Bioactive Materials 6 (2021) 1750-1764

KeAi
Contents lists available at ScienceDirect

Bioactive
Materials

Bioactive Materials

journal homepage: www.sciencedirect.com/journal/bioactive-materials

ELSEVIER

Check for

Legumain-induced intracerebrally crosslinked vesicles for suppressing e
efflux transport of Alzheimer’s disease multi-drug nanosystem

Fuxin Jiang, Jian Ren, Yachai Gao, Jinna Wang, Yiping Zhao , Fengying Dai

School of Material Science and Engineering, Tianjin Key Laboratory of Separation Membranes and Membrane Processes, National Center for International Joint Research
on Separation Membranes, Tiangong University, Tianjin, 300387, China

ARTICLE INFO ABSTRACT

Keywords:
Legumain

Brain barrier
Efflux transport
Multi-drug delivery
Alzheimer’s disease

Brain barrier is both a protective permeability hurdle and a limitation site where therapeutic agents are excluded
to enter the target region. Designing drug vehicle to overcome this notorious barrier bottle is challenging. Herein,
we construct a stimuli-responsive self-assembled nanovesicle that delivers water-soluble drugs to prevent the
efflux transport of brain barriers by responding to the endogenously occurring signals in Alzheimer’s disease
(AD) brain microenvironment. Once stimuli-responsive vesicles are accumulated in intracerebrally, the intrin-
sically occurring legumain endopeptidase cleaves the Ac-Ala-Ala-Asn-Cys-Asp (AK) short peptide on the drug
vesicles to expose the 1,2 thiol amino group to cyclize with the cyano groups on 2-cyano-6-aminobenzothiazole
(CABT) of the chaperone vesicles, thus triggering the formation of cross-linked micrometre-scale vesicles. Such a
structural alteration completely prevents further brain barriers efflux. The superior neuroprotective capacity of
cross-linked vesicles is validated in senescence accelerated mouse prone 8 (SAMP8). This smart multi-drug de-
livery vesicle is promising to serve as a powerful system for AD treatment and can be adapted for the therapy of

other central nervous system (CNS) disorders.

1. Introduction

No clinical treatment drug for Alzheimer’s disease (AD) could
completely reverse the aging process over the past decade. During these
barren years, drug hunters were largely focused on identifying agents
that target either p-amyloid, tau protein, metabolic disorder or neuro-
transmitters [1,2]. Although biologists have been struggling to pinpoint
what really causes the disease, the more urgent clinical management
dilemma is how to deliver sufficient dose of therapeutic drugs into brain
parenchyma to avoid the continued deterioration of the medium and
advanced patients. However, the disappointing fact is that about 98% of
small molecule drugs and virtually all large molecule drugs failed to
enter the brain due to the brain barrier [3-7].

Polymer vesicles nanomedicine presents a promising opportunity to
greatly boost AD therapy [8-10]. Indeed, intensive investigations have
demonstrated that functionalized vesicles can be employed as promising
delivery systems to enhance loading of hydrophilic and hydrophobic
drug and thus protect the drug from enzymatic degradation in blood
[11]. Brain barrier could protect neuron against neurotoxin, but this
barrier bring large difficulty for drug brain parenchyma retention. Efflux
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pump distributed in the endothelial cell is emerging as a critical mech-
anism for nanomedicine brain efflux [12]. Higher brain endothelial cell
internalization and exosmosis ratio of nanomedicine can be expected
[13,14]. Yet, research results indicate that endothelial cell-penetrating
properties of nanomedicine do not imply brain retention ability
[15-17]. Targeting brain delivery does not solely increase penetration or
suppress the efflux protein of BBB. The central mechanism by which
modulate nanomedicine brain barrier transport and brain retention has
been elucidated. Systems studies were performed to address the trans-
port pathway, transport efficiency and thresholds for nanomedicine
brain retention [18,19]. Indeed, nearly 75-95% of peak value nano-
medicine that released in brain parenchyma was pushed out of the brain
by efflux protein or paravascular glymphatic pathway [15,17,20-24].
The multimode overlay of influx and efflux BBB transport leading to the
nanomedicine brain retention ratio raised at first, then decreased, and
the peak appeared at 1-2 h after nanomedicine taken [15,17,21].
Therefore, drug targets delivery will be the strategies those can manage
nanomedicine to overcome efflux in brain parenchyma.

The different environment of the diseased cell that provide a unique
opportunity for rational design of nanomedicine. Numerous studies have
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Fig. 1. Schematic diagram of brain response. a) Responsive cross-linked of large compound vesicles formed in intracerebrally. b) Inhibition of brain barrier efflux

and synergistic treatment of AD.

demonstrated that legumain has prominent role in AD pathogenesis,
which has major clinical implications [25]. During ageing and other
cellular stressors in the AD brain, legumain translocates from the
endolysosome into the cytoplasmic space, and then legumain is widely
distributed in brain parenchyma in AD patients but is not activated in
CSF [26-28]. These understanding of the active leguamin and nano-
mendicne efflux mechanism that control brain retention, revealing the
crucial role of reprogramming factors of legumain for target retention
AD brain [29-31].

We hypothesize that legumain could be selected as a target to
trigger in situ cross-linking of small size nanodrug particles to form
large sized drug clusters and thus block the efflux of brain. Thus, three
types of smart size switchable polymer vesicles loaded respectively
with insulin, donepezil hydrochloride and memantine hydrochloride
were designed and fabricated in this study. Among them, the insulin
(INS) drug is used to down-regulate insulin resistance, and donepezil
hydrochloride (DON HCI) is used to inhibit the breakdown of intra-
cellular acetylcholine to maintain stable cholinergic content. Mem-
antine hydrochloride (MEM HCI) is expected to reduce excitatory
amino acid toxicity and prevent synaptic dysfunction caused by Ca%"
influx [32-36]. The mixture of the Vins, Vpon, VMewm Vesicles and Vcapr
vesicles was named MEM/DON/INS ICV. When intrinsically legumain
endopeptidase cleaves the Ac-Ala-Ala-Asn-Cys-Asp (AK) short peptide
on surface of the (Vins, Vpon, VMmewM) vesicles, then the exposure 1,2
thiol amino group could cyclize with the cyano group of 2-cyano-6-a-
minobenzothiazole (CABT) and thus triggering the formation of
cross-linked vesicles, which could inhibit the brain efflux (Fig. 1a and
b). These intelligent nanovesicles provide the possibility for synchro-
nous delivery of different drugs that are precisely regulated to improve
mitochondrial and synaptic functions from different mechanisms in
neuronal cells. It is anticipated that this smart system could also
enhance the brain retention of drugs, collectively improving the
memory ability of AD patients.
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2. Experimental section
2.1. Materials

Sn(II)2-ethylhexanoate (Sn(Oct);) and e-CL were purchased from
aladdin (Shanghai, China). Dextran was purchased from Yeasen Biotech
Co., Ltd (Shanghai, China). N, N-dimethylformamide (DMF), dichloro-
methane (CHxCly), Dimethyl sulfoxide (DMSO) and triethylamine (Et3N)
were all purchased from KGM chemical reagent (Tianjin, China). 2-
hydroxyethyl 2-bromoisobutyrate (HEBIB), N,N,N’,N”,N”-pentam-
ethyldie-thylenetriamine (PMDETA), acryloyl chloride and CuBr were
purchased from HEOWNS (Tianjin, China). The Ap;.42and 1,1, 1, 3, 3,
3-hexafluoro-2-propanol (HFIP) were purchased from GL Biochem
(Shanghai, China). 2-Cyano-6-aminobenzothiazole (CABT) was pur-
chased by Shanghai Chemical Pharm-Intermediate Tech. Co., Ltd
(Shanghai, China). The 4% paraformaldehyde (PFA), 3-(4,5-dime-
thylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT), poly (vinyli-
dene fluoride) (PVDF) membrane, rhodamine B (RhB), Nissl staining
solution, 2-4-(2-hydroxyethyl)-1-piperazinyl ethanesulfonic acid
(HEPES), Hoechst 33258, 4'6-diamidino-2-phenylindole (DAPI), and
postsynaptic density protein-95 (PSD-95) rabbit monoclona antibody
(AF1096), protein kinase B (Akt) mouse monoclonal antibody (AF0045),
Akt rabbit monoclonal antibody (AF1777), anti-NeuN antibody
(AF1072), anti-rabbit secondary antibody (A0453) and anti-mouse
secondary antibody (A0428) were purchased from Beyotime Biotech-
nology (Shanghai, China). Memantine hydrochloride (MEM HCI),
donepezil hydrochloride (DON HCl) and insulin (INS) were all pur-
chased from Xiensi Biochemical Technology Co., Ltd (Nanjing, China).
AK peptide (Ac-Ala-Ala-Asn-Cys-Asp) was customized by PHTD peptide
Co., Ltd (Zhengzhou, China). Malondialdehyde (MDA) detection Kkit,
esterase enzyme, DMEM (high glucose), fetal bovine serum (FBS), the
acetylcholinesterase (AChE) detection kit, 3, 3'-diaminobenzidine
(DAB), hematoxylin eosin (HE), and nickel ammonium were purchased
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from the Jiancheng Bioengineering Institute (Nanjing, China). 3DMAX
2013 was used for preparing Fig. 1.

2.2. Synthesis of the PCL-HEBIB macroinitiator

Briefly, 2-hydroxyethyl 2-bromoisobutyrate (HEBIB, 0.1 g, 0.47
mmol) and anhydrous e-caprolactone (2.32 g, 20.2 mmol) were dis-
solved in refined toluene (6 mL) in a 25 mL flask and Sn(Oct) 5 (200 pL)
were used as catalysts. The flask was then sealed and placed in an oil
bath at 110 °C. The molar ratio of HEBIB/e-CL was 1:45. After 12 h of
polymerization, the reaction was terminated by exposure to air. The
residue was dissolved in dichloromethane, precipitated from cold ethyl
ether three times. After drying overnight in vacuum, the product was
obtained with 85% yield and named PCL-HEBIB. A series of products
were synthesized by varying the molar ratio of e-CL/HEBIB.

2.3. Preparation of dextran-acryloyl chloride (Dextran-AC)
macromonomer

Dextran (Mw = 2,000, 0.8 g, 4.9 mmol of anhydroglucose unit) was
dissolved in N,N-dimethylformamide (DMF, 20 mL) and stirred at 0 °C,
at the same time, triethylamine (EtsN, 50 pL) was added. Then,
dichloromethane (8 mL) and acryloyl chloride (32 pL, 0.4 mmol) were
mixed and slowly added dropwise to the flask. After 2 h, the flask was
sealed at room temperature for 24 h. The mixture was thoroughly dia-
lyzed against distilled water (MWCO: 1000 Da) for 72 h. After lyophi-
lization, the product was obtained as a white solid with 77% yield and
named Dextran-AC.

2.4. Synthesis of PCL-Dextran (PCL-Dex) copolymer

In a typical procedure , PCL-HEBIB (0.2 g), Dextran-AC (0.4 g) and
CuBr (5.7 mg, 0.04 mmol) were dissolved in refined dimethyl sulfoxide
(DMSO, 8 mL) in a 25 mL reaction tube. The mixture was repeated
freezing and thawing three times. N, N, N, N, ‘N”-pentam-
ethyldiethylenetriamine (PMDETA, 6.9 mg, 0.04 mmol) was then dis-
solved in refined DMSO (0.5 mL) and added followed by freezing and
thawing for another 3 times. The polymerization was carried out in an
oil bath at 70 °C for 6 h. The resulting polymer was washed 5 times with
ultrapure water to remove water-soluble compounds, and then dialyzed
for 72 h (MWCO: 3500 Da). After lyophilization, the product was ob-
tained as a white solid with 80% yield and named PCL-Dextran (PCL-
Dex). Similarly, a series of PCLy-Dex were obtained by changing the
molar ratio of PCL-HEBIB/Dextran-AC.

2.5. Synthesis of PCL-Dex-PGMA

Similarly, PCL-Dex (0.56 g, 0.045 mmol), glycidyl methacrylate
(GMA, 0.16 g, 0.113 mmol) and CuBr (6.5 mg, 0.045 mmol) were dis-
solved in refined anhydrous DMSO (10 mL) in a 25 mL reaction tube.
After freezing and thawing, PMDETA (7.8 mg, 0.045 mmol) was then
dissolved in anhydrous DMSO (0.4 mL) and added. The resulting poly-
mer was thoroughly dialyzed and lyophilized overnight in vacuum, the
product was obtained and named PCL-Dex-PGMA.

2.6. Synthesis Of PCL45-D6X60-PGMA1 Z-AK and PCL45-D€X60-PGMA 12-
CABT

PCL4s5-Dexgo-PGMA1 5 (100 mg) and AK peptide (Ac-Ala-Ala-Asn-Cys-
Asp) (5 mg) were dissolved in DMSO (5 mL) and continuously stirred at
25 °C for 24 h. Then, the mixture was thoroughly dialyzed against
distilled water (MWCO: 3500 Da) for 72 h, and then lyophilized. PCL4s-
Dexgo-PGMA1,-CABT was successfully synthesized by adopting the same
operation.
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2.7. Preparation of PCLp-Dexgo nanoparticles

PCL,-Dexgp (10 mg) copolymer was dissolved in DMSO (2 mL) and
allowed to dissolve completely by sonication. Then, the PCLy-Dexgo
solution was slowly added to 10 mL Milli-Q water, and stirred 12 h at
25 °C. The mixture was thoroughly dialyzed against distilled water
(MWCO: 1000 Da) for 72 h. Similarly, the nanoparticles of PCL45-Dexgo-
PGMA 5, PCL45-D€X60-PGMA12-AK and PCL45-D€X60-PGMA12-CABT
were successfully prepared.

2.8. Polymers and nanoparticles characterization

The chemistry structures were examined by 'H NMR (AVANCE 400
MHz, Bruker AXS Inc, Madison, Wisconsin). The hydrodynamic diam-
eter was carried out with a Malvern Zetasizer nano ZS apparatus (Mal-
vern Instruments, Malvern, USA). Nanoparticles were diluted with
demineralized water, added onto copper grids and dried, then stained
with uranyl acetate (0.2 wt%), and visualized using a Hitachi H-600
(Chiyoda, Tokyo, Japan) transmission electron microscope (TEM)
operating at 200 kV.

2.9. Static light scattering (SLS) of PCL45-Dexsp nanoparticles

Static light scattering (SLS) technique was employed to analyze the
vesicular structure of the PCL45-Dexgo polymer assemblies. The SLS data
for PCL45-Dexgo in water at 25.0 & 0.1 °C was carried out and the in-
tensity of scattered light at different angle was plotted against q2, where
q is scattering vector magnitude (Guinier plot) [37,38].

Note: In SLS experiment, intensity was measured as a function of q
(which was varied by angle 0). The variable q represents the scattering
vector magnitude. It is given by the equation:

4nnsin (g)

P @

g=
Here n is the solution refractive index (1.332) and 2, is the incident

wavelength, ie: 632.8 nm. The radius of gyration (Rg) was calculated by
the equation:

(2)

Here slope of the graph is Rg/B. In the case of PCL45-Dexgg, Slope =
3340.4. So Rg = 100.1 nm.

2.10. Characterization of legumain induced aggregation of PCL4s5-Dexso-
PGMA 15-AK nanovesicles and PCL4s5-Dexgg-PGMA 12-CABT nanovesicles

At the molar ratio of 1:1, 3:1, 5:1, 7:1, PCL45-Dexgp-PGMA15-AK
nanovesicles and PCL45-Dexgo-PGMA;2-CABT nanovesicles with 5 pL
legumain (0.5 mg mL™!) were incubated in 2-4-(2-hydroxyethyl)-1-
piperazinyl ethanesulfonic acid (HEPES) buffer (pH = 5.5) for 6 h.
The hydrodynamic diameter of cross-linked nanoparticles was deter-
mined by DLS analysis. At the same time, TEM images of cross-linked
nanoparticles incubated with legumain for 6 h were observed at 200
kV using Hitachi H-600 (Japan).

2.11. Preparation of drug encapsulated vesicles

Typically, donepezil hydrochloride (5 mg) and PCL45-Dex60-
PGMA12-AK polymer (20 mg) were dissolved in DMSO (2 mL) and
slowly added to 10 mL Milli-Q water at a rate of 10 pL s~ .. The resulting
solution was stirred for 8 h, dialyzed against Milli-Q water (MWCO:
3,500Da) for 48 h, named Vpoy and then lyophilized. The insulin-loaded
vesicles (Vins) and memantine hydrochloride-loaded vesicles (Vyigm)
were prepared by the same operation. The freeze-dried Vpoy or Viys or
Vumewm (1 mg) was dissolved in DMSO (1 mL), respectively, diluted to 30



F. Jiang et al.

times, and the absorbance at 270, 276 and 365 nm was measured on a
UV-1901 spectrophotometer (China).

weight of drug in nanovesicle

x 100%

3)

Drug loading content (DLC) weight of nanovesicle

Similarly, R"®Vesicleak was successfully prepared.
2.12. In vitro drug release studies

The Vpoy or Ving or Vvem vesicles (3 mL, 2 mg mL ') were taken in a
dialysis bag (MWCO 10,000 Da), respectively, and they were
immersed in phosphate buffer saline (PBS, pH = 7.4, 97 mL) at 37 °C,
then 10 units of enzyme were added and dialyzed with constant stirring
[39,40]. At specific time intervals, 4.0 mL of the dialysate was with-
drawn and replaced with an equal volume of fresh PBS buffer. The
amount of drug released in each aliquot was measured by using ab-
sorption spectroscopy to quantify their percentage of cumulative
release. The cumulative release rate of the drug in MEM/DON/INS ICV
large nanoaggregates were detected with the same way.

2.13. Cell lines and animals

Human neuroblastoma cells (SH-SY5Y) and Red blood cell were
purchased from Cell Bank of Chinese Academy of Sciences. Normal male
aging mouse (Senescence accelerated-resistant mouse 1, SAMR1) and
rapid male aging mouse (SAMP8) mice were purchased from Animal
Breeding Center of the First Affiliated Hospital of Tianjin University of
Traditional Chinese Medicine.

2.14. Preparation of Af42 aggregates

ApB1.42 lyophilized powder and 300 pL 1, 1, 1, 3, 3, 3-hexafluoro-2-
propanol (HFIP) were injected into the reagent bottle and vortex.
After mixing, it was allowed to stand at room temperature to obtain an
AB-HFIP solution (1 mM). Prior to use, a small amount of DMSO was
used for sonication, and PBS buffer was added and incubated for 1 week.
The solution was diluted to the target concentration gradient with
serum-free DMEM medium to used follow-up test.

2.15. Cell damage model

SH-SY5Y cells were maintained in DMEM medium, containing 10%
fetal bovine serum (FBS) under the culture conditions of 5% CO, and
37 °C. Cells were harvested from flasks and plated in 96-well polystyrene
plates with approximately 10 cells per well. Plates were incubated at
37 °C for 24 h to allow the cells to attach, followed by introduction of
AB42 =5 pM/well, 10 pM/well, 15 pM/well, 20 pM/well, 25 pM/well,
respectively. After 6, 12, 24, 48 h, the cells were treated with 5 pL. MTT
solution (10 mg mL 1) for 4 h and then 100 pL DMSO was added to each
well. Plates were shaken at room temperature for 10 min to dissolve the
crystals before the absorbance at 490 nm was measured using a Vari-
oskan LUX (Thermo Scientific, USA). Averages of six replicate wells
were used for each sample.

2.16. Protective effect of treatment group on Af42-injured SH-SY5Y cells

MYV was the mixture of the Vins, Vpon and Vygy vesicles. ICV was the
mixture of the Vins, Vbon, VMmem Vesicles and Veapr vesicles, those could
be induced cross-linking by over-activated legumain. “MEM/DON/INS
V” means three drugs co-encapsulation vesicle. Similarly, SH-SY5Y Cells
were transferred to 96-well polystyrene plates and incubated at 37 °C for
24 h to allow the cells to attach, followed by introduction of Ap42 = 15
pM/well, DMEM = 150 pL/well, DON HCl = 15 pL/well, MEM HCIl = 15
pL/well, INS = 15 pL/well, DON/MEM MV = 15 pL/well, DON/MEM
ICV = 15 pL/well, INS/MEM MV = 15 pL/well, INS/MEM ICV = 15 pL/
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well, DON/INS MV = 15 pL/well, DON/INS ICV = 15 pL/well, MEM/
DON/INS MV = 15 pL/well, MEM/DON/INS V = 15 pL/well, MEM/
DON/INS ICV = 15 pL/well, respectively, and the concentration of each
drug is about 0.04 mg mL~! DMEM medium. After culture for 48 h at
37 °C, the MTT experiment was carried out in accordance with the above
procedure.

2.17. Retention of RhBrey and ®**BVesicleak vesicles in SH-SY5Y cell by
laser scanning confocal microscope (LSCM)

SH-SY5Y cells were transferred to laser confocal dish and incubated
in DMEM. The induced cross-linked vesicles (RhBICV, the mixture of
RhBVesicleAK and Vcagr vesicles) or noncross-linked Vesicleax (RhBVesi—
clepx) were added to the medium at a final concentration of 0.2 mg
mL'. After 2 h and 24 h incubation, SH-SY5Y cells were washed with
PBS three times and fixed with 4% paraformaldehyde in PBS for 15 min
at 37 °C, then stained with Hoechst 33258 (400 pL , 10 pg mL ™) to
allow nuclear staining or LysoTracker Green (300 nM) to allow lysosome
staining. Images of cells were taken with Nikon A1l Laser scanning
confocal microscope (Japan).

2.18. Internalization of *"®ICV and ®"BVesicleax nanovesicles by SH-
SYS5Y cells

SH-SY5Y cells were transferred to 6-well polystyrene plates with
approximately 10° cells per well. RhBrcy or RMByesicleak was added at
the above concentrations. After 2 h, 8 h and 24 h incubation, the SH-
SY5Y cells were trypsinized and centrifuged at 1000 r minutes * for 5
min and washed 3 times with PBS. Then, single cells were resuspended
in PBS (200 pL) and tested on a BD Calibur flow cytometer (BD Bio-
sciences, Bedford, MA).

2.19. Red blood cell aggregation

The red blood cells were transferred to 6-well polystyrene plates with
approximately 10° cells per well, and then 0.2 mL distilled water, 0.2 mL
saline, 0.2 mL diluted MEM/DON/INS MV solution (1:5 saline), 0.2 mL
diluted MEM/DON/INS ICV solution (1:5 saline) were added into the
solution of well, respectively. After culture for 1 h at 37 °C, the images
were observed by microscope.

2.20. Animal treatment

SAMRI1 littermate mice and SAMPS littermate mice (male, 7 months
of age, 28-32 g) were maintained at 23 + 2 °C and 30 + 8% in the animal
room. All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Tiangong Uni-
versity and approved by the Animal Ethics Committee of Beijing
Municipal Science & Technology.

The mice were divided into 8 groups: SAMR1 normal group (n = 6),
SAMPS saline group (n = 6), and naked drug (the mixture of MEM/
DON/INS) treated SAMP8 mice group (n = 6 for each group), DON/INS
MV treated SAMP8 mice group (n = 6), DON/INS ICV treated SAMP8
mice group (n = 6), MEM/DON/INS MV treat SAMP8 mice group (n =
6), MEM/DON/INS V treated SAMP8 mice group (n = 6) and MEM/
DON/INS ICV treated SAMP8 mice group (n = 6). Mice of each group
were administered nasally for 24 days at the dose of MEM was 0.033 mg
drug/kg body weight/day, the dose of DON was 0.033 mg drug/kg body
weight/day and the dose of INS was 0.9 IU/kg body weight/day. Then,
the Morris water maze (MWM) was performed for mice learning and
memory test.

2.21. Morris water maze (MWM)

The mice were tested in a water maze (1.3 m in diameter, temper-
ature was maintained at 24 + 1 °C). The platform (diameter of 15 cm)
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was fixed to beneath the water surface during the training period. Each
subject was given 4 trials/day from different quadrants for 5 consecutive
days with a 15-min intertrial interval. The maximum trial length was 60
s and if the mice could not find the platform within 60s, they were
manually guided to catch the target platform. The trajectory of each
mouse was recorded and analyzed for latency and swim speed. At 24 h
after the last learning trial, a probe trial was presented during which
time the platform was removed and the percentage of time spent in the
quadrant, which previously contained the escape platform during task
acquisition was measured over 60 s [25].

2.22. Western blot (WB)

Animals were euthanized, the hippocampus tissue of the SAMP8
mice was obtained. This tissue was thoroughly ground and centrifuged
in the lysis buffer. An equal amount of protein sample (30 pg/sample)
was processed at 97 °C for 6 min, centrifuge and transfer to film at room
temperature. The poly (vinylidene fluoride) (PVDF) membrane was
placed in a blocking solution (TBST/5% skim milk powder) and blocked
at room temperature for 30 min. Primary antibody that diluted with
blocking solution was added and incubated for 60 min at room tem-
perature. After the 1 xTBST washed, an appropriately diluted secondary
antibody was added and incubated for 60 min. The development oper-
ation was carried out after rinsed 3 times with 1 x TBST. The analysis was
performed using Quantity one software, and the ratio of the control well
(first well)/tubulin was taken as 1.

2.23. Malondialdehyde (MDA) content

According to the above method, the hippocampus was weighed, and
9 times volumes of physiological saline were added. The tissue was
mechanically homogenized in an ice water bath condition, centrifuged
at 2500 r minutes! for 10 min, and the supernatant was taken for
testing. After the addition of the MDA detection reagent, it was vortexed
and placed in a boiling water bath for 30 min. The absorbance values of
the supernatants at 532 nm were measured under UV-1901 spectro-
photometer (China).

2.24. Acetylcholinesterase (AchE) activity

The tissue was treated in the same way, after AchE kit was added,
and reacted accurately at 37 °C for 6 min. The absorbance values of the
supernatants at 412 nm were measured under UV-1901 spectropho-
tometer (China).

2.25. Immunofluorescence

Animals were euthanized, the whole brain was harvested and fixed in
4% paraformaldehyde (PFA), then cut into hippocampus slices. Briefly,
hippocampus slices were incubated for 2 h in a 1:1000 dilution of PSD-
95 rabbit monoclonal antibody and reacted for 2 h in Akt mouse
monoclonal antibody solution (1:1000 dilution), then immersed in
fluorescence secondary antibody solution (1:500 dilution) for 1 h. Cell
nuclei were labeled using 4',6-diamidino-2-phenylindole (DAPI) for 10
min. These sections were observed under Nikon Al Laser scanning
confocal microscope (Japan).

2.26. NeuN staining and nissl staining

According to the above method, the thin hippocampus slice was
incubated with anti-NeuN antibody diluted appropriately for staining
12 h at 4 °C. After washing, the slice was treated with secondary anti-
body for 35 min at room temperature and then exposed to 3,3'-dia-
minobenzidine (DAB) to produce the chromogenic reaction. Similarly,
nissl stained sections were prepared. The stained hippocampus slice was
observed by Olympus CX41 microscope (Japan), and the NeuN positive
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cell numbers in the hippocampus were analyzed using ImageJ.

2.27. Hematoxylin eosin (HE) staining

Similarly, after the mice were sacrificed, the heart, liver, spleen,
lungs, and kidneys were fixed and sliced. The sections were deparaffi-
nized, washed in distilled water and incubated for 5 min in hematoxylin
solution. Excess hematoxylin solution was washed away with running
tap water and hydrochloric acid ethanol. The sections were then coun-
terstained in an eosin solution for 3-4 min, washed in running tap water,
dehydrated by graded alcohol, and fixed with a neutral resin. The
pathological changes of the tissue were observed at 100X under an
Olympus CX41 microscope (Japan).

2.28. Brain retention

The induced cross-linked vesicles (RhBICV) or noncross-linked Ves-
icleax (RhBVesicleAK) (40 pL) were injected into the SAMP8 mice by nasal
administration, and ex vivo tissue imaging was performed at the indi-
cated of 2 h and 12 h by KODAK In-Vivo Imaging System FX Pro (USA).

2.29. DON HCI content determination in the brain

MEM/DON/INS MV and MEM/DON/INS ICV were nasal adminis-
tration at an equivalent dose of 40 pL of SAMP8 mouse (n = 3 per
group). After 24 h, the mice were sacrificed and washed with cold saline.
The brain was weighed and dissolved in a hexane-diethyl ether solution
(1:1). The mixed solution was vortexed and centrifuged, and the upper
organic phase was dried under nitrogen. After reconstitution with 0.2
mL of methanol, the concentration of DON HCl was determined by LC-
MS (Agilent 1290-6460). The content is calculated according to the
formula :

C*V*N
W=
m

()]
In the formula:

W—— the content of the target in the sample, in milligrams per ki-
logram (mg kg™1)

C —— the concentration of the target in the sample determination
solution (mg L

V —— Constant volume (mL)

N —— dilution factor

m —— the sample quality of the sample in grams (g).

2.30. Hemolysis ratio

The 10 mL tubes were divided 8 groups: followed by introduction of
2.5 mL distilled water (positive controls), 2.5 mL saline (negative con-
trols), 2.4 mL saline + 0.1 mL (MEM/DON/INS MV solution), 2.4 mL
saline + 0.1 mL (MEM/DON/INS ICV solution), 2.3 mL saline + 0.2 mL
(MEM/DON/INS MV solution), 2.3 mL saline + 0.2 mL (MEM/DON/INS
ICV solution), 2.2 mL saline + 0.3 mL (MEM/DON/INS MV solution),
2.2 mL normal saline + 0.3 mL (MEM/DON/INS ICV solution), respec-
tively. The diluted blood (anticoagulant blood with 2% potassium oxa-
late 4:5 normal saline) was successively added into the solution of all
groups. After incubation at 37 °C for 60 min, the blended liquid was
centrifuged at 1000 rpm for 5 min. The supernatants were transferred
into the 96-well plates, and the optical density (OD) values were
measured at 545 nm with a microplate reader.

Hemolysis ratio= (Samples-negative controls)/ (positive controls - negative
controls)*100%.
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Fig. 2. Synthesis route and characterization of polymers. a) The synthetic route of PCL-HEBIB (i), Dex-AC (ii), PCL-Dex (iii), PCL-Dex-PGMA (iv), PCL-Dex-PGMA-
CABT (v) and PCL-Dex-PGMA-AK (vi). b) 'H NMR spectra of the PCL-HEBIB, Dex-AC, PCL-Dex and PCL-Dex-PGMA.

2.31. Determination of blood biochemical indicators The serum alanine aminotransferase (ALT), aspartate aminotransferase

(AST), alkaline phosphatase (ALP), and creatinine (CREA), serum urea
After the MWM experiment, the blood was collected from the orbital (UREA), uric acid (UA) were determined by an automatic biochemical
venous plexus of mice, and the serum was separated by centrifugation. analyzer.
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2.32. Statistical analysis

Statistical analyses for in vitro and in vivo experiments were per-
formed by using Origin. The significance level was set at *P < 0.05, **P
< 0.01, ***P < 0.005. Error bars represent the standard deviation of the
mean (+SD), and P values were indicated in the figure captions and
main text.

3. Results and discussion
3.1. Preparation and characterization of induced cross-linked vesicles
In order to obtain the vesicle via self-assemble of macromolecules, we

designed a graft amphiphilic copolymer. The poly(e-caprolactone) (PCL)
based brush-like polymer is special for its unique side-chain crystallization
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Fig. 4. Legumain-induced cross-linked
vesicles can effectively protect SH-
SY5Y from Ap-caused damage by
improving the retention efficiency of
intracellular drugs. a) Cumulative drug
release of Vesiclepoy , Vesicleys and
Vesicleygy in the presence of esterase
enzyme. b) The protective effect of
drug-loaded vesicles on the cytotoxicity
of Af-induced SH-SY5Y cells (mixing
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8 h and 24 h. d) LCMS images of SY5Y
cells incubated with R*®Vesicleak or B
ICV at DMEM for 2 h or 24 h (Scale bar,

N R A gy 50 pm). The mean =+ SD is shown. *p <
10 107107 10 107 24p 1010 10° 10" 10° 0.05, **p < 0.01 and ***p < 0.005 (n =
3) versus control.
RiBVesicle 4y RIBICV )
19.82%( 65
104
101
IOZV
0
101 102 103 104 105 10'l ll]2 ll.'i3 104 log
FSC-A
RhBVesjcle i RhBC'Y

phenomenon which is beneficial for the formation of an intermediate hy-
drophobic layer of vesicle. More importantly, the grafted hydrophilic
dextran (Dex) branches contain a large number of hydroxyl groups, which
would facilitate the formation of stable inner and outer hydrophilic layers of
vesicles [41]. With  the dual-modal driving  force of
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hydrophilic/hydrophobic interaction, polycaprolactone-dextran (PCL-Dex)
vesicles are more likely to be formed. Herein, we developed a brush-like
copolymer composed of biodegradable hydrophobic PCL and poly(gly-
cidyl methacrylate) (PGMA) that containing active epoxy group for the
conjugation of legumain-cleavable peptide Ac-Ala-Ala-Asn-Cys-Asp (AK).
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The preparation route of the polycaprolactone-dextran-poly(glycidyl
methacrylate)-AK (PCL-Dex-PGMA-AK) was depicted in Fig. 2a. Similarly,
the chaperone PCL-Dex-PGMA-2-cyano-6-aminobenzothiazole
(PCL-Dex-PGMA-CABT) brush copolymer for the brain in situ crosslinked
reaction was also synthesized. The chemical compositions of the obtained
polymers were confirmed by 'H NMR spectra (Fig. 2b), where the features
bands were present: § = 5.8-6.4 (-OOC-CH-CH,), 6 = 4.51, 4.86, 4.92
(hydroxyl of dextran), 56 = 4.67 (dextran anomeric proton), § = 3.9-4.2
(O-CH,-C), 6 = 3.98 (-OOCCHz2-), 8 = 3.14-3.69 (dextran glucosidic pro-
tons), 8 = 3.62 (-CH,OH), § = 3.33 (CH-0), 6 = 2.9, 5 = 2.7 (-CH2-0-). 8 =
2.25 (-CH2C0O0-), 8 = 1.95 (CHs), & = 1.61 (-OOCCH2CH,CH2CH,0CO0-), 8

= 1.35 (-CHzCHCH2COO-), suggesting successful synthesis of
polycaprolactone-2-hydroxyethyl =~ 2-bromoisobutyrate =~ (PCL-HEBIB),
dextran-acryloyl chloride (Dex-AC), PCL-Dex and

polycaprolactone-dextran-poly(glycidyl methacrylate) (PCL-Dex-PGMA)
[42-45]. The chain segment length was determined by the integrated area
of the characteristic peaks at 4.67, 3.98, 2.7 and 1.95 ppm.

A series of PCL,-Dexgy polymers were synthesized (Fig. S1 and
Table S1). We found that PCL3p-Dexgo formed clear solution, implying
that hydrophilic dextran was predominant in the copolymer. While
PCLgo-Dexgp solution showed poor stability as a small amount of sedi-
ment was observed after standing for 14 days. Further increasing PCL
length, noticeable precipitation occurred to PCLgg-Dexgg solution after
preparation immediately. The cause lied in that the excessively long
hydrophobic chain segment of PCL reduced the stability of nano-
particles. Among them, only PCL45-Dexgo formed stable suspension and
no precipitation occurred even after 30 days of preparation. In order to
verify the inner structure of PCL45-Dexgg assemblies from a theoretical
perspective, the radius of gyration (Rg) and hydrodynamic radius (Ry)
were determined. The Rg/Ry, ratios can provide the information on the
solution assemblies of the polymer: Rg/Ry, = 0.77 for hard spheres, Rg/
Ry, = 1 for vesicles, and Rg/Ry, = 1.7 for coil-like structures [37,38]. The
Ry, of the PCL45-Dexgg assemblies was 99.1 nm (Fig. 3a, the half of hy-
drodynamic diameter value is Ry). The Rg was calculated from Guinier
plot (Fig. 3b, the calculation for Ry was detailed in the experimental
section). It is noteworthy that the Rgy/Ry value for the PCL4s5-Dexeo
polymer assemblies was ~1.0, suggesting the formation of vesicles.

Fig. 3c-i showed the size and morphology of legumain-induced
cross-linked nanoparticles as measured by dynamic light scattering
(DLS) and transmission electron microscopy (TEM). Before addition of
legumain, the hydrodynamic diameter of the nanovesicles was in the
range of 198-203 nm (Fig. 3c and Table S2). With increasing the molar
ratios of [Vesicleak]/[Vesiclecapr] from 1:1 to 7:1, the size of the formed
vesicles increased from 800 nm to more than 4.5 pm (Fig. 3d and
Table S3). While the legumain-induced cross-linked Vesiclepcy4s-pex60-
pMa12ak (Vesicleax) and Vesiclepcras pexso-pamaiz-capr (Vesiclecapr)
exhibited core-shell and spherical vesicles structure (Fig. 3e-i). Inter-
estingly, after crosslinking, rod-like and vortex-like large vesicles
appeared. When the molar ratio increased to 5:1, the large nanovesicles
further fused and rearranged to form a network structure. This similar
phenomenon was found in the self-assembly process of block co-
polymers, as the ratio of the hydrophobic/hydrophilic segments
changed, the morphology of the formed nanoparticles changed from
well dispersed nanoparticles to large compound vesicles (LCVs)
[46-49]. The cross-linking should occur in brain parenchymal, large
nanoaggregates act as reservoir for drug release. Under conditions that
mimic the intracellular environment, the cumulative release rate of DON
HCI from Vpon was 89 + 3.2% after 48 h. MEM HCI and INS released
from the nanomedicine showed a similar kinetic profile (Fig. 4a, S2 and
S13 and Table S4).

3.2. Neuroprotective effect and intracellular retention of induced cross-
linked vesicles (ICV)

We further proceeded to examine the neuroprotective capacity and
efflux inhibition effects of the functionalized vesicles on the SH-SY5Y
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cell culture. Hence, the protective effect of drug-loaded vesicles on
Ap42-induced SH-SY5Y cell injury was evaluated by cell viability via
methylthiazolyl tetrazolium (MTT) assay (Fig. 4b), intracellular reten-
tion via flow cytometry (Fig. 4c) and laser confocal microscopy (Fig. 4d).
Previous studies demonstrated that Ap42-injured SH-SY5Y cell can
mimic subcellular organ damage and stimulate legumain overexpression
[22,23,50]. The incubation time and concentration of AB42 was deter-
mined by MTT test (Fig. S3). In this test, MV was the mixture of the Viys,
Vpon and Vygwm vesicles. ICV was the mixture of the Vins, Vbon, VMEM
vesicles and Vcapr vesicles (the molar ratio of Vak vesicles and Veapr
vesicles is 5:1), those could be induced cross-linking by over-activated
legumain. The cell viability of Ap42-injured SH-SY5Y cells showed
similar results over this time frame after MEM/DON/INS MV and drug
co-encapsulation vesicle (MEM/DON/INS V) treatments. In contrast, the
cell viability of AB42-injured SH-SY5Y cells treated with the MEM/-
DONY/INS ICV was very close to that of normal SH-SY5Y cells (Fig. 4b).
Thus, we have reason to believe that MEM/DON/INS ICV treatment can
effectively repair SH-SY5Y cell damage caused by Ap42.

In order to verify whether the best therapeutic effect of the induced
cross-linked vesicles are related to the high retention rate of nano-
vesicles, the model drug rhodamine B (RhB) was selected to compare the
differences between induced cross-linked vesicles (RhBICV, the mixture
of RhBVesicleAK and Vcagr Vesicles) and noncross-linked vesicle (RhBVe-
sicleak). The SH-SY5Y cells were treated with RhBVesicleAK or **BICV in
DMEM for 2 h, 8 h and 24 h, and intracellular fluorescence intensity was
quantitatively analyzed by flow cytometry. It was shown that the
intracellular fluorescence intensity increased first and then decreased
with time, and reached a maximum value at 8 h. Interestingly, the
intracellular fluorescence intensity of SH-SY5Y cells treated with **®ICV
was 7-fold higher (p < 0.005) than that of RhBVesicleAK treatment at 24 h
(Fig. 4c and S4).

To further determine if the cellular uptake of the nanovesicles
experienced endosome/lysosome pathway, colocalization was per-
formed by encapsulation of RhB for lysosomal staining. Fig. 4d showed
that the red fluorescence was distributed in the SH-SY5Y cells at 2 h, and
then no fluorescence was observed at 24 h, suggesting the ""BVesicleag
could effectively cross the cell membrane and transported into endo-
some/lysosome, while the noncross-linked vesicle was difficult to be
retained due to active efflux. By contrast, the R"BICV also underwent
endosome/lysosome pathway, with red fluorescence being detected in
the SH-SY5Y cells internal area at 24 h, demonstrating the superior
retention capacity of these vesicles. These results provided clear evi-
dence that the legumain-induced cross-linked vesicles (ICV) had a better
nerve cell retaining efficiency.

3.3. Improvement of memory ability of SAMP8 mice

We determined the improved memory function of senescence
accelerated mouse prone 8 (SAMP8) after legumain-induced intelligent
cross-linked nanovesicles treatment. The drug clinical standard dose was
determined based on the treatment efficacy and its side effects, so each
drug has its appropriate dosage. While, in large amount of the preclinical
medicine literatures, the dose of medicine with different chemical
design for improving the transporting and physiological barriers
crossing capacity was designed to be same equivalent or approximate
equivalent in the animal experiment [51-53]. And after the approximate
equivalent drug administration in animal model, that the optimal
medicine design system is summarized, evaluated and discussed.
Furthermore, in the drugs combination treatment therapy that “cock-
tail” of drugs to achieve maximum benefit, how to observe the treatment
efficacy, the possible treatment mechanism and the side effects of
multiple drugs is a central theme. So, the combination treatment out-
comes of multiple drugs were survey and analyze after the approximate
equivalent drugs were administrated [54-57].

The memory ability of SAMP8 mice treated with drug-loaded vesicles
was confirmed by Morris water maze (MWM) experiment after 24 days
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Fig. 5. MEM/DON/INS ICV treatment
significantly improved the memory ca-
pacity of SAMP8 mice. a) The escape
latencies of eight groups. b) The per-
centage (%) of time in the targeted
quadrant in the eight groups during the
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probe trial. ¢) Typical motion track of
each group mice on the fifth day (Yel-
low highlight is starting point, red
empty circle is ending point, gray circle
is the target platform location. III, IV, V
are the motion tracks of mouse-1 of
each treatment group). Ri: SAMRI1, Pg:
SAMPS8 saline, ND: Naked drug (the
mixture of MEM/DON/INS), 1. DON/
INS MV, II: DON/INS ICV, III: MEM/

treatment. The memory ability of SAMP8 mice treated with saline or
naked drugs was not improved, and the animals unable to find platform
within the specified time (60 s). The memory ability of SAMP8 mice
achieved a certain degree of recovery via MEM/DON/INS MV and
MEM/DON/INS V treatments, and their escape latency was about 50 s
(Fig. 5a and ¢, S5 and S14-16). Comparatively, the mice with MEM/
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DON/INS MV, IV: MEM/DON/INS V, V:
MEM/DON/INS ICV. d) Nissl staining
(Scale bar, 50 pm) and e) Neun staining
of nerve cells (Scale bar, 50 pm). i:
SAMRI1, ii: SAMPS8 saline, iii: naked
drug (the mixture of MEM/DON/INS),
iv: MEM/DON/INS MV, v: MEM/DON/
INS V, vi: MEM/DON/INS ICV. The
mean =+ SD is shown. *p < 0.05 and **p
< 0.01 (n = 6) versus control.

Group

DON/INS ICV treatment were able to travel shorter distances to reach
the platform location, showing shortest escape latencies (~14 s, close to
senescence-accelerated mouse resistant 1 (SAMR1) mice ) relative to
other treatment mice. Likewise, only MEM/DON/INS ICV treatment
mice could accurately remember the platform location and exhibited a
persistent memory for the target quadrant during a probe trial (Fig. 5b).
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In addition, similar swimming speeds (~10 cm/s, Fig. S6) indicated that
differences in memory abilities were not caused by vision or motor
dysfunction. Since the memory of mice changed over time with treat-
ment, biomarker staining in hippocampus, like active nissl substance
and nuclear protein (NeuN) were detected. The main function of the
nissl substance is to synthesize the substances required for organelle
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renewal, which serve as markers of neuronal functional status [58]. The
severe cell damage, large cell debris and less nissl substance were
revealed in hippocampus slices by immunohistochemical analysis from
SAMPS8 mice treated with saline and naked drug (Fig. 5d). The nerve
cells in the hippocampus arranged regularly, and the cytoplasmic nissl
content increased after MEM/DON/INS MV treatment. More
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Fig. 7. Induced cross-linked nanovesicles can effectively improve the drug brain retention and non-toxic to organs. a) Ex vivo fluorescence images of SAMR1 (i) or
SAMPS (ii and iii) mice (Scale bar, 5 mm) and b) The biodistribution of fluorescent nanovesicles after treatment with RhBVesicleAK or ""BICV for 2 and ¢) 12 h. 1:
Brain, 2: Liver, 3: Heart, 4: Spleen, 5: Lung, 6: Kidney, 7: Blood. d) H&E staining (Scale bar, 50 pm). I: SAMRI, II: Saline, III: Naked drug (the mixture of MEM/DON/
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importantly, a complete contour of hippocampus CA1 region and tightly
arranged neurons could be observed, and no obvious cell damage or cell
debris, a large amount of active nissl substance contained in cytoplasm
after treating with MEM/DON/INS ICV. NeuN, a neuronal specific nu-
clear protein in vertebrates, was used to detect the number and distri-
bution of neurons. The number of NeuN positive cells in SAMP8 mice
hippocampus after MEM/DON/INS ICV treatment was 1642 + 129,
approaching to those of SAMR1 group (1663 + 88). This value was 2
times higher than that of MEM/DON/INS MV group and 8 times higher
than that of saline group (Fig. 5e and S7). The results indicated that
neuronal damage in the brain of SAMP8 mice could be efficiently
repaired via MEM/DON/INS ICV treatment.

3.4. Improvement of mitochondrial function and recovery of synaptic
plasticity by induced cross-linked vesicles

In order to study the contribution of combination therapy to sub-
cellular organelle repair from the perspective of signaling pathways,
some of the mitochondrial and synaptic function-related biomarkers
were examined, including protein kinase B (Akt), reactive oxygen spe-
cies (ROS), postsynaptic density-95 (PSD-95), and acetyl cholinesterase
(AchE). Among them, Akt protein was an important biomarker in PI3K/
Akt signaling pathway, and this pathway played a crucial role in glucose
metabolism. The activation Akt protein was stimulated by insulin drug,
which could promote the transition of glucose transporter (GLUT) to the
cell membrane, enhance the uptake and utilization of glucose in the cell,
maintain the stability of the energy metabolism cycle, facilitate the
normalization of mitochondrial function, and reduce ROS content [34,
35]. The Akt protein content of MEM/DON/INS ICV treatment mice was
29% higher than that of saline or naked drug treatment mice (Fig. 6a and
b). While the ROS content from MEM/DON/INS ICV treatment mice was
close to that of the SAMRI1 mice (Fig. 6¢). Previous studies suggested
that AchE and PSD-95 protein played a key role in synaptic function, and
AchE disrupted the stability of intersynaptic signaling by hydrolyzing
acetylcholine to choline and acetic acid. AchE inhibitor-donepezil hy-
drochloride could effectively reduce the activity of acetylcholinesterase
and maintain the stability of synaptic signals [33]. PSD-95 protein was a
postsynaptic membrane compact that mainly formed a signal complex to
regulate synaptic plasticity by binding different receptors. Post-synaptic
membrane compact protectant-memantine hydrochloride (MEM HCI)
could effectively attenuate the excitatory amino acid toxicity, and pre-
vented post-synaptic membrane damage caused by Ca®" influx [32]. In
comparison with the other treatment groups, the MEM/DON/INS ICV
treatment group showed the lowest AchE activity (Fig. 6d) and the
highest PSD-95 content (Fig. 6e and f) in the hippocampus of SAMP8
mice. These values were close to those of SAMR1 mice, suggesting the
pivotal role of MEM/DON/INS ICV therapy in repairing synaptic func-
tion damage. The immunofluorescence showed approximate results. The
Akt protein (green fluorescence) and PSD-95 protein (red fluorescence)
fluorescence signal intensity was enhanced in the hippocampus of
MEM/DON/INS ICV treatment SAMP8 mice, in which the green fluo-
rescence signal was overlapped with the blue fluorescence (nuclear)
signal, suggesting widely distributed of Akt protein in cells (Fig. 6g).
Based on the above analyses, it is reasonable to consider that the
PI3K/Akt signaling pathway, cholinergic signaling pathway and excit-
atory amino acid signaling pathway play a vital role in the combination
therapy of AD.

3.5. Brain retention

To further investigate the link between improvement of memory
ability and brain retention of the intelligent drug-loaded vesicles, we
used LC-MS and ex vivo tissue imaging to study the intracerebral
retention. Previous studies demonstrated that the brain barrier influx
and efflux of nanoparticles occurred simultaneously after 1-2 h [15,17,
21]. With the passage of time, the efflux effect gradually dominated, and
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the brain retention rate of nanoparticles reached the lowest value after 6
h. The biodistribution of RhE’VesicleAK and *"BICV vesiclesat 2hand 12h
share a common feature, that is, the brain and liver total retention
constituted more than 91%, and the heart, spleen, lung, kidney and the
blood retention make up was less than 9% (Fig. 7a—c). The data indi-
cated that the nanovesicle brain accumulated efficiency depend on the
combined effect of influx and efflux behavior of brain. The gulf between
the well-designed legumain responsive RhBIcy vesicle and R Vesicleak
control nanovesicles was immense. The biodistribution of RhBVesicleAK
fluorescent nanovesicles in the brain was 39.0 + 1.0%, as similar as
SAMR1 group, after nasal administration 2 h, while the percentage of
the R'®ICV fluorescent nanovesicles in the brain was 55.5 + 1.4%. Yet
the awareness of the tremendous differences between RhBVesiclosAK and
RhB1Cy in the administration 12 h biodistribution data, the fluorescence
signal of ""BICV group was 45.8 & 0.9%, which was ~6.84-fold higher
than that of "®Vesicleag group. As a supplement evidence, the quanti-
tative analysis by HPLC-MS shown that the DON target brain retention
efficiency of the MEM/DON/INS ICV group was about 26.38 + 0.36%
ID/mg at 12 h, which was about 17.0-fold higher than that of the
MEM/DON/INS MV group (Fig. S8 and S9). Additionally, hemolysis
assays demonstrated no hemolysis for MEM/DON/INS MV or MEM/-
DON/INS ICV and the hemolysis ratio was lower than 1% (Fig. S10).
Cerebral thrombosis or red blood cell aggregation did not occur
(Fig. S11). MEM/DON/INS MV or MEM/DON/INS ICV did not have any
toxic effect on liver and kidney functions and had no obvious toxicity to
heart, spleen and lung of animals (Fig. 7d and S12).

4. Conclusion

We have now demonstrated that high drug-retaining smart patho-
logical signal-triggered cross-linked vesicles (MEM/DON/INS ICV) with
both synaptic and mitochondrial repair functions are necessary and
sufficient to improve memory capacity of the SAMP8 mice. Mechanis-
tically, these novel nanovesicles can enhance brain retention of INS,
MEM HCI and DON HCI, acting on the PI3K/Akt pathway, the excitatory
amino acid pathway and the cholinergic pathway, respectively. More
importantly, these smart nanovesicles promote the balance of energy
metabolism, and prevent synaptic damage, which in turn protects
neuronal cells and ensures the unobstructed transmission of signals
between neurons. These findings provide not only a basis for the com-
bined treatment of AD, but also the possibility of high intracerebral
retention of the drug for other disease, indicating the potential impor-
tance of this intelligent drug delivery system.
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