Cou-6@(0x-PLGA)-KcD. (G and H) Uptake of AB by PC-12 (G) and BV-2 cells (H) after treatment with different formulations.
The concentration of AB was 5 pmol/L. AG was labeled with FITC (molar ratio of AG-FITC/AB was 1/10). Data are presented as mean £+ SD
(n = 3). **P < 0.01, ***P < 0.001, ****P < 0.0001.

aggregation of AB. Then we continued to study the binding effi-
ciency of nanoparticles to AG by an established method of dye
binding thioflavin T (ThT) fluorescence assay, which was used to
detect the aggregation of A due to its fluorescent spectrum

(Fig. 3B), indicating that the nanoparticles modified with KLVFF
peptide had a good affinity with AB. Moreover, nanoparticles
modified with only KLVFF peptide [(0x-PLGA)-K] had lower
fluorescence intensity than those modified with KLVFF peptide

changed with fiber growth®. Compared with the control group
(PBS) and the nanoparticles without peptide modification group
(0x-PLGA), the fluorescence intensity of ThT decreased signifi-
cantly in the nanoparticles containing KLVFF peptide groups

and acid-uncleavable DAG peptide [(0x-PLGA)-KD]. The main
reason was that DAG peptide was attached to a longer chain
DSPE-PEGsgg9, which had a certain extent protection and
shielding effect on the KLVFF peptide inside. This also reflected
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the necessity of acid-cleavable design, which was to avoid
affecting the binding of KLVFF peptide to AS.

We then verified at the cellular level whether inhibiting the
aggregation of Af can reduce the toxicity caused by AS. Firstly,
we investigated the cytotoxicity of nanoparticles by methyl-thia-
zolyl-tetrazolium (MTT) assay. The murine pheochromocytoma
cells PC-12 showed approximately 100% viability in different
groups of nanoparticles at less than 20 pg/mL (Supporting
Information Fig. S5A), indicating that the nanoparticles had
good biocompatibility. Next, to investigate the anti—AS toxicity of
nanoparticles, PC-12 cells were treated with AB (10 umol/L) and
different nanoparticles. As expected, compared with those treated
with AG/PBS that had only half survival (53.4%), the cell viability
increased significantly in those treated with nanoparticles con-
taining KLVFF peptide. More optimistically, cell survival rate
surpassed 100% after incubating with (0x-PLGA)-K/A@ [the
molar ratio of (0x-PLGA)-K/A@ was 1/5] (Fig. 3C). These results
altogether indicated the nanoparticles with KLVFF peptide could
effectively reduce AB-induced toxicity by mean of capturing AS
and forming nanoparticles/A( complex.

3.3.  Nanoparticles targeting in vitro

The bEnd.3 cells and U251 cells were used to establish a normal
BBB model in vitro by contact co-culture (Fig. 3D), which was
more relevant to the real BBB environment than the commonly
used monolayer model’’. The transmembrane resistance of the
model was measured every day until it reached 200 Q. Then AS
(5 pmol/L) was incubated with the model for 24 h to simulate the
BBB at the AD lesions because the A3 could activate astrocytes and
stimulate CTGF receptor expression, which is the receptor of
DAG"'. The normal and AD-mimetic BBB models were incubated
with different nanoparticles labeled with coumarin-6 for 4 h. The
3D confocal images of the model displayed that penetrability of
nanoparticles containing acid-cleavable DAG peptide groups [Cou-
6@(0x-PLGA)-cD and Cou-6@(0x-PLGA)-KcD] were signifi-
cantly deeper than that of nanoparticles without peptide modifica-
tion (Cou-6@ox-PLGA) and with acid—uncleavable DAG peptide
modification [Cou-6@(0ox-PLGA)-D] (Fig. 3E). From the fluores-
cence quantitative analysis, the intensity curve of coumarin-6-
loaded nanoparticles with acid—cleavable DAG exhibited about two
times longer extension than that of other formulations (Fig. 3F). But
this phenomenon was not observed in normal BBB model without
AQ stimulation. These results demonstrated that nanoparticles with
acid-cleavable DAG could specifically penetrate AD-mimetic BBB
model. Then we explored the binding efficiency of nanoparticles to
U251 cells by confocal imaging. Compared with nanoparticles
without peptide modification, nanoparticles with DAG peptide
bound more robustly to U251 cells. Meanwhile, this binding was
specific, which was inhibited by co-incubation with free DAG
peptides (Supporting Information Fig. S5B). All these finding
further confirmed that the cleavable-DAG coating was beneficial for
the specific brain targeting of nanoparticles as well as relatively
more BBB penetration.

Subsequently, we studied the uptake of AB by PC-12 cells and
BV-2 cells after co-incubation of nanoparticles with AG. For PC-
12, the uptake rates of AS in the PBS group and the nanoparticles
without peptide modification (0x-PLGA) group were higher than
that of the nanoparticles with KLVFF peptide (Fig. 3G). The re-
sults implied that for ordinary neurons, nanoparticles with KLVFF
peptide could capture A and then reduced its uptake by neurons,
which explained the neurotoxicity mediated by AS could be

relieved by KLVFF modified nanoparticles. Studies showed that
AB in the brain was usually cleared by microglia*’. Therefore,
murine microglial BV-2 was employed to evaluate the uptake of
AB. Surprisingly, we got an opposite result. The amount of AS in
cells treated with (ox-PLGA)-K were 3.9—, 1.9— and 1.3—fold
higher than those treated with PBS, ox-PLGA, and (ox-PLGA)-
KD group, respectively (Fig. 3H). From this result, we found it
was not easy for free AB to be endocytose by microglia, but after
incubation with KLVFF modified nanoparticles, it was more prone
to be internalized. Then we found that there was no significant
difference in the uptake behavior of nanoparticles themselves in
the two cells, which confirmed that the difference in the uptake of
AQ by the cells had nothing to do with the uptake behavior of the
nanoparticles themselves. This mainly depended on the difference
in the ability of the nanoparticles to capture A@, which would
affect the amount of AQ carried into the cell (Supporting
Information Fig. S6). Combined with the ThT and TEM results,
we can conclude that the nanoparticles can capture A8 and form
nanoparticles/AB complex, which reduced the uptake of A8 by
neurons and promoted the uptake by microglia, alleviating AG—
mediated neurotoxicity and reducing the extracellular AQ
deposition.

3.4. Invivo targeting and distribution of nanoparticles

To evaluate the brain targeting efficiency of nanoparticles in vivo,
we injected different nanoparticles labeled with DiD into AD mice
(Ap-injected mice) and monitored them with living fluorescent
imaging (Fig. 4A). The nanoparticles with DAG peptide had
significantly stronger intensity in brain than those without DAG
peptide, validating the potent brain targeting capacity of DAG.
Importantly, the fluorescence intensity of nanoparticles with acid-
cleavable DAG was stronger than those with acid-uncleavable
DAG, indicating the nanoparticles could penetrate the BBB more
effectively after detaching cleavable DAG. At 8 h post injection,
the major organs of AD mice were isolated for ex vivo imaging
(Fig. 4B). As such, these DAG-coating nanoparticles all exhibited
stronger fluorescence signal in the brain than DiD@ox-PLGA,
especially those with acid—cleavable DAG groups. Furthermore,
quantitative results displayed that the fluorescence intensity of
brain in DiD@(0ox-PLGA)-D, DiD@(0ox-PLGA)-cD and
DiD@(0x-PLGA)-KcD groups was 1.19, 1.32 and 1.76 times
higher than that in DiD@ox-PLGA group, respectively (Fig. 4C).
The results further proved the above-mentioned conclusion. Af-
terwards, the major tissues were sliced and observed by confocal
fluorescence microscopy (Fig. 4D and Supporting Information
Fig. S7), which was in accordance with the above results. These
results altogether supported the nanoparticles modified with DAG
peptide could achieve brain targeting, and cleavable DAG could
facilitate the penetration of nanoparticles, which was consistent
with the BBB penetration results.

3.5.  Evaluation of the effect to rescue memory deficits

Morris water maze (MWM) and Y maze were used to evaluate the
spatial cognitive performance and short—time memory ability,
respectively. As a control group, healthy mice were performed
sham operation for reducing the error caused by the surgery. After
the treatment period, we first gave all mice four days of indis-
tinguishable spatial learning training before the MWM test. The
spatial learning and memory retention of the mice treated with
R@(0x-PLGA)-KcD were significantly better than those treated
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Figure 4

In vivo distribution. (A) Living imaging of AD mice (AB-injected mice) after intravenously injection with different formulations at

different time—intervals. Bar represents radiant efficiency from 4.0 x 10® to 1.0 x 10° [p/s]/] [uW/cmz]. (B) Ex vivo imaging of tissues in each
group after injection 8 h. Bar represents radiant efficiency from 2.0 x 108 t0 8.0 x 10° and 4.0 x 107 to 2.5 x 10® [p/s]/[uW/cmz], respectively.
The black circle showed the area where AB was injected. (C) Semi—quantitative analysis of fluorescence intensity from B. Data are presented as
mean £ SD (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) Fluorescence distribution in brain slices after injection different
formulations for 8 h a, DiD@ox-PLGA; b, DiD@(0x-PLGA)-D; ¢, DiD@(0x-PLGA)-cD; d, DiD@(0x-PLGA)-KcD. Scale bar = 50 um.

with PBS or free rapamycin, both in low and high dosage. Ac-
cording to latency to reach the platform (Fig. 5A), the mice in PBS
group took the longest time (52.4 £ 13.3 s), followed by the free
rapamycin group (40.3 £ 17.2 s), while the mice of R@(ox-
PLGA)-KcD groups both in low (15.5 &+ 8.4 s) and high dose
(14.4 £ 8.6 s) took about similar time as sham—operation group
(13.4 £ 10.9 s). Meanwhile, other representative statistical results,
for instance, average frequencies across original platform location
and cumulative time at original platform location (Figs. 5B—5D
and Supporting Information Figs. S8A and S8B), were also in
accordance with above results. These outcomes were further
confirmed on transgenic mice (Supporting Information Figs. S§C—
S8E).

To further study the short—time memory ability of AD mice,
we placed the mice in one of the arms of the Y maze, and then
recorded the sequence of mice entering each arm in 480 s.
Alternating defined as continuous access to three different arms
was regarded as evaluation index of short—time memory ability.
The alternating in low and high dose groups were both higher than
AD group (Supporting Information Fig. S8F). The results of

transgenic mice were agreed with the above (Supporting
Information Fig. S8G). From two AD animal models and two
behavioral experiments, it was fully demonstrated that R@(ox—
PLGA)—KcD had significant therapeutic effects on rescuing
memory deficits of AD mice.

3.6.  Evaluation of inducing autophagy and cleaning toxic
protein in vivo

In order to further explore therapeutic mechanism, we focused
first on the autophagy regulation in vivo. After treatment, the total
protein in the hippocampus of the transgenic mice brain was
extracted. And then the Western blot was employed to observe the
changes in levels of autophagy related proteins light chain 3-1I
(LC3-1II) and P62. In the administration groups especially high
dose group, the expression of LC3-1I was increased and P62 was
reduced, suggesting that autophagy levels have been raised after
receiving R@(0ox-PLGA)-KcD treatment. The enhanced auto-
phagy was helpful to restore the ability to degrade toxic proteins,
such as reducing AQ levels and relieving TAU pathological
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(n = 11). ¥**P < 0.01, ****P < 0.001, n.s., not significant. (D) The representative swimming paths and paths heat map of mice in MWM test.

The significant differences of each group were compared with group AD.

changes. The results showed the level of the phosphorylated TAU
protein in the administration groups was significantly lower than
that in AD and free rapamycin groups, which was comparable to
the healthy group (Fig. 6A and B). We also studied the Ag plaques
in the hippocampus and cerebral cortex of AD mice brain by
immunostaining. As shown in Fig. 6C and 0.36% of A plaques
were distributed in the brain of healthy mice. And in AD mice,
this value increased more than 10 times to 3.95%. Fortunately,
after treatment of nanoparticles, the distribution of Ag plaques in
the brain was greatly reduced, almost close to the level of normal
mice. Similar results were obtained in immunohistochemical
staining of AB plaques (Fig. 6D and Supporting Information
Fig. S9A). There have been numerous studies reported in previ-
ous studies that A plaques and TAU protein are overexpressed in
AD mice'*"***, Interestingly, after receiving R@(ox-PLGA)-
KcD treatment, the burden of A plaques and TAU protein
decreased significantly. Given these results, we could find that the
R@(0x-PLGA)-KcD could promote autophagy and accelerate the
degradation and elimination of toxic protein like AG plaques and
TAU protein in brain.

3.7.  Evaluating neuroprotective effect of nanoparticles

In addition to toxic protein damage, excessive oxidative stress
and high levels of inflammatory response are also important
factors that threaten the brain. Research suggested that rapa-
mycin could alleviate oxidative stress and down regulate the
levels of inflammatory factors”!. Furthermore, the ROS respon-
sive bond in nanoparticles would consume a certain amount of

ROS in the process of its rupture, which could further alleviate
oxidative stress. The ROS levels in the brain of AD transgenic
mice were measured at the end of the treatment period. Ac-
cording to the results, the relative ROS level in the brains of
mice treated with PBS and free rapamycin were significantly
higher than that of healthy mice, while it was dramatically
lowered in those receiving R@(0x-PLGA)-KcD treatment
(Fig. 7A). Enzyme—linked immunosorbent assay (ELISA) was
utilized to detect the level of inflammatory—related factors such
as IFN-y, TNF-« and IL-10 in the hippocampus of brain and
serum. The results showed that the pro—inflammatory factors
like IFN-v, TNF-«a were both down—regulated in AD transgenic
mice treated with R@(ox-PLGA)-KcD, and anti—inflammatory
factor IL-10 was up-regulated (Fig. 7B and C and Supporting
Information Fig. S9B). This illustrated the R@(ox-PLGA)-
KcD could reduce excessive ROS and down—regulate inflam-
matory factors levels in AD mice, thereby normalizing the lesion
microenvironment.

Accordingly, the H&E and Nissl staining in AD mice brain
were employed to evaluate the neuronal damage, which could
reflect neurotoxicity. In particular, the CA1 and CA3 regions of
the hippocampus were often used for memory studies®. In Nissl
staining, we could observe nuclear stain to deepen, cell body
shrinkage, divergence of cell and Nissl bodies decrease in the CA1
and CA3 regions of the hippocampus of mice treated with PBS
and free rapamycin, but not in healthy mice and those treated with
R@(0x-PLGA)-KcD (Fig. 7D and Supporting Information
Fig. S10A). The H&E staining results were consistent with the
Nissl staining results (Fig. 7E and Supporting Information Fig.
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Figure 6 Evaluation of inducing autophagy and cleaning toxic protein in vivo. (A) Western blot of LC3-I, LC3-II, p62 and TAU results. (B) The

corresponding quantified results from A. Data are presented as mean = SD (n = 3). *P < 0.05, **P < 0.01, n.s., not significant. The significant
differences of each group were compared with group AD. (C) Immunofluorescence staining of AS plaques (pink: Ag; blue: DAPI) in the
transgenic mice brain. The first line: Scale bar = 500 um, the last line: Scale bar = 200 um. (D) Immunohistochemical staining of Ag plaques in
the brain of AD transgenic mice treated with different formulations. White arrows pointed to Ag plaques. The first line: Scale bar = 200 pm, the

last two lines: Scale bar = 20 pm.

S10B). From these results, we could see that R@(ox-PLGA)-KcD
had outstanding effect in protecting nerve cells.

3.8.  Evaluation of toxicity in vivo

The toxicity of nanoparticles in vivo was mainly evaluated by
organ H&E staining and weight monitoring. There were no
observed pathological differences in different treatment groups
(Supporting Information Fig. S11A). The body weight changes of
AD mice were not significantly during the treatment (Supporting
Information Fig. S11B). These results indicated that the nano-
particles had good biocompatibility and possessed potential clin-
ical application value.

4. Discussion and conclusions

It is urgent to find therapies and delivery methods that slow or
reverse the progression of AD. In this study, we successfully
designed an accurate targeting nanoparticle [R@(ox-PLGA)-
KcD], which could not only specifically capture A, but also
mediate the disordered lesion microenvironment for further
treatment. The DAG peptide connected to nanoparticles with an
acid—sensitive bond could detach from the nanoparticles after
specifically targeting the BBB in AD lesions, facilitating the
transcytosis of the nanoparticles into the brain parenchyma.
KLVFF peptide modified on nanoparticles with short-chain PEG
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Figure 7  Evaluation of neuroprotective effects and toxicity in vivo. (A) Relative ROS level in the hippocampus of AD transgenic mice brain.
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line: Scale bar = 200 pm, the last two lines: Scale bar

20 pm. (E) The H&E staining of AD transgenic mice treated with different for-

mulations. The black box shows the hippocampal CAl area. The first line: Scale bar = 200 pm, the last line: Scale bar = 20 pm.

was exposed to capture and carry A into microglia after losing
long-chain PEG conjugated DAG. In addition, rapamycin released
responsively at the lesion sites played a coordinated role to
normalize the lesion microenvironment.

In the development of delivery vector for AD, brain-targeting
peptides were widely used due to low immunogenicity and high
safety*®*’. For example, BBB shuttle peptide CRT modified on
nanoparticles improved the brain targeting of nanoparticles®’.
However, the lack of specificity of this kind of brain-targeting
peptide caused the widespread distribution of nanoparticles in the
brain, which reduced the accumulation of nanoparticles in lesions
as well as brought side effects to normal brain tissue. Likewise,
the use of a-D-mannopyranoside as the targeting molecule also
faced the above problems*®. Recent years, some cascade targeting
strategies were designed, which first targeted BBB through the
primary targeting molecule, and then targeted the lesion sites
through the secondary targeting molecule®”*’. Actually, there is
still a long way to reach the lesions after crossing the BBB. These
kinds of strategies do not fundamentally solve the non-selectivity

of primary targets. Herein, we optimized the previous indiscrim-
inate targeting through a cyclic peptide DAG, which could spe-
cifically home to neurovascular unit endothelial cells and reactive
astrocytes in AD lesions. From in vitro and in vivo targeting
studies, we found the fluorescence intensity of nanoparticles
modified with DAG peptide was mainly concentrated in the in-
jection area of A, confirming that nanoparticles possessed spe-
cific brain targeting with the support of DAG.

However, it should be noted that finding a specific brain targeting
peptide does not necessarily lead to successful brain accumulation.
The reason is that the receptor-mediated transcytosis of brain-tar-
geted peptides still limited by multiple factors in the process of
crossing the BBB. In order to improve the binding with BBB, many
high-affinity brain-targeting peptides were chose to modify on
nanoparticles*®". But in this way, these nanoparticles were prone to
trap in endo/lysosomes, causing undesirable transcytosis efficiency.
It was reported low-affinity molecules could better mediate trans-
cytosis across BBB, while they were generally required for high
concentration to ensure adequate uptake’'. For balancing the
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binding and transcytosis to maximize the benefits, acid-breakage
targeting peptides were proposed to enhance the penetration of
BBB. After being endocytosed into endo/lysosome, the acid—
cleavable brain-targeting peptides could detach from nanoparticles
in response to the acid environment, enabling the nanoparticles
separate from corresponding receptors to enter brain parenchyma.
In our previous research, we also used high-affinity targeting pep-
tides connected with acid—sensitive bond to increase penetration,
and achieved excellent brain targeting effects”™*’. Whereas, there
are rarely such reported on specific targeting molecules of BBB in
AD lesions. Thus, we equipped the DAG peptide, which could
specifically target BBB at AD lesions, with endosome detachable
property through acid—sensitive bond. Similarly, the data provided
by the in vitro BBB model experiment was consistent with the
previous studies”®>. The nanoparticles modified with acid-cleav-
able DAG exhibited about two times higher penetration depth than
those with acid—uncleavable DAG, indicating the acid—cleavable
DAG made the nanoparticles easier to penetrate through the BBB.
For AD treatment, many studies have confirmed that it is not
enough to focus on reducing AB or TAU protein phosphorylation
alone”®. Due to the increasingly prominent role of microglia
dysfunction in AD, many current studies have included the
restoration of microglial homeostasis into the consideration of
therapeutic strategies. An autophagy promoting peptide beclin-1
was delivered to the brain to induce autophagy of microglia to
degrade AB>'. But the over activation of microglia in AD lesions
not only affects the degradation of toxic proteins due to damaged
autophagy system, but also releases a large number of inflam-
matory factors, ROS and so on, which accelerates the neuronal
necrosis™. Herein, we co-delivered the AB-capturing peptide
(KLVFF) and mTOR inhibitor rapamycin. KLVFF peptide could
help extracellular A@ that was not easily absorbed to be endocy-
tosed by microglia. For one thing, it reduced the A@-mediated
neurotoxicity, for another, it created conditions for microglia to
degrade AQ through intracellular autophagy. The release of
rapamycin could restore the damaged autophagy function of
microglia, thereby synergizing with KLVFF to reduce A@ depo-
sition. Not only such, rapamycin could also reverse inflammation
condition and alleviate oxidative damage to modulate abnormal
microenvironment. Biological sample analysis of AD transgenic
mice after treatment provided strong evidence for remarkable anti-
AD therapeutic effect of this combinatorial strategy. Collectively,
we provide a multi-pronged strategy for delivering therapeutic
agents efficiently to AD lesions, which could be regarded as a
promising strategy in the development of novel AD treatments.
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