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Abstract The treatment of Alzheimer’s disease (AD) is one of the most difficult challenges in neurodegen-

erative diseases due to the insufficient blood‒brain barrier (BBB) permeability and unsatisfactory intra-brain

distribution of drugs. Therefore, we established an ibuprofen and FK506 encapsulated drug co-delivery system

(Ibu&FK@RNPs), which can target the receptor of advanced glycation endproducts (RAGE) and response to

the high level of reactive oxygen species (ROS) in AD. RAGE is highly and specifically expressed on the lesion

neurovascular unit of AD, this property helps to improve targeting specificity of the system and reduce unselec-

tive distribution in normal brain. Meanwhile, these two drugs can be specifically released in astrocytes of AD

lesion in response to high levels of ROS. As a result, the cognition of ADmice was significantly improved and

the quantity of Ab plaques was decreased. Neurotoxicity was also alleviated with structural regeneration and

functional recovery of neurons. Besides, the neuroinflammationdominated byNF-kBpathwaywas significantly

inhibited with decreased NF-kB and IL-1b in the brain. Overall, Ibu&FK@RNPs can efficiently and succes-

sively target diseased BBB and astrocytes in AD lesion. Thus it significantly enhances intracephalic accumula-

tion of drugs and efficiently treats AD by anti-neuroinflammation and neuroprotection.
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1. Introduction
Alzheimer’s disease (AD), one of the most challengeable neuro-
degenerative diseases, is characterized by progressive cognitive
dysfunction and behavioral impairment occurring in old and pre-
old age1. However, there were only five available medicines
before 20212, so it is urgent to find effective therapeutic targets
and develop efficacious pharmaceutical preparations. The main-
stream direction of AD researches is b amyloid (Ab) cascade
hypothesis, but all clinical trials were interrupted due to the lack
of damaged neuronal recovery2e4. Alternatively, there emerged
other therapeutic targets of AD, including microtubule-associated
protein, anti-neuroinflammation, synaptic and neuroprotection,
metabolism, neurogenesis, vascular system and epigenetic drugs,
among which the number of anti-neuroinflammatory and neuro-
protective drugs has fastest growing5. Besides, more and more
researches have shown the comprehensive effects of multiple
pathogenic mechanisms in AD, showing the common feature of
neuroinflammatory microenvironment6.

Neuroinflammation, characterized by excessively activated
glial cells and overexpressed inflammatory factors in AD, can
interact with neurons and lead to protein deposition and neuronal
dysfunction6e9. The corresponding neuronal responses will
conversely stimulate inflammation to form a vicious circle and
aggravate AD10. Therefore, it would be effective by using anti-
neuroinflammatory treatment to undermine the positive feedback
loop of neuroinflammation and neuronal dysfunction. Nuclear
factor kappa B (NF-kB) pathway mainly exists in excessively
activated astrocytes of neurodegenerative diseases, and it plays an
important role in anti-neuroinflammatory mechanisms6e9.
Nonsteroidal anti-inflammatory drugs (NSAIDs) are most widely
used drugs in inhibiting NF-kB signaling pathway11e17, and high-
dose of ibuprofen have been confirmed to improve dementia-like
symptoms in AD animal models18e20. Moreover, ibuprofen can
normalize the microenvironment of the lesion to stop disease
deterioration. But it can’t make neuronal damages reversed to cure
AD completely. So it is necessary to use neuroprotective drugs
additionally. Calcineurin inhibitor (tacrolimus, FK506), the most
effective neuroprotective drug in central nervous system diseases,
can maintain intracellular calcium homeostasis to improve
neuronal repair and regeneration21e26. Moreover, the amelioration
of AD-like behavior has been observed in patients taking
FK50621,24,26. To sum up, we combined ibuprofen and FK506 for
AD treatment, which could not only inhibit neuroinflammation
mediated by NF-kB pathway, but also exert neuroprotective
effects.

For brain targeted drug delivery, the blood‒brain barrier (BBB),
which is composed by dense endothelial cells and supported by
multiple cells, greatly restricts their internalization and trans-
portation27e29. To overcome BBB, receptor-mediated transport
(CMT) is the most widely used strategy in nano-targeted delivery
systems27,30. However, traditional CMT-based brain targeting de-
livery leads to unselective distribution in whole brain because of the
homogenous expression of targeted receptors on BBB31. It is
important to find targets that are restrictively expressed on BBB of
lesion32. In AD lesion sites, the receptor of advanced glycation
endproducts (RAGE) is specifically and highly expressed on the
diseased neurovascular unit, including cerebral vascular endothelial
cells, astrocytes and neurons33e37. RAP peptide (sequence:
CELKVLMEKEL) is a specific ligand of RAGE, which could assist
with the transportation of nanoparticles into diseased brain paren-
chyma throughCMT38. Furthermore,microenvironment responsive
drug delivery systems could be introduced to achieve rapid and
responsive drug release in the lesion and reduce undemand drug
leakage in healthy areas39e41. In view of the high level of reactive
oxygen species (ROS) in AD42,43, ROS-sensitive thioether bond
(MAH-EDT) was introduced into nanoparticles, which would be
broken when exposed in ROS, inducing nanoparticles decomposi-
tion and drug release44,45. Eventually, the ROS-responsive RAGE-
targeted drug delivery system was established for ibuprofen and
FK506 delivery.

In this study, we developed an ROS-responsive and RAGE-
targeted drug delivery platform (Ibu&FK@RNPs). The ROS-
sensitive sulfur ether linker (MAH-EDT) was used to link poly-
caprolactone (PCL) and poly(ethylene glycol) (PEG) with RAP-
modified at PEG-terminus, and then self-assembled into nano-
particles with ibuprofen and FK506 encapsulated (Fig. 1A). With
the assistance of RAP, Ibu&FK@RNPs targeted RAGE on
diseased BBB and was transported into targets cells by CMT.
After reaching the AD lesion and exposed in the high level of
ROS, Ibu&FK@RNPs collapsed and instantaneously released
ibuprofen and FK506 to treat AD (Fig. 1B). As a result, the
cognition of AD mice was significantly improved and the pro-
duction of Ab plaques was inhibited. Neurotoxicity induced by
calcium homeostasis imbalance was also alleviated and the neu-
roinflammatory response was significantly inhibited. Overall, this
system successively targeted the BBB in AD lesion, astrocytes and
neurons, thus significantly enhancing the intracephalic drug
accumulation and treatment efficacy.

2. Materials and methods

2.1. Reagents, synthesis and characterization

MPEG-PCL (Mn Z 3400:15,000) and FITC-PEG-PCL
(Mn Z 3400:15,000) were provided by Prof. Jianyuan Hao (Uni-
versity of Electronic Science and Technology of China, chengdu,
China). RAP (sequence: CELKVLMEKEL) was synthesized by
Sangon Biotech Co., Ltd. (Shanghai, China). Ab1e42 was pur-
chased from GL Biochem Ltd. (Shanghai, China). Maleimide
(MAL) functionalized polyethylene glycol (MAL-PEG-MAL,
Mn Z 3500) was purchased from Jenkem Technology Co., Ltd.
(Beijing, China). The MAP2 antibody, HRP goat anti-rabbit IgG
(HþL), b-actin rabbit mAb and FITC goat anti-rabbit IgG (HþL)
were purchased from Abclonal (China). Anti-Ab1e42 antibody,
anti-IkBa and GFAP antibody were purchased from Abcam (USA).
The NF-kB p65 rabbit mAb was purchased from CST (USA). The
mouse IL-1b valukine ELISA was purchased from Novus (USA).
The goat serum and PMSF were purchased from Solarbio (China).
The Cell lysis buffer for Western and IP was purchased from
Beyotime (China). Dulbecco’s modified Eagle’s medium (DMEM),
trypsin-EDTA solutions and FBS were purchased from Gibco
(USA). The bEnd.3 and PC12 cell lines were obtained from the
Chinese Academy of Sciences Cell Bank (Shanghai, China). Other
chemicals were analytical or reagent grade.

2.1.1. Synthesis of ROS-sensitive linker (EDT-MAA)
The ROS-labile sulfur ether cross linker was synthesized ac-
cording to the published methods45,46. Briefly, 1,2-ethanedithiol
(1.049 mL, 12.5 mmol, 1 eq.) and 1,1-dimethylethyl methacry-
late (2.031 mL, 12.5 mmol, 1 eq.) were added into a 10 mL round
bottom flask. And then triethylamine (15.4 mL, 0.5%, v/v) was
dropped slowly into the mixture. After stirred for 12 h at room



Figure 1 (A) Diagram depicting the preparation of ROS-responsive programmed RAGE-targeted delivery depot of Ibu&FK@RNPs. (B)

Schematic illustration of Ibu&FK@RNPs target RAGE on lesion BBB and brain parenchymal cells. Amplification: schematic diagram of process

of the ROS-responsive drug release from nanoparticles in astrocytes and neurons, and then treat AD by anti-neuroinflammation and

neuroprotection.
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temperature, the product (compound 1) was detected by UV thin-
layer chromatography plates.

2.1.2. Synthesis of polycaprolactone (PCL)
PCL was synthesized according to a previous study47. At first,
calcium hydride (457.8 mg) and ε-caprolactone (15 mL) were
added into a round bottom flask and distilled under reduced
pressure to obtain dry ε-caprolactone. And then, dry ε-capro-
lactone (2.77 mL), benzyl alcohol (129.2 mL) and stannous iso-
octanoate (22.7 mL) were added into a 50 mL round bottom flask.
After stirred for 24 h at 120 �C under the protection of argon, the
products were cooled down to room temperature. At last, the re-
action solid was dissolved into dichloromethane (15 mL) and
precipitated by dropwise adding to methanol. After repeated for 3
times, the precipitated powder was collected and recrystallized for
3 times to yield the PCL.

2.1.3. Synthesis of ROS-sensitive cleavable MAL-PEG-EDT-
MAA (PEP)
Synthesis of MAL-PEG-EDT-MAA: Compound 1 (1.54 mL,
6.25 nmol, 1 eq.), MAL-PEG3500-MAL (32.8 mg, 9.34 nmol, 1.5
eq.) were dissolved into deionized water (3 mL), and triethyl-
amine (15 mL, 0.5%, v/v) was added. After kept stirring for 12 h at
room temperature, the reaction mixture was poured into deionized
water (50 mL) and 1 mol/L hydrochloric acid was dropped slowly
into the solution to neutralize the triethylamine. Then, the mixture
was wash 3 times by hexane (100 mL) and extracted by
dichloromethane (DCM) for 3 times. The reaction mixture was
finally evaporated under vacuum to remove the organic solvent
and the creamy yellow reaction product (compound 2) was
obtained.
2.1.4. Synthesis of PCL-MAH-EDT-PEG-MAL
Firstly, the synthesized compound 2 (9 mg) was deprotected by
refluxing for 6 h with 1 mL trifluoroacetic acid in DCM (2 mL).
The liquid was washed with sodium hydroxide solution and water
3 times and the DCM was finally evaporated and the white reac-
tion product (compound 3) was obtained. Then, PCL (1 mg),
compound 3 (5 mg), DMAP (1 mg) and EDC (5 mg) were dis-
solved into dry DCM (3 mL). After stirred for 12 h at room
temperature, the mixture was evaporated and then dissolved into
dimethyl sulfoxide (DMSO, 2 mL) again. The liquid was collected
after dialysis in DMSO and deionized water for 24 h, respectively
using dialysis tube (3500 Da, SigmaeAldrich, USA). After
removed unreacted ingredients, the solution was lyophilized and
the final product (compound 4) was obtained.

2.1.5. Synthesis of RAGE targeting PEPR
The RAP peptide (5 mg) and compound 4 (20 mg) were dissolved
into 3 mL acetone, and then triethylamine (15 mL) were added to
maintain the alkaline environment. After continued stirring for
12 h at room temperature, the mixed solvent was evaporated and
then dissolved into DMSO (2 mL) again. The mixture was
collected after dialysis in DMSO and deionized water for 24 h,
respectively using dialysis tube (3500 Da). After unreacted in-
gredients being removed, the solution was lyophilized and the
final product was obtained.

2.1.6. Preparation of drug-loaded nanoparticles
To give an overall comparison, the ROS-sensitive and RAP-
decorated PCL-PEG (PEPR), ROS-sensitive PCL-PEG without
RAP decoration (PEP) and methoxyl PCL-PEG (PCL-MPEG)
were prepared. Preparation of Ibuprofen@NPs: Ibuprofen
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(5.94 mg), PCL-MPEG (127.8 mg) and PEP (4.83 mg) were
dissolved in acetone (1 mL) and then mixed with deionized water
(20 mL). With the magnetic stirring of 600 rpm, the Ibupro-
fen@NPs was formed. After 4 h of stirring, organic regents were
removed via rotary evaporator. Ibuprofen@NPs was collected
after centrifugation at 8000�g for 10 min. Preparation of Ibu-
profen@RNPs: The Ibuprofen@RNPs was prepared as above,
except that the PEPR (3.9 mg) was added into the solution rather
than PEP. Preparation of FK506@NPs: A total of FK506
(0.36 mg), PCL-MPEG (3.2 mg) and PEP (0.1 mg) were dissolved
in acetone (100 mL) and then mixed with deionized water (2 mL).
With the magnetic stirring of 600 rpm, the FK506@NPs was
formed. After 4 h of stirring, organic regents were removed via
rotary evaporator. The FK506@NPs was collected after centrifu-
gation at 8000�g for 10 min. Preparation of FK506@RNPs: The
FK506@RNPs was prepared as above, except that the PEPR
(0.11 mg) was added into the solution rather than PEP.

2.1.7. Preparation of Cou6@NPs
Coumarin-6 (Cou6, 0.6 mg), PCL-MPEG (2.576 mg) and PEP
(0.079 mg) were dissolved in acetone (100 mL) and then mixed
with deionized water (2 mL). With the magnetic stirring of
600 rpm, the Cou6@NPs was formed. After 4 h of stirring,
organic regents were removed via rotary evaporator and the so-
lution was purified by Sephadex G-25 (Aladdin, China). The
Cou6@NPs was concentrated after ultrafiltration at 5000�g using
Ultra-4 (Amicon, 100kD, Millipore, USA) concentrator tube to
appropriate concentration. Preparation of Cou6@RnNPs: The
Cou6@RnNPs was prepared as above and the formula as follows
(Supporting Information Table S1).

2.1.8. Characterization
The particle size and zeta potential of the complexes were eval-
uated using the dynamic light scattering technique on a Malvern
meter (Malvern, UK). The morphology was observed using a
transmission electron microscope (TEM, H-600, Hitachi, Japan).
The drug-loading capacity and encapsulation efficiency of
ibuprofen and FK506 was measured by high performance liquid
chromatography (Agilent LC-20A, Japan), which were referred to
the standard of “Chinese Pharmacopoeia” (ChP, 2015 edition) and
“Import standard for tacrolimus capsule sustained-release tablets”
(TX20100019), respectively.

2.1.9. Serum stability
The plasma stability of different formulations was evaluated in
PBS with different concentration of fetal bovine serum
(FBS). Ibuprofen@NPs, Ibuprofen@RNPs, FK506@NPs and
FK506@RNPs were suspended in water, PBS with 0%, 10% and
50% FBS and incubated under the condition of 75 rpm, 37 �C. The
particle size was determined by dynamic light scattering.

2.2. Studies in cells

Quantified Fluorescence Intensity by Flow Cytometry:
bEnd.3 cells were seeded at the density of 5 � 104 cells per well in
12-well plates and cultured at 37 �C for 24 h. For the mimetic
environment of AD, 20 mmmol/L of Ab oligomers (500 mL) were
added into the well. The Cou6-labled nanoparticles (2.7 mg/mL of
RNPs with 0.6 mg/mL of Coumarin-6) and cells were incubated
together for 2 h at 37 �C. Then cells were washed 3 times with
PBS buffer. The single cell suspension was prepared and quanti-
fied by flow cytometry (BD FACS Celesta, USA).
2.2.1. Preparation of Ab oligomers
Ab polymers were dissolved into hexafluoroisopropanol at the
concentration of 5 mg/mL. After dissolved by ultrasound for
30 min, the mixture was incubated at 25 �C for 2 h. The faint
yellow solid, subpackaged and dried with nitrogen, would be
stored at �20 �C for stand-by use. A little aseptic DMSO could be
involved and dissolved by ultrasound for 10 min. Before use, Ab
oligomers would be diluted by 10 mM PBS buffer to scheduled
concentration.

2.2.2. Screening the concentration of Ab oligomers for inducing
RAGE expression of cells
After incubated with Ab oligomers for 12 h, bEnd.3 and
PC12 cells viability by MTT assays were applied to select the
appropriate concentration.

2.2.3. Cytotoxicity assay
Cytotoxicity was assessed using an MTT assay. Briefly,
bEnd.3 cells were grown on 96-well plates by the concentration of
5 � 103 cells/well. After 12 h, 20 mmol/L Ab oligomers were
dosed for 12 h and then different concentrations of drugs, empty
nanoparticles and drug-loaded nanoparticles were incubated with
the cells for 12 h. Subsequently, the MTT method was used to
determine cell viability. Untreated cells were used as the negative
controls, and the viability was expressed as the percentage of the
absorbance of the negative control.

2.2.4. Qualitative fluorescence intensity by confocal microscopy
The same cell treated procedure was operated as the quantified
analysis. After incubation, slides adhered cells were fixed with 4%
paraformaldehyde for 30 min and then stained with 0.5 mg/mL
DAPI for 5 min. Fluorescence intensity was observed with laser
scanning confocal microscopy (Eclipse Ti, Nikon, Japan).

2.3. Studies in animals

The male BALB/c mice and C57BL/6 mice were purchased from
Byrness Weil Biotech., Ltd. (Chongqing, China). APP/PS1 mice
were purchased from the Cavens Laboratory Animal Co., Ltd.
(Jiangsu, China). All animals were maintained under SPF grade
feeding conditions and experiments were approved by the Animal
Experimentation Ethics Committee of Sichuan University.

2.3.1. Synthesis of Cy5.5-labled ibuprofen (Cy5.5-Ibu)
Ibuprofen (2 mg), N,Nʹ-dicyclohexylcarbodiimide (2 mg) and
Cy5.5 amine (1 mg) were dissolved in dry DCM (6 mL) and then
pH was adjusted to 8e9 by using N,N-diisopropylethylamine. The
reaction mixture was then replaced under nitrogen to completely
remove the oxygen. After string for 2 h in ice-water bath, the
reactants were turned to room temperature and continued reacting
for 12 h. The mixture was placed at 4 �C for the fully precipitation
of insoluble components and the supernatant were collected after
centrifugation at 10,000�g for 10 min. Organic regents were
removed via rotary evaporator and solids were dissolved into
DMSO (2 mL) again. The mixture was collected after dialysis in
DMSO and deionized water for 24 h, respectively using dialysis
tube (500 kDa). After removed unreacted ingredients, the solution
was lyophilized and the final product was obtained.

2.3.2. Preparation of Cy5.5-Ibu@NPs
A total of Cy5.5-Ibu (2 mg), FITC-PCL-PEG (97 mg) and PEP
(3 mg) were dissolved in acetone (2 mL) and then mixed with
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deionized water (40 mL). With the magnetic stirring of 600 rpm,
the Cy5.5-Ibu@NPs was formed. After 4 h of stirring, organic
regents were removed via rotary evaporator and the solution was
purified by Sephadex G-25 (Aladdin, China). The Cy5.5-
Ibu@NPs was concentrated after ultrafiltration at 5000�g using
Ultra-4 (Amicon, 100 kDa, Millipore, USA) concentrator tube to
appropriate concentration.

2.3.3. Preparation of Cy5.5-Ibu@RNPs
The Cy5.5-Ibu@RNPs was prepared as above, except that PEPR
(3.5 mg) was added into the solution except for PEP.

2.3.4. In vivo imaging
The AD mice were intravenously injected with Cy5.5-Ibu-labeled
nanoparticles (1 mg/kg of Cy5.5-Ibu, equal to 50 mg/kg of RNPs).
After injected for 1, 2, 4 and 6 h, mice were imaged using the
Lumina III Imaging System (PerkinElmer, USA). At 6 h, the mice
were sacrificed and their organs (heart, liver, spleen, lung, kidney
and brain) were separated and captured as above. All tissues were
totally soaked into 4% paraformaldehyde for 24 h, dehydrated with
sucrose solution step by step and embedded in Tissue-Tek O.C.T
compound (Sakura Finetek, USA). Then they were sectioned at
10 mm with the freezing microtome (Leica CM1950, Germany).
Brain slides were operated by immunofluorescence of anti-RAGE
antibody and other organs were stained with DAPI. The images of
co-localization were observed using a confocal microscope.

2.3.5. Immunofluorescence
After sacrificed and processed of tissues, frozen slices were
washed and blocked. After cultured with primary antibody over-
night at 4 �C, the slices were further stained with FITC-conjugated
secondary antibodies at room temperature for 2 h. After stained
with 0.5 mg/mL of DAPI at room temperature for 5 min, sections
were sealed by anti-fade mounting medium. Images were captured
by a confocal microscope.

2.3.6. Quantitative distribution in AD mice
Ibu&FK@RNPs and Ibu&FK@NPs were intravenously injected
into AD mice at the therapeutic dose, respectively. After 1, 2, 4
and 6 h, brains were collected and stored at �20 �C, and the
plasma were collected immediately (Eppendorf, 5420, Germany)
(1500�g, 10 min) for further study. 100 mL plasmas were mixed
with 10 mL naproxen internal standard solution (25 mg/mL) and
FK520 internal standard solution (2.5 mg/mL) for LC‒MS/MS.

Brain was divided into hippocampus and normal tissues, and
then 3 folds (w/v) of saline buffer were added for grinded thor-
oughly. 10 mL naproxen (500 ng/mL) and FK520 (50 ng/mL) were
mixed with 100 mL tissue homogenate separately. After vortexed
for 1 min, 200 mL zinc sulfate solution (0.2 mol/L) was added and
vortex again. When finished, 400 mL acetonitrile were mixed for
2 min sonication. Then the samples were centrifuged for 10 min
(13,000�g, 4 �C). The upper suspension was mixed with 1.5 mL
ethyl acetate roughly and centrifuged for 10 min (13,000�g, 4 �C)
to collect the upper organic layer. After dried by air and resus-
pended by 200 mL acetonitrile, the samples were collected for
LC‒MS/MS.

2.3.7. Morris water maze test
The AD model mice were randomly divided into five groups
(n Z 5). Wild-type C57BL/6 mice were used as healthy control.
After 3 weeks of treatment, spatial sensitivity and learning
memory ability of mice were assessed by the Morris water maze
test. Mice were put in a round pool (100 cm in diameter and 50 cm
in height), which contained a settled circle platform. If the mice
found the platform within 60 s, they would have to stay for 10 s. If
the mice couldn’t find it, they would be guided to the platform for
10 s rest. After training for 5 days, the platform was removed and
the spatial probe test was carried out. They were allowed to swim
freely for 60 s. All data from tests were used for statistical anal-
ysis. After the test, all mice were sacrificed and the whole blood
and plasma were gathered for complete blood counts (CBC) and
blood biochemical test.

2.3.8. Immunohistochemistry
Ten-month-old double transgenic mice were divided into four
groups on average (n Z 5). The healthy control group was wild-
type C57BL/6 mice. Medicinal preparation (Ibuprofen&FK506,
Ibu&FK@NPs and Ibu&FK@RNPs) and PBS were administered
intravenously every other day at the dose, including 1 mg/kg of
FK506 and 16.5 mg/kg of ibuprofen. After 21 days, mice were
sacrificed and their tissues (heart, liver, spleen, lung, kidney and
brain) were sampled for H&E staining partly. In addition, the
hippocampal slices were stained with toluidine blue solution to
show the density of Nissl’s body. The immunohistochemistry
method was used to observe the concentration of Ab plaques after
sections were incubated by anti-Ab1-42 antibody.

2.3.9. Evaluation of systemic toxicity
The mice were weighed once every 2 days during the treatment.
The cumulative toxicity of the nanoparticles was observed by
H&E staining on the visceral slices of mice after treatment.

2.3.10. Statistical analysis
The paired Student’s t-test was used in the comparative analysis of
each group. *P < 0.05, **P < 0.01 and ***P < 0.001 are
considered a statistically significant difference, respectively, and
ns means not significant.

3. Results and discussion

3.1. Synthesis and characterization of nanoparticles

Firstly, the ROS-sensitive polymer (PEP) was obtained according
to the synthetic routes (Fig. 2A). Then RAP was decorated in the
PEG-terminals of PEP to form the RAGE-targeted polymer
(PEPR). Intermediate products were characterized by 1H NMR
spectrum (Supporting Information Fig. S1) and MALDI-TOF MS
(Supporting Information Fig. S2), respectively. Finally, PCL-
MPEG, PEPR and drugs were mixed proportionally, and then
self-assembled to prepare nanoparticles by the solvent diffusion
method.

According to the bEnd.3 and PC12 cell viabilities by MTT
assay (Supporting Information Fig. S3), cells were pre-incubated
with 20 mmol/L Ab oligomers for 12 h to simulate the patho-
logical condition of AD34,35,37. Based on the bEnd.3 cell uptake
efficiencies, Cou6@R1NPs performed the best, which was 1.42
times higher than Cou6@NPs (Supporting Information Fig. S4).
Therefore, RNPs with 6.7% RAP modification was used in the
following experiments. The hydrodynamic diameter and zeta po-
tential of Ibu&FK@RNPs were 86.87 nm and �38.31 mV,
respectively (Supporting Information Table S2). The drug-loading
capacity and encapsulation efficiency of ibuprofen were 60.48%
and 4.24%, with those of FK506 were 55.56% and 6.79%,



Figure 2 Synthetic routes and characterization of nanoparticles. (A) Synthetic routes of PEP. Compound 1: EDT-MAA; compound 2: MAL-

PEG-EDT-MAA; compound 3: MAL-PEG-MAL-EDT-MAH; compound 4: PEP. (B) TEM images of nanoparticles. Scale bars represent 100 nm.

(C) Cumulative release efficiency of FK506-loaded nanoparticles incubated in different solutions. Data are presented as mean � SD (n Z 3).
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respectively. Transmission electronic microscopy (TEM) demon-
strated spherical morphology of nanoparticles with a uniform
dispersity and the diameter of Ibu&FK@RNPs was about 20 nm
(Fig. 2B).

3.2. Stability, drug release and cytotoxicity of Ibu&FK@RNPs

An excellent stability of nanoparticles incubated in PBS and
plasma is required to ensure their stable condition before and after
administration48. After incubated in water or PBS for 48 h, there
were no changes in the hydrodynamic diameters and PDI
(Supporting Information Fig. S5). However, after 12 h incubation
with 10% and 50% fetal bovine serum (FBS), their hydrodynamic
diameters increased 30e60 nm and 50e60 nm, respectively, along
with stable PDI. The reasons for above results might include the
electrostatic repulsion49 and formation of nanoparticle corona50,51.
Therefore, the nanoparticles can be stored in water and PBS buffer
for at least 48 h.

The cumulative release rate of FK506@RNPs in different so-
lutions was measured by dialysis bags method (Fig. 2C)52. The
48 h cumulative FK506 release of nanoparticles in 100 mmol/L
H2O2 solution was 45%e60%, while that in PBS was 20%e30%.
The results show FK506 release was ROS-responsive.

According to the results of previous researches, the intravenous
dose of 1 mg/kg of FK506 or 16.5 mg/kg of ibuprofen, equal to
50 mg/L of FK506 and 825 mg/L of ibuprofen in cells, might be
effective to treat AD24,53. Cytotoxicity by MTT assays was
measured to study the safety of Ibu&FK@RNPs (Fig. 3A and B,
and Supporting Information Fig. S6). The results showed the cell
viabilities of Ibu&FK@NPs and Ibu&FK@RNPs were about
100% and 97% respectively, indicating the good biosafety at
treatment dose.

3.3. Evaluation of in vitro cellular uptake and BBB transcytosis

The bEnd.3 cell was pre-incubated with Ab to simulate diseased
BBB. The 2 h bEnd.3 cell internalization of Cou6-labeled nano-
particles was quantitatively analyzed by flow cytometry and
imaged by confocal imaging (Fig. 3C and D). The cellular uptake
of Cou6@RNPs was 1.42 times higher than Cou6@NPs in
diseased bEnd.3 cells, while there was no difference in healthy
cells. This result was consistent with corresponding confocal
images, proving that RAP promoted internalization of nano-
particles specifically by the diseased cerebral vascular endothelial
cell, but it did not work in normal state. Further, the inhibitor of
RAGE, FPS-ZM1 was used to study the mechanism of RAP tar-
geting (Supporting Information Fig. S7). Pre-incubated with FPS-
ZM1 in diseased PC12 cells, the cellular uptake of Cou6@RNPs
was 1.36 times lower than that without inhibitors, while there was
no difference in the Cou6@RNPs group. The results dedicate that
the enhanced cellular uptake of RAP-modified nanoparticles was
ascribed to targeting RAGE.

On the other hand, the bEnd.3 monolayer pre-incubated Ab
was established to determine transportation of RNPs across the



Figure 3 Intracellular behavioral studies. (A) The Ab pre-incubated bEnd.3 cell viability of ibuprofen and FK506 measured by MTT assay.

Data are presented as mean � SD (n Z 3). (B) The Ab pre-incubated bEnd.3 cell viability of nanoparticles measured by MTT assay. Data are

presented as mean � SD (n Z 3). (C) Quantitative uptake of nanoparticles incubated in bEnd.3 cells for 2 h. Data are presented as mean � SD

(n Z 3). (D) Confocal fluorescence images of nanoparticles internalized by bEnd.3 cells. Scale bar represents 20 mm. (E) 3D confocal images of

bEnd.3 monolayers in the donor chamber of transwell model after the introduction of different nanoparticles for 4 and 12 h. Scale bar represents

10 mm.
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diseased BBB. After bEnd.3 cells seeded, the transmembrane
resistance of monolayers was measured by a resistor every day54.
Until Day 10, transmembrane resistance was stable at about
170 U, and then cells were incubated with 20 mmol/L Ab oligo-
mers for 12 h to simulate the diseased BBB. Then different Cou6-
labeled nanoparticles were added into donor chamber of trans-
wells and illustrated their transmembrane efficiency in 3D
confocal images (Fig. 3E). The longitudinal (Z-axis) illustrated
that Cou6@RNPs penetrated faster and deeper than control
nanoparticles. The 4 h penetration depth of RNPs is much deeper
than NPs in 12 h, indicating that RNPs had better diseased BBB
transcytosis than controlled nanoparticles. This finding demon-
strates the superiority of RAP modification in the diseased BBB
penetration.

3.4. In vivo distribution of RNPs

To explore the in vivo BBB transcytosis and brain accumulation of
nanoparticles in AD, the Cy5.5-labeled ibuprofen (Cy5.5-Ibu) was
synthesized and demonstrated by 1H NMR spectrum (Supporting
Information Fig. S8). And then the biodistribution of Cy5.5-Ibu-
labeled nanoparticles in AD mice were monitored by living
imaging (Fig. 4A). As living images illustrated, the brain fluo-
rescent intensity of mice administrated Cy5.5-Ibu@RNPs was
continuously enhanced and increased to the top between 4 and 6 h,
while there were no obvious changes in NPs group. After being
administrated for 6 h, mice were sacrificed and ex vivo images of
main organs were obtained (Fig. 4B and Supporting Information
Fig. S9A). Although high level of nanoparticles was distributed
in livers, the brain fluorescence intensity of RNPs group was much
stronger than NPs group, which was 1.55 times higher according
to semi-quantification (Fig. 4C). The results demonstrated that
RAP modification endowed faster BBB transportation and more
brain accumulation of nanoparticles in AD mice.

Brains were also sliced to observe the accumulation of nano-
particles and immunofluorescence colocation with RAGE by
confocal imaging (Fig. 4D). The brain fluorescence intensity of
Cy5.5-Ibu in RNPs group was much stronger than NPs group, and
the obvious RAGE immunofluorescence images colocation was
observed in RAP-modified nanoparticles. Moreover, there were no
obvious differences of distribution in peripheral organs between
RNPs and NPs, with similar findings illustrated in the confocal
images of organs frozen slices (Supporting Information Fig. S9B
and C). These results indicate that RAP modification could



Figure 4 In vivo distribution of nanoparticles in AD mice. (A) Living imaging depicting the in vivo distribution of different formulations at

different time. (B) Ex vivo imaging of brains in different groups after 6 h. (C) The semiquantitative fluorescence intensity of (B). Data were

presented as mean � SD (n Z 3). (D) Representative confocal images of brains showing the accumulation of different nanoparticles and

immunofluorescence colocation with RAGE. Blue: nuclei stained by DAPI, green: FITC-PEG-PCL, red: the positive rate of RAGE expression,

pink: Cy5.5-Ibu. Scale bars represent 100 and 10 mm, respectively. (E) The in vivo concentration‒time curves of FK506 measured by LC‒MS/MS

analysis.
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improve the BBB transportation and facilitate brain accumulation
of nanoparticles by targeted RAGE.

3.5. The in vivo concentration-time curves of FK506 and
ibuprofen

After 1, 2, 4 and 4 h treatment, the concentration of drugs in blood
was gradually decreased (Fig. 4E and Supporting Information
Fig. S10). In the hippocampus and brain, concentration of
FK506 was gradually raised to the top in 4 h. Besides, RAP
peptide-modified nanoparticles had higher drug concentration in
brain, indicating the peptide modification could improve the brain
and AD targeting delivery capacity. However, the concentration‒
time curves of ibuprofen showed different trend which could be
explained by its faster metabolism.

3.6. The behavioral test by Morris water maze

Progressive cognitive dysfunction and impaired behavior are
typical clinical symptoms of AD2, so Morris Water maze test is
often used to assess the behavioral conditions in animal
experiment. During training, the average time spent to reach the
platform of mice administrated PBS, Ibuprofen&FK506 and
Ibu&FK@NPs were fluctuating and irregular (Fig. 5A). However,
the above condition did not appear in the Ibu&FK@RNPs group
whose average incubation period to reach the platform was
gradually shortened and similar to healthy mice, which implied
strong learning and memory abilities. After the training was
completed, spatial probe test was experimented with the original
platform removed (Fig. 5B and Supporting Information Fig. S11).
In the placed navigation test, representative swimming paths of
AD mice showed aimless circles in PBS and Ibuprofen&FK506
groups. In contrast, the swimming paths of Ibu&FK@RNPs group
and healthy mice were purposeful in searching for the platform
and concentrated in the target quadrant. In addition, time spent to
reach the platform was also presented statistically different
(Fig. 5C). Compared with the mice treated by PBS
(39.6 � 18.3 s), Ibuprofen&FK506 (27.2 � 12.7 s) and
Ibu&FK@NPs (31.7 � 9.1 s), the AD mice administrated with
Ibu&FK@RNPs took the least time (10.2 � 5.2 s) to reach the
platform, which was similar to healthy mice (11.9 � 4.4 s). The
frequencies of mice passing through the location of original
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platform were also counted (Fig. 5D). The AD mice treated with
PBS passed through the platform for less than once, while Ibu-
profen&FK506 (2.2 � 1.1 times) or Ibu&FK@NPs (2.2 � 1.2
times) groups increased, respectively. Besides, compared with
healthy mice (4.0 � 1.7 times), the Ibu&FK@RNPs group showed
similar frequency (4.3 � 1.2 times). These results suggested the
sense of space in AD mice could be improved by Ibu&FK@RNPs
and reflected the RAGE targeted drug depot significantly
improved the intracerebral drug delivery and ameliorated learning
acquisition and the sense of space of AD.

3.7. Decrease of the production of b amyloid plaques in vivo

Although all Ab targeted medicines were terminated, Ab plaques
were still recognized as the characteristic physiological marker of
AD5. Immunohistochemical staining was used to illustrate the
amount of Ab plaques in the hippocampus of APP/PS1 mice
(Fig. 5E). We observed many and large plaques, illustrating Ab
plaques were overexpressed in the brain of APP/PS1 mice.
Figure 5 Learning acquisition and Ab plaques reduction. (A) Average ti

water maze test. Data are presented as mean � SD (n Z 5). (B) The rep

numbers in the lower right indicate the average time spent to reach the pla

Morris water maze test. Data are presented as mean � SD (nZ 5). (D) The

probe test. Data are presented as mean � SD (n Z 5). (E) Representa

hippocampus from APP/PS1 transgenic mice. Scale bar represents 100

immunohistochemical staining in APP/PS1 transgenic mice. Data are pres
Excitingly, the Ab plaques burden was significantly reduced by
1.64 times after the treatment of Ibu&FK@RNPs and there was no
statistic difference in combination drug treatment (Fig. 5F). This
result indicates the combination medication could specifically
inhibit the production of toxic isoform Ab plaques. However, the
modification of nanocarriers had few efficacies in reducing Ab
plaques.

3.8. Neuroprotective effects

In AD, Ab plaques and tau tangles work together to increase
intracellular concentration of Ca2þ and induce neurotoxicity22.
Thus, we evaluated the function of neurons by Nissl staining
(Fig. 6A and B). We chose to evaluate the CA1 area because it
was prone to be damaged in the hippocampus. The marked
neuronal damages, including neuronal hypocellularity, were
observed in the CA1 hippocampus of the APP/PS1 mice
treated with PBS, Ibuprofen&FK506 and Ibu&FK@NPs.
Nevertheless, the above phenomena were not found in healthy
me to reach the platform in the training process of AD mice in Morris

resentative swimming paths of AD mice in Morris water maze test,

tform. (C) The time for mice to reach the platform of AD mice in the

frequency for the AD mice passing through the platform in the spatial

tive images of amyloid plaques stained by immunohistochemical in

mm. (F) The semiquantitative integrated intensity of Ab plaques by

ented as mean � SD (n Z 3).
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mice and Ibu&FK@RNPs groups. Besides, the quantitative
expression of Nissl’s body in the CA1 area showed that the
quantitative in Ibu&FK@RNPs group was 3 times higher than
that of APP/PS1 mice. These results demonstrated that RAP-
modified formulations attenuated the impairment of neuronal
integrity as well as neuron loss. Additionally, new neurons
could continue to be generated throughout the adulthood of
healthy mammals and the nerve regeneration might be pro-
moted by FK50621,25. In consequence, the synaptic change of
neuron skeleton protein (MAP2) is usually used to monitor the
neurite outgrowth and provide a subtler indication of neuronal
function55. From the immunofluorescence of MAP2, hippo-
campus of APP/PS1 mice, Ibuprofen&FK506 and
Ibu&FK@RNPs groups showed decreased MAP2 expression,
while healthy mice and the Ibu&FK@RNPs group had more
positive expression of MAP2 (Fig. 6C and D). Accordingly,
Ibu&FK@RNPs could not only effectively protect the neurons,
but also increase the number of synapses to ameliorate the
memory decline.

3.9. Anti-neuroinflammatory effects

The active neuroinflammatory responses in the AD brain were
manifested by excessive activation of glial cells and over-
expression of inflammatory factors47. The immunofluorescence
images of glial fibrillary acidic protein (GFAP) showed dendroid
Figure 6 Neuroprotective effects in APP/PS1 mice. (A) Nissl staining i

Scale bars represent 100 and 10 mm, respectively. (B) Quantitative expressi

in the hippocampus. Green represents the positive rate of MAP2 express

20 mm. (D) Quantification of MAP2 in the hippocampus of mice in differ
chunks spreading among the cerebral cortex of APP/PS1 mice and
Ibuprofen&FK506 groups, illustrating the over-activated astro-
cytes of AD (Fig. 7A and Supporting Information Fig. S12A). The
inhibited status of astrocytes was demonstrated by the small strip
and spotty fluorescence signals of GFAP which was showed in
Ibu&FK@RNPs group and healthy mice. The quantification of
GFAP in the cerebral cortex of mice showed 12.78 times lower
level than that of APP/PS1 mice. The results proved the excessive
activation of astrocytes was significantly inhibited by
Ibu&FK@RNPs.

In AD pathology, the NF-kB pathway of astrocytes plays an
essential role in the vicious circle of neuroinflammatory response
and neuronal dysfunction56. To explore this pathway, we studied
the expression of NF-kB and associated inflammatory factors (IL-
1b) in brains. The results of Western blot showed the expression of
NF-kB was significantly increased in APP/PS1 mice in compari-
son with control groups (Fig. 7B). Besides, after treated with
Ibu&FK@RNPs, the expression of NF-kB was similar to healthy
mice. The relative content of NF-kB in Ibu&FK@RNPs group
was 1.57 times lower than APP/PS1 mice, but showed no statis-
tical significance comparing with healthy mice (Fig. 7C). In
addition, there were no differences with APP/PS1 mice between
Ibuprofen&FK506 and Ibu&FK@NPs groups. Additionally, we
also measured the level of IkBa in the brain by Western Blot
(Supporting Information Fig. S13). The semiquantitative inte-
grated intensity of IkBa in Ibu&FK@RNPs group was 1.79 times
n the hippocampus. The black box shows the hippocampal CA1 area.

on of Nissl’s body in the CA1 area. (C) Immunofluorescence of MAP2

ion, blue represents nuclei stained by DAPI and scale bar represents

ent treatment groups. Data are presented as mean � SD (n Z 3).



Figure 7 Anti-neuroinflammatory effects in APP/PS1 mice. (A) Immunofluorescence of GFAP in the cerebral cortex. Green represented the

positive rate of GFAP expression, blue represented nuclei stained by DAPI and scale bar represents 20 mm. (B) Western Blot of NF-kB in the

brain. (C) The semiquantitative integrated intensity of NF-kB by Western Blot. Data are presented as mean � SD (n Z 3). (D) The proportion of

IL-1b in the brain proteins. Data are presented as mean � SD (n Z 3).
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lower than that of APP/PS1 mice, dedicating that drugs could
inhibit the upstream signal of NF-kB pathway to anti-
neuroinflammation.

IL-1b was an important inflammatory factor of NF-kB
pathway, so we also measured its concentration by ELISA assays
(Fig. 7D and Fig. S12B). The results show the concentration of IL-
1b was increased by 6.73 and 1.74 times in serum and brain
separately, indicating the over-expression of IL-1b in AD. More-
over, the serum and brain concentration of IL-1b in
Ibu&FK@RNPs group was 4.59 and 1.26 times lower than APP/
PS1 mice, respectively. In serum, there were similar anti-
inflammatory effects between Ibu&FK@RNPs and control for-
mulations. Surprisingly, there was evident significance in brain
level of IL-1b between Ibu&FK@RNPs and control formulations,
demonstrating the improvement of anti-neuroinflammatory effects
by RAP-modified nanoparticles.

As supplementary, we performed routine blood tests on the
mice (Supporting Information Fig. S14). Typical inflammatory
indicators, including the number of WBC, LY and PMN, were
elevated in APP/PS1 mice, indicating peripheral inflammation of
AD. Furthermore, this condition was dampened by medicine, in
accordance with the peripheral expression of IL-1b. These find-
ings demonstrate that Ibu&FK@RNPs can inhibit NF-kB pathway
for anti-neuroinflammation, and thus it can treat AD efficiently.

3.10. Evaluation of systemic toxicity

In vivo toxicity of the nanoparticles was evaluated by body weight
changes, organs’ H&E staining and related biochemical
indicators. Firstly, APP/PS1 mice were administrated different
formulations and their body weights were recorded every 2 days.
The results show that there was no obvious difference among all
groups (Supporting Information Fig. S15). After 21 days of
treatment, mice were sacrificed and their blood samples were
prepared. Blood biochemical indexes showed that ALT, AST and
BUN were all within the normal range (Supporting Information
Table S2). Besides, the H&E staining of organs proved there
were no visible pathological changes in each groups (Supporting
Information Fig. S16). Therefore, the RAGE-targeting drug de-
livery depot possessed excellent safety.

4. Conclusions

In this study, we designed anROS-sensitive andRAGE targeted drug
delivery depot (Ibu&FK@RNPs), which could progressively target
diseased BBB and brain parenchymal cells to improve the treatment
of ibuprofen and FK506 against AD. At first, cellular uptake effi-
ciency validated that RAP could specifically recognize theRAGEon
diseased BBB and improve the internalization of nanoparticles by
CMT. Besides, the in vitro cumulative release of FK506@RNPs
incubated in 100mmol/LH2O2 solutions proved theROS-responsive
drug release of nanoparticles. Secondly, in vitro diseased BBB
transcytosis and in vivo fluorescence imaging investigation demon-
strated that RAP-modified nanoparticles could pass through BBB
and target the lesion site more quickly and effectively. Finally, the
results of Morris water maze test and immunohistochemistry dis-
played that Ibu&FK@RNPs inhibited the production of Ab and
improved the dementia symptoms. As a result, Ibu&FK@RNPs
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significantly reduced the neurological damage and suppressed neu-
roinflammation in AD mice. Furthermore, this ROS-sensitive and
RAGE targeteddrug delivery systemcould be adopted to enhance the
therapeutic efficacy for other brain diseases.
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